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ARTICLE INFO ABSTRACT
Editor: Yolanda Pic6 There is increasing evidence that the presence of certain pharmaceuticals in the environment leads to biota exposure
and constitute a potential risk for ecosystems. Bioaccumulation is an essential focus of risk assessment to evaluate at
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main goals of the present review are 1) to summarize and describe the research and factors that should be taken
into account in the evaluation of bioaccumulation of pharmaceuticals in aquatic organisms; and 2) to provide a data-
base and a critical review of the bioaccumulation/bioconcentration factors (BAF or BCF) of these compounds in organ-
isms of different trophic levels.

Most studies fall into one of two categories: laboratory-scale absorption and purification tests or field studies and, to a
lesser extent, large-scale, semi-natural system tests. Although in the last 5 years there has been considerable progress in
this field, especially in species of fish and molluscs, research is still limited on other aquatic species like crustaceans or
algae. This revision includes >230 bioconcentration factors (BCF) and >530 bioaccumulation factors (BAF), deter-
mined for 113 pharmaceuticals. The most commonly studied is the antidepressant group, followed by diclofenac
and carbamazepine. There is currently no reported accumulation data on certain compounds, such as anti-cancer
drugs. BCFs are highly influenced by experimental factors (notably the exposure level, time or temperature). Field
BAFs are superior to laboratory BCFs, highlighting the importance of field studies for reliable assessments and in
true environmental conditions. BAF data appears to be organ, species and compound-specific. The potential impact
on food web transfer is also considered. Among different aquatic species, lower trophic levels and benthic organisms
exhibit relatively higher uptake of these compounds.
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1. Introduction

Pharmaceutical active compounds (PhACs) are a group of substances of
emerging concern in the context of environmental risk assessment
(Arguello-Pérez et al., 2020; Mezzelani et al., 2018). Their continuous dis-
charge into aquatic environments has led the European Commission to in-
clude them in a watch list of emerging water pollutants, within the Water
Framework Directive (EC, 2020). This list (last updated in 2020) includes
five PhACs (amoxicillin, ciprofloxacin, sulfamethoxazole, trimethoprim,
and venlafaxine), as well as o-desmethylvenlafaxine, the main metabolite
of venlafaxine. A recent water policy directive establishing a watch list of
substances for Union-wide monitoring (dated July 2022) also includes
ofloxacin.

The presence of PhACs in the environment can potentially influence
both aquatic organisms and the ecosystem function (Chen et al., 2021;
Maculewicz et al., 2022; Arguello-Pérez et al., 2020; Mezzelani et al.,
2018). Organisms are exposed to PhACs through two main routes: water-
borne (bioconcentration) and diet. The combined exposure is defined as
bioaccumulation, the resulting discrepancy between the uptake and elimi-
nation processes (Arnot and Gobas, 2006). Bioaccumulation measurement
is an essential part of risk assessment, to evaluate the scale that these emerg-
ing compounds may pose to the environment and their link with human
populations (Ruan et al., 2020; Lagesson et al., 2016; Zenker et al., 2014;
Nendza et al., 2018).

In a preliminary study conducted in Sweden in 2009, Wennmalm and
Gunnarsson described that, of a large group of 300 PhACs, 92 % were not
biodegradable, 23 % of them had bioaccumulation potential, and 61 %
were classified as toxic for aquatic organisms. Bioaccumulation potential
was estimated according to the PhACs' lipophilicity, following the OECD
criteria (Organisation for Economic Co-operation and Development,
OECD Guideline, 2005). Log Kow > 3 was interpreted as “potential to
bioaccumulate in aquatic organisms”. In 2011, Howard and Muir (2011)
rated 92 out of 275 PhACs commonly detected in the environment as poten-
tially bioaccumulative, using quantitative structure property relationships
(QSPR).

Nevertheless, discrepancies between predicted and measured concen-
trations could be significant. In fact, some authors recently stated that for
ionic compounds such as PhACs, relying only on the K,,, may lead to a de-
gree of underestimation (Kowalska et al., 2021). The potential of bioaccu-
mulation of PhACs is typically determined using two factors:

Bioaccumulation factor (BAF) and Bioconcentration factor (BCF), the dif-
ference between them being that BCFs are studied in laboratory conditions
and exclude dietary intake.

Duarte et al. (2022) observed that lipophilicity is not a good predictor of
the BCF of a group of neuroactive PhACs in fish, which in turn is highly in-
fluenced by experimental parameters (species, life stages and abiotic condi-
tions). Bioaccumulation tests using field studies appear to best reflect
environmental conditions, some of the disadvantages being time-
consumption and cost.

The availability of quality information is essential to improve accuracy
and reduce uncertainty in hazard and risk assessments. Until the present, no
criteria have been proposed to evaluate the quality of accumulation assays
and, as such, there is a lack of uniformity in the reported studies. In this
paper, the accumulation potential of PhACs in aquatic organisms is re-
viewed and compared. First, the different performed assays to determine
bioaccumulation potential, and the experimental conditions they applied,
are described. A wide database on BCF/BAF values has been collected
and the main variables affecting the data have been considered. Finally,
on the basis of the obtained results, the potential impact on food web trans-
fer has been contemplated.

2. Parameters
2.1. Bioconcentration factor (BCF)

Bioconcentration is the process by which a substance is absorbed by an
organism from the environment via the respiratory and dermal routes. Die-
tary intake is not included. BCF is measured in laboratory conditions and is
expressed as:

C
BCFgs = C—"

W

Cp is the concentration of a chemical in the biota and C,, is the concen-
tration of a chemical in the water at steady-state (SS). Note that guidelines
suggest that, for a test to be valid, the concentration of the test substance in
the tanks during the uptake phase is maintained within =20 % of the mean
of the measured values. Moreover, the guidelines recommend that the
whole body of the organism be used for the process. For special purposes,
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when the organism is large enough (such as certain species of fish) specific
tissues or organs (muscle, kidney, brain or liver) may be used.

Other parameters used to characterize bioaccumulation potential are
the absorption rate constant (k;), the depuration rate constant (ky) and
the bioconcentration kinetic factor (BCFg):

dCy

E = kICw - kQCb
ac,
- kG

Cp is the concentration in biota (ng g~ D) (Cp,o is the concentration when
the depuration phase begins), t the time of exposure (h), k; the first-order
uptake constant (L kg™ Th~1, ¢, the concentration in water (pg/L), and
k, the first-order elimination rate constant (1 h~ ). Assuming a negligible
concentration in biota samples at t, and considering its constant in the ex-
posure medium, the equations can be expressed as:

Cp(uptake) = i—;cw(l —e7kY

Cp(depuration) = Gy, ge ~*")

k
BCFy = —
CFy K

2.2. Bioaccumulation factor (BAF)

Bioaccumulation is the process by which a substance is absorbed by the
organism, taking into account all exposure pathways, as occurs in the natu-
ral environment (dietary and environmental sources). BAF is determined
under field conditions and is calculated as:

Cy, is the concentration in biota and C,, is the total concentration in the
water phase. BAF measurements presuppose that organisms are at or near
SS with the ambient water (acknowledging that natural environments are
dynamic and highly variable).

Another bioaccumulation field measurement is the biota-sediment ac-
cumulation factor (BSAF), calculated as:

BSAF = G

S

Cp is the concentration in biota (ng g ') and C; ;, the concentration in
the surrounding sediments (ng g~ 1.

2.3. Biomagnification factor (BMF)

Biomagnification is the process by which the thermodynamic activity of
the substance in the organism exceeds that of its diet. It can be determined
both in the field as well as in laboratory feeding experiments, and is calcu-
lated as follows:

Cp is the chemical concentration in an organism and Cjy is the chemical
concentration in its diet at SS (when there are no significant differences in
PhAC concentration in the organism over three sequential sampling pe-
riods).

Trophic Magnification Factor (TMF) is the diet-weighted average BMF
of a chemical across food webs. TMFs are typically determined from field
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measurements and are calculated from the slope of a log-normal regression
of chemical residues in organisms, as per their trophic levels:

log [contaminant] = b (Trophic position) + a
TFM = 10°

The BMF and the TMF describe changes across one or more trophic
level, respectively (Burkhard et al., 2013).

3. Experimental designs
3.1. Laboratory test

3.1.1. Acclimation period

Prior to laboratory testing, the organism is acclimatized over a period of
2 to 3 weeks (OECD 305 technical guidance). Uncontaminated water from
natural sources is generally used for testing, to ensure specimen survival
with no abnormal appearance or behaviour. The baseline laboratory con-
trols include water temperature, pH, dissolved oxygen, lighting type and
characteristics, calcium, ammonium, nitrite, alkalinity and salinity (for ma-
rine species). The OECD establishes dissolved oxygen values of =60 %.
Water temperature depends on the fish or organism species (for most a tem-
perature between 20 and 25 °C is established, with some species needing
lower temperatures (e.g., Oncorhynchus mykiss or Rainbow trout: 13-17 °C;
Gasterosteus aculeatus and three-spined stickleback: 18-20 °C). Temperature
variation throughout testing should be less than + 2 °C, since larger devia-
tions can affect biological parameters relevant for uptake and depuration,
as well as cause organism stress. The pH value should be within the 6.0 to
8.5 range at test initiation. According to some researchers, the use of syn-
thetic water (demineralized water with specific added nutrients) may result
more suitable to guarantee uniformity over time. For instance, the compo-
sition of fresh river water (ISO 73463) can be prepared using CaCl, (220.5
mg/L), NaHCO5 (63 mg/L), KCl (5.5 mg/L) and MgSO, (60.1 mg/L) in dis-
tilled water (Molina-Ferndndez et al., 2021).

There are also recommended guidelines for test organism feeding (1 %—
2 % body weight (bw)/day of lipid and protein content). Food remnants
should be removed after feeding to avoid chemical absorption since they
could reduce bioavailability and provide a secondary dietary source
(OECD 305 technical guidance). Once the acclimation period has ended,
the test substance is mixed into the water to begin the assay. To prepare
spiked solutions agitation is the preferred method for dissolving the studied
substances. The use of organic solvents (acetone, ethanol, methanol,
dimethylsulfoxide or acetonitrile) is not generally recommended. However,
a maximum level (0.1 mL L") is considered acceptable in the preparation
of concentrated stock solutions. The solvent concentration must be repro-
ducible in all treatments (OECD 305 technical guidance). Some authors
have used a concentration of methanol up to 0.8 mg/L (Swiacka et al.,
2020).

An alternative is the use of a solid-phase desorption dosing system. For
example, Maulvault et al. (2018) prepared venlafaxine-enriched feed. The
spiked solution was previously dissolved in ethanol and diluted with
water. The organic solvent was then volatilized by a top-coating process
to the pellets with a pressurized spraying container. Regarding the concen-
tration level of the test substance, the OECD establishes concentrations of 1
% and 0.1 % of its LCs value.

3.1.2. Exposure test

The studied organisms are exposed to PhACs at one or more of the se-
lected concentration levels. A control group (without the test substance)
is subjected to identical laboratory conditions. The exposure time of the
specimens to contaminants runs until SS is reached. Throughout exposure,
samples (of both water and biota) are periodically collected. The concentra-
tion of the test substance in the water samples should be determined both
prior the addition of the organisms and during the uptake phase. Through-
out the test period the water should be sampled (N = 5) from the test tanks



M.C. Gémez-Regalado et al.

(from a central point), before feeding, and at the same time the organism is
sampled. More frequent sampling after the introduction of the organisms
may be useful to ensure stable concentrations. Organisms should be sam-
pled on at least five occasions during the uptake phase. Exposure time
and sampling frequency depend on the mode of action and the chemical-
physical properties of the substance. For example, for different species of
fish the exposure time can range from 4 days (ibuprofen in Rainbow trout
(O. mykiss) (Brozinski et al., 2013) to 40 days (venlafaxine and its metabo-
lite in Loach (M. anguillicaudatus) (Qu et al., 2019). In the case of larvae,
bioconcentration experiments are developed for shorter periods, between
72 and 120 h post fecundation (Molina-Fernandez et al., 2021; Pan et al.,
2018). The duration of the test can be shortened or extended if necessary,
if it is demonstrated as necessary as per when steady-state is reached. As
for sampling, normally three replicates of the organism and at least five
water samples are collected at each point in time. The medium is renewed
weekly (Lopes et al., 2022), or every 24 h (Gomez et al., 2021; Maulvault
et al., 2018; Lu et al., 2018), after which the substance concentration is
re-established to maintain nominal values.

As mentioned earlier, aquatic organisms are exposed to chemicals via
water uptake (bioconcentration), diet or both. The decision to conduct an
aqueous or dietary exposure experiment should be based on water solubil-
ity and K, of the test substance. For compounds with high water solubility
and log K,,, values between 1.5 and 6.0, as is the case for most PhACs, an
aqueous exposure test should be considered first (OECD 305 technical guid-
ance). To the best of our knowledge, only one study in the literature
(Maulvault et al., 2018) uses both water and dietary exposure sources
(see Table 1).

3.1.3. Up-take and depuration test

This test includes two consecutive phases: exposure (uptake) and post-
exposure (depuration). During the uptake phase, the organism is exposed
to a chemical compound at one or more concentration levels, under the
conditions described above. To initiate the depuration phase, the remaining
organisms are transferred to clean water, then the same water renewal and
sampling procedures as during the exposure period are followed. The
depuration phase is always necessary unless the uptake is negligible. Organ-
isms should be sampled for the test substance on at least four occasions dur-
ing this phase. This type of testing is more common in low trophic level
organisms, such as molluscs.

3.1.4. Semi-natural large-scale system test

Long-term studies in a controlled aquatic system, evenly contaminated
with a chemical mixture, are ideal for identifying general patterns of behav-
iour. Water, sediments and biota are sampled on a daily or weekly basis for
a period of more than three months. This type of test is particularly success-
ful in evaluating biomagnification along the food web, as well as bioaccu-
mulation. However, this type of experiment is infrequent in the scientific
literature.

3.2. Field studies

3.2.1. In-situ sampling collection

Currently, there are no criteria regarding field studies. Organisms
are exposed throughout their lifetime, so the concentrations within
them are near steady-state. Water, sediment and biota are sampled,
and a range of sampling points is a key to ensure the representativeness
of the data. The analytical rigor applied throughout the sampling and
analysis processes is fundamental for the quality of the data. Some prac-
tices, such as the use of tags for fish labeling, has been proposed to study
the changes in bioaccumulation over time under field conditions
(Grabicova et al., 2017). Other authors (de Solla et al., 2016; Gillis
et al., 2014) have also field-deployed organisms (i.e., caged, previously
sourced locally) in the aquatic environment over the course of several
weeks. Furthermore, grab sampling conducted in conjunction with pas-
sive sampling may be a more reliable and less time-intense option for
assessing relative time-weighted average spatial distribution of organic
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contaminant concentrations (Wilkinson et al., 2018; Vystavna et al.,
2012). The use of passive sampling has been recommended as a method
to mimic bioconcentration uptake without the use of live organisms. In
the case of polar compounds such as PhACs, the use of Polar Organic
Chemical Integrative Sampler (POCIS) has been developed. Grabicova
et al. (2017) concluded that integrative passive samplers with fish
liver or kidney tissue can be complimentary exploratory tools and can
help to distinguish between bioconcentration and bioaccumulation.
The main inconvenience of this practice is the inaccessibility of the sam-
pling rates for POCIS over long time periods.

A complex approach that includes not only water and organisms but
also sediment interactions is needed to better understand the fate of
PhAGCs in the aquatic environment. Water sediments represent a potential
secondary source of PhACs when the hydrological conditions change
(Wilkinson et al., 2018; Koba et al., 2018). Moreover, some organisms
(e.g. benthic invertebrates) are often exposed to contaminated sediment
via ingestion of sediment particles. These organisms are highly important
components of the food chain in aquatic environments and contribute sig-
nificantly to fish diets. Usually, the sediments are collected in the same sam-
pling point as the water samples. A few studies were recently published on
this, for example Wilkinson et al. (2018) assessed the accumulation and
spatial distribution of PhACs and other emerging pollutants in aquatic sed-
iment and five under-studied organisms (periphyton, plants (Callitriche sp.
and Potamogeton sp.), as well as amphipod crustaceans (G. pulex) and
aquatic snails (B. tentaculate) (n = 65 in total) from the Hogsmill, Blackwa-
ter and Bourne Rivers in Southern England. Koba et al. (2018) analysed 18
PhACs and 7 metabolites in water, sediment and fish of a treated
wastewater-affected pond during a one-year experiment in the Czech
Republic.

4. Analytical methods

Validated methods and quality assurance/quality control (QA/QC) pro-
tocols must be followed to ensure reliable and accurate results. A key aspect
that generates uncertainty in the BAF/BCF calculation is the concentration
of the compound in the water, since in many cases its value is close to the
chosen method's determined detection limit. In these cases, the concentra-
tion is generally reported as “non-detected”. The statistical treatment used
to address “non-detected” samples can have significant effect on the deriva-
tion of the BAF.

In order to detect PhACs in the water, matrices between 50 and 1000
mL are often required. After filtration, solid phase extraction (SPE) is the
most commonly applied technique. Given the nature of biota samples, a
more complex sample preparation is required prior to analysis. In the
case of fish, tissues and organs are first separated for individual analy-
ses. In the case of molluscs, cephalopods and crustaceans, they are gen-
erally removed from the shells (if present) and then pooled, without
differentiating body cavities. Samples are then powdered to homogene-
ity and, in most cases, freeze-dried. The sample preparation involves the
extraction and clean-up steps. Ultrasonic solvent extraction (USE) is still
widely applied. Pressurized liquid extraction (PLE), microwave assisted
extraction (MAE), matrix solid phase extraction (MSPD) and Quick,
Easy, Cheap, Effective, Rugged and Safe (QuUEChERS) have also
emerged in last few years. For clean-up dispersive-SPE (d-SPE), C18
and PSA sorbents are frequently used. Finally, for adequate identifica-
tion and quantification of compounds, and in order to define the
lower bound detection limits, liquid chromatography coupled with a
tandem mass spectrometry detector (LC-MS/MS) is the most suitable
technique (Arenas et al., 2021; Alvarez-Ruiz and Picé, 2020; Miossec
et al., 2020).

The presence of interferences that co-elute with the test substance is the
main drawback of these identification and quantification methods. The
evaluation of matrix effects should be included in the methods' validation
processes. In practice, the use of matrix-matched calibration curves, and
isotopically-labelled internal standards for quantification purposes, are
commonly used to reduce matrix effects.
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Table 1 (continued)

Reference

Spiked level (ng Organism replicates/tank Exposure conditions

mL™Y)

Acclimataion and
conditions

Tanks/aquariums

Experiment

PhACs

Species name

receptor antagonists, Lipid regulators,

Psychiatric drugs)

Brown trout (Salmo trutta) Acetaminophen, amitriptyline,

Haddad et al.,

2018

Field study

3 sampling campaings of

three days each and

Semi-arid urban river

influenced by

Field

aripiprazole, benzoylecgonine,

and mottled sculpin
(Cottus bairdii).

including five sampling

point

snowmelt sited in East
Canyon Creek in Park

City, Utah, USA

buprenorphine, caffeine, carbamazepine,

diclofenac, diltiazem, diphenhydramine,
duloxetine, fluoxetine, methylphenidate,
norfluoxetine, promethazine, sertraline

Sulfamethazine

Zhao et al., 2016

Fish were exposed to

40 and 200 Each treatment was

2 weeks of acclimatation
in artificial seawater with

35 L glass vessel

Exposure

Marine medaka (Oryzias

sulfamethazine for 24 h
and samples were

applied in triplicate with

four fish per tank.

melastigma)

dissolved O, 6.0 0.2 mg/L

and at 28 °Cina 14

collected at each time

point (0, 1, 2,7, 12 and
24 h). Fish was not fed
during the exposure

period

h/10 h light/dark
photoperiod cycle

18
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5. Results and discussion

Table 1 summarizes the research found in the scientific literature dedi-
cated to the evaluation of the bioaccumulation potential of PhACs in
aquatic organisms.

This data has been obtained from over 100 scientific sources published
between 2010 and 2022, with over 95 % of the data generated in last 5
years. Information concerning the species, PhACs, concentration levels, ac-
climation period and experimental designs are included in the table.

Fish are the most commonly used organisms in bioaccumulation studies
(n = 32), followed by molluscs (n = 18), crustaceans (n = 8) and, finally,
minor invertebrates (larvae) (n = 6) (Fig. 1). Fish play a key role in the en-
vironment, regulating the biological structure of habitats as well as being an
important food source for many other aquatic organisms. The most fre-
quently studied species are the crucian carp (Carassius auratus), common
carp (Cyprinus carpio), rainbow trout (Oncorhynchus mykiss) and European
perch (Perca fluviatilis). The preferred tissues or organs for BCF/BAF mea-
surements were the muscle (35 %), brain (18 %), liver (15 %), whole indi-
vidual (9 %), and other organs (20 %) which include gills, gonad, kidney or
bile. Molluscs, especially bivalves, are given particular attention in bioaccu-
mulation studies, their sessile lifestyles and either filtering or deposit feed-
ing making them of particular interest (Swiacka et al., 2021a). In these
cases the whole organism is commonly analysed.

Laboratory experiments were conducted by water exposure (33 %) or
by water uptake and purification phase (25 %). Only one of them
(Maulvault et al., 2018) used both exposure sources (water and diet). The
remaining 37 % of the reviewed articles were field studies; the majority
of them in freshwater. To the best of our knowledge, only two studies
were semi-natural large-scale system tests (Lagesson et al., 2016; Burket
et al., 2020). Lagesson et al. (2016) selected a semi-natural pond of 400
m? to assess the extent at which PhACs are taken up by a vertebrate top con-
sumer and four invertebrate species of an aquatic food web. Burket et al.
(2020) used a municipal wastewater effluent as the source water in an out-
door stream mesocosm to simulate effluent-dependent lotic systems to ex-
amine the bioaccumulation of several widely-used PhACs.

Table 2 collects a total of >230 BCF and >530 BAF values for 113 PhACs
in a range of aquatic species. BAF/BCFs are expressed in wet weight (w.w.)
or dry weight (d.w.) bases and the units are L kg™ '.

Some PhACs have a considerable number of reported BCF/BFA values.
Specifically, there are >35 observations for the antihistamine diphenhydra-
mine (n = 52), followed by carbamazepine (n = 48), diclofenac (n = 41),
and the antidepressant therapeutic group (venlafaxine (n = 42), citalopram
(n = 40) and sertraline (n = 40) and their metabolite norsertraline (n =
22). There are only one or two BCF/BAF values for 52 % of the PhACs
and there are five or fewer reported BCF/BAF values for 62 % of the
PhAGs. To the best of our knowledge, there are no observations for the an-
ticancer drug group, with the exception of 5-fluorouracile.

Figs. 1 and 2 show the general trend of the bibliographic data in this
field of research. It can be observed that the distribution for individual
PhAGs is not uniform.

One of the main explanations for the lack of data uniformity is the dis-
parate factors used in the design of the surveys (water temperature, expo-
sure time, exposure route, dissolved organic matter, feeding and growth
rates, or selected tissue or organ). BCF values are highly influenced by ex-
perimental and biotic factors (Duarte et al., 2022). Some authors have
pointed to temperature and exposure time as the variables higher weight
in BCF data. Maulvault et al. (2018) assessed the effect of increased temper-
ature (AT°C = 5 °C) and high CO, levels (equivalent to ApH = — 0.4 units).
Their data suggest an increase of BCF with the combination of warming and
acidification. Recently, Cerveny et al. (2021b) assessed how temperature
affects temazepam biotransformation and the subsequent accumulation of
its metabolite (oxazepam) in two organisms of the food chain ecosystem
(the European perch (Perca fluviatilis) and the dragonfly larvae
(Sympetrum sp.). Their results showed that exposure to PhACs may change
across temperature gradients in the environment. While the
bioconcentration of temazepam in perch was reduced at higher
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Laboratory tests

Acclimation Exposure

Science of the Total Environment 861 (2023) 160638

= Exposure
= Semi large scale

= Exposure + depuration
m Field

PhAC Water exchange, Water
addition PhAC readdition exchange
‘ 14d | 28d
‘ Large-scale system tests ‘
PhAC addition

‘ > 3 months

= Plants
= Larvae

= Worm
= Insect

= Algae
= Crustacean

| Field study |

In situ sample collection

Fig. 1. Schematic representation of the possible scenarios to assess bioconcentration/bioaccumulation potential.

temperatures as a consequence of the biotransformation and accumulation
of its main metabolite in the fish (two-fold higher at 20 °C compared to 10
°C), no temperature influence was found for larvae. Temperature may affect
metabolic activity and, as a consequence, the bioconcentration pattern
(Buckman et al., 2004). In a previous study, Opperhuizen et al. (1998) ob-
served an increase in BCF values for chlorinated benzenes with increasing
water temperature. In other research, Lu et al. (2018) reported that in the
presence of higher dissolved organic matter content (DOM), the potential
bioconcentration of diclofenac in fish decreased significantly. Feeding
and the hydrodynamic experiment also led to lower bioaccumulation of
diclofenac in fish tissues.

Taking into account the route of exposure, in the case pf PhACs expo-
sure through water may be more important for uptake and bioaccumulation
rates than dietary exposure (Du et al., 2014). For example, Maulvault et al.
(2018) observed plasma concentration levels of venlafaxine 50 times
higher in fish exposed via water (46 pg/L day) compared to fish exposed
via diet (0.5 pg/L day). Nunes et al. (2020) suggested that direct (water-
borne) and trophic (via contaminated feed) exposures to diclofenac caused
significantly different physiological modifications in aquatic organisms.
Variability of results is reduced if standard protocols are met and with bet-
ter knowledge of the key experimental parameters. Heynen et al. (2016)
compare uptake of oxazepam from water (bioconcentration) and via a con-
taminated diet (trophic transfer) in Eurasian perch (Perca fluviatilis) and
dragonfly larvae (Aeshna grandis). Bioconcentration and trophic transfer
of oxazepam were found in both predator species. However, higher
bioconcentrations were observed for perch (BCF 3.7) than for dragonfly lar-
vae (BCF 0.5). The relative contribution via prey consumption was 14 %
and 42 % for perch and dragonflies, respectively.

Though theoretically BCF should not be affected by the concentration to
which the organism is exposed since it is a result of the difference between
the absorption and elimination processes, different levels were regularly
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tested in the reviewed literature. In some cases, a different bioconcentration
pattern has been observed, suggesting that this factor must be taken into
consideration (Lopes et al., 2022; Swiacka et al., 2020; Lu et al., 2018;
McCallum et al., 2019; Pan et al., 2018; Molina-Ferndndez et al., 2021;
Xie et al., 2020; Brozinski et al., 2013). Pan et al. (2018) reported that the
BCF of fluoxetine in red crucian carp was inversely proportional to the ex-
posure concentrations. Similarly, Zhao et al. (2016) observed that the
BCF of sulfamethazine at a concentration of 40 ng mL ™' was higher than
at 200 ng mL~ 1. Rosa et al. (2019) observed that the oxytetracycline levels
in the macroalgae Ulva decreased significantly slower at 40 ng mL™ ! (48
h) than at 120 ng mL ™! (24 h).

On the other hand, for organic substances there is a clear correlation be-
tween the lipid content of biota and BCF values (Miller et al., 2019; Gobas
et al., 1999). Hydrophobic substances (log Ko > 3) reach equilibrium in
the lipid fraction and the bioaccumulation potential is theoretically indi-
cated by log Kow. Arnot and Gobas (2006) reported that doubling the
lipid content approximately doubles the BCF. Thus it is important to nor-
malize lipids to reduce variability and allow better comparison of results.
However, bioaccumulation is also empirically demonstrated by organism
concentrations exceeding the surrounding water concentration (Meredith-
Williams et al., 2012; Grabicova et al., 2015). Variations of the pH in the ex-
posure system may significantly change the ionization states of PhACs and
consequently influence their bioaccumulation. A number of studies on
aquatic organisms and on a range of PhACs (sertraline, fluoxetine, sulfathi-
azole, ciprofloxacin, lincomycin, enrofloxacin and chlortetracycline, ibu-
profen or acetaminophen) have demonstrated that uptake and toxicity of
ionizable PhACs can also be very sensitive to changes in pH of the environ-
ment (Meredith-Williams et al., 2012; Rendal et al., 2011; Valenti et al.,
2009). For example, Ding et al. (2016) examined the bioconcentration pro-
files of roxithromycin and propranolol in D. magna after 24 h of exposure
under different pH levels (7-9). Their results showed that daphnia body
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Table 2
BAF/BCF observations for PhACs in aquatic organisms belonging to different throphic levels.
Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
1-Hydroxy-ibuprofen Limpet (Ancylus fluviatilis) ~ Whole organism (dw) 7.28-10.8 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) ~Whole organism (dw) 7.28-10.8 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 7.28-10.8 Rubhi et al., 2016
Predicted - 0.29 Rubhi et al., 2016
5-Fluorouracil Shrimps (Gammarus pulex) ~ Whole organism (dw) 4.37-9.17 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 0.07-0.21 Meredith-Williams et al.,
glauca) 2012
10,11-Epoxycarbamazepine Macrophyte (Lemna gibba) 308 Mastrangelo et al., 2022
10-Hydroxy-10,11-dihydro-carbamazepine Mussel (M. galloprovincialis) Whole organism (dw) 4.5 Boillot et al., 2015
10-Hydroxy-amitriptyline Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding ~ 74-134 de Solla et al., 2016
stomach and its contents), and gonadal
tissues (Ww))
17a-Ethynylestradiol Mussel (Mytilus Whole organism (ww) 30-39 Lopes et al., 2022
galloprovincialis)
Fish (Hemiculter leucisculus) — Liver (ww) 20,392 Liu et al., 2015
Fish (Hemiculter leucisculus) — Brain (ww) 8357 Liu et al., 2015
Fish (Hemiculter leucisculus)  Muscle (ww) 857 Liu et al., 2015
Fish (Hemiculter leucisculus)  Gill (ww) 4071 Liu et al., 2015
Fish (Carassius auratus) Liver (ww) 16,642 Liu et al., 2015
Fish (Carassius auratus) Brain (ww) 7214 Liu et al., 2015
Fish (Carassius auratus) Gill (ww) 5714 Liu et al., 2015
Clam (Ruditapes Whole organism (ww) 0.024-0.031 Silva et al., 2022
philippinarum)
2-Hydroxycarbamazepine Bifilm 125 Mastrangelo et al., 2022
Macrophyte (Lemna gibba) 250 Mastrangelo et al., 2022
4-Hydroxy-diclofenac Mussel (Mytilus trossulus) Whole organism (dw) 69.7 Swiacka et al., 2021b
Biofilm (dw) 49.8 Swiacka et al., 2021b
Amitriptyline Cottus bairdii Whole organism (ww) 161-2279 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 917 Haddad et al., 2018
Periphyton Whole organism (ww) 833-17,209 Haddad et al., 2018
Salmo trutta Whole organism (ww) 119-1605 Haddad et al., 2018
Trichoptera Whole organism (ww) 161-1083 Haddad et al., 2018
Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 4384-8341 de Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Amlodipine Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 4077-7578 de Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Amphetamine Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 109-284 de Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Atenolol A. Common carp (Cyprinus ~ Liver (ww) 31 Grabicova et al., 2020
carpio)
Fish (Gambusia affinis) Whole organism (ww) 0.08-0.13 Valdés et al., 2014
Atorvastatin Fish Predicted (BCFBAF - 56.23 Reis et al., 2021
v3.10)
Azithromycin A. Common carp (Cyprinus ~ Liver (ww) 1200 Grabicovi et al., 2020
carpio)
B. Pikeperch (Sander Liver (ww) 770 Grabicova et al., 2020
lucioperca)
A. Common carp (Cyprinus ~ Kidney (ww) 1500 Grabicovd et al., 2020
carpio)
B. Pikeperch (Sander Kidney (ww) 690 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Brain (ww) 160 Grabicova et al., 2020
lucioperca)
Plankton (ww) 4800 Grabicova et al., 2020
Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding  98-346 de Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Benztropine Caged goldfish (Carassius Plasma 49-165 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio)  Plasma 153-1158 Muir et al., 2017
Betamethasone Fish Predicted (BCFBAF - 8.85 Reis et al., 2021
v3.10)
Bezafibrate Limpet (Ancylus fluviatilis) Whole organism (dw) 4.86-7.78 Rubhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 4.86-7.78 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 4.86-7.78 Ruhi et al., 2016
Predicted - 3.47 Ruhi et al., 2016
Bisoprolol Stone moroko (ww) 1.6 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 48 Grabicova et al., 2020
Bupropion Fish (smallmouth bass) Brain (dw) 3-8 Arnnok et al., 2017
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Table 2 (continued)

Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Fish (smallmouth bass) Gonad (dw) 1-9 Arnnok et al., 2017
Fish (smallmouth bass) Liver (dw) 1-4 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 6 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 3 Arnnok et al., 2017
Fish (largemouth bass) Liver (dw) 2-5 Arnnok et al., 2017
Fish (white bass) Gonad (dw) 1-26 Arnnok et al., 2017
Fish (white perch) Gonad (dw) 62 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 46 Arnnok et al., 2017
Fish (yellow perch) Gonad (dw) 30 Arnnok et al., 2017
Caffeine Fish stoneroller minnows Fish tissues (ww) 100 Burket et al., 2020
(C. anomalum)
Cattail (Typha angustifolia) ~ ww 110.68 Wang et al., 2019
Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Baetidae Whole organism (ww) 299-451 Haddad et al., 2018
Cottus bairdii Whole organism (ww) 15-169 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 20 Haddad et al., 2018
Periphyton Whole organism (ww) 21-642 Haddad et al., 2018
Salmo trutta Whole organism (ww) 19-169 Haddad et al., 2018
Trichoptera Whole organism (ww) 20-1056 Haddad et al., 2018
Caged goldfish (Carassius Plasma 15-16 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 16-51 Muir et al., 2017
Haemolymph Whole organism (ww) 1.2 Alvarez-Ruiz et al., 2021
Carbamazepine Limpet (Ancylus fluviatilis) ~ Whole organism (dw) 1.27-2.00 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 1.27-2.00 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 1.27-2.00 Rubhi et al., 2016
Predicted - 229 Rubhi et al., 2016
A. Common carp (Cyprinus ~ Liver (ww) 1.2 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Liver (ww) 2.9 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Kidney (ww) 2.4 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Brain (ww) 3.9 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Muscle (ww) 1.5 Grabicova et al., 2020
lucioperca)
Stone moroko (ww) 0.47 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 3.6 Grabicova et al., 2020
Cattail (Typha angustifolia) ~ ww 1289.29 Wang et al., 2019
Mussel (M. galloprovincialis) Whole organism (dw) 3.9 Boillot et al., 2015
Shrimps (Gammarus pulex) ~ Whole organism (dw) 5.47-8.93 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 0.17-0.33 Meredith-Williams et al.,
glauca) 2012
Fish (Largemouth bass) Ventral muscle and skin (dw) 4.3 Huerta et al., 2018
Fish (White sucker) Ventral muscle and skin (dw) 5.1 Huerta et al., 2018
Fish (Yellow perch) Ventral muscle and skin (dw) 11.3 Huerta et al., 2018
Fish (Smallmouth bass) Ventral muscle and skin (dw) 90.9 Huerta et al., 2018
Fish (predicted) - 318 Huerta et al., 2018
Mussel (M. galloprovincialis) Whole organism (dw) 25.8-35.3 Serra-Compte et al.,
2018
Clam (Corbicula fluminea) Whole organism (ww) 70 Burket et al., 2020
Fish stoneroller minnows Fish tissues (ww) 4 Burket et al., 2020
(C. anomalum)
Common carp (Cyprinus Liver (ww) 0.8-2.2 Sims et al., 2020
carpio L.)
Fish (Oreochromis niloticus) ~ Liver (ww) 0.7 Garcia et al., 2012
Fish (Oreochromis niloticus) ~ Muscle (ww) 0.9 Garcia et al., 2012
Fish (Oreochromis niloticus) ~ Blood 2.5 Garcia et al., 2012
Fish (Pimephales notatus) Muscle (ww) 1.9 Garcia et al., 2012
Fish (Pimephales notatus) Liver (ww) 4.6 Garcia et al., 2012
Fish (Ictalurus punctatus) Muscle (ww) 1.8 Garcia et al., 2012
Fish (Ictalurus punctatus) Liver (ww) 1.5 Garcia et al., 2012
Fish (Ictalurus punctatus) Brain (ww) 1.6 Garcia et al., 2012
Fish (Ictalurus punctatus) Plasma (ww) 7.1 Garcia et al., 2012
Fish (Hemiculter leucisculus) — Liver (ww) 615-2750 Liu et al., 2015
Fish (Hemiculter leucisculus)  Brain (ww) 385-1000 Liu et al., 2015
Fish (Hemiculter leucisculus) — Muscle (ww) 77-250 Liu et al., 2015
Fish (Hemiculter leucisculus) — Gill (ww) 269-500 Liu et al., 2015
Fish (Carassius auratus) Liver (ww) 235-1200 Liu et al., 2015
Fish (Carassius auratus) Brain (ww) 29-400 Liu et al., 2015

(continued on next page)
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Fish (Carassius auratus) Muscle (ww) 8.8-200 Liu et al., 2015
Fish (Carassius auratus) Gill (ww) 200 Liu et al., 2015
Fish (Gambusia affinis) Whole organism (ww) 0.7-0.9 Valdés et al., 2014
Bifilm 10 Mastrangelo et al., 2022
Macrophyte (Lemna gibba) 141 Mastrangelo et al., 2022
Cottus bairdii Whole organism (ww) 3-6.5 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 15 Haddad et al., 2018
Periphyton Whole organism (ww) 3 Haddad et al., 2018
Trichoptera Whole organism (ww) 10.0-21.0 Haddad et al., 2018
Carbediol Shrimps (Gammarus pulex) ~ Whole organism (dw) 240-303 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 1.14-2.18 Meredith-Williams et al.,
glauca) 2012
Planorbarius corneus Whole organism (dw) 50.4-71.2 Meredith-Williams et al.,
2012
Cefotaxime Fish (Epinephelus awoara) Muscle (dw) 3981 Xie et al., 2019
Fish (Ephippus orbis) Muscle (dw) 1585 Xie et al., 2019
Fish (Culter alburnus) Muscle (dw) 1585 Xie et al., 2019
Shellfish (Ostrea gigas) Whole organism (dw) 1259 Xie et al., 2019
Shellfish (Mimachlamys Whole organism (dw) 1585 Xie et al., 2019
nobilis)
Shellfish (Mytilus edulis) Whole organism (dw) 1778 Xie et al., 2019
Shellfish (Bufonaria Whole organism (dw) 794 Xie et al., 2019
perelegans)
Cetirizine Common carp (Cyprinus Liver (ww) 0.38-1.4 Sims et al., 2020
carpio L.)
Plankton (ww) 47 Grabicova et al., 2020
Chloramphenicol Clams (Crassostrea gigas, Whole organism (ww) 5376 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Chlortetracycline Clams (Crassostrea gigas, Whole organism (ww) 0 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Ciprofloxacin Shrimp (Young Whole organism (ww) 23 Chen et al., 2015
Fenneropenaeus penicillatus)
Bifilm 717 Mastrangelo et al., 2022
Macrophyte (Lemna gibba) 481 Mastrangelo et al., 2022
Citalopram Zebrafish (Danio rerio) Whole organism (ww) 1.6-3.75 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 1.45-3.66 Molina-Fernandez et al.,
2021
A. Common carp (Cyprinus ~ Liver (ww) 140 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Liver (ww) 10 Grabicova et al., 2020
lucioperca)
A. Common carp (Cyprinus  Kidney (ww) 140 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Kidney (ww) 31 Grabicova et al., 2020
lucioperca)
A. Common carp (Cyprinus ~ Brain (ww) 81 Grabicova et al., 2020
carpio)
A. Common carp (Cyprinus ~ Muscle (ww) 43 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Muscle (ww) 1.4 Grabicovi et al., 2020
lucioperca)
Stone moroko (ww) 64 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 3000 Grabicova et al., 2020
Mussel (M. galloprovincialis) Whole organism (dw) 959-2606 Serra-Compte et al.,
2018
Brown trout (Salmo trutta) Liver (ww) 260-590 Grabicova et al., 2017
Brown trout (Salmo trutta) Kidney (ww) 70-3100 Grabicova et al., 2017
Brown trout (Salmo trutta) Brain (ww) Grabicova et al., 2017
Brown trout (Salmo trutta) Muscle (ww) Grabicova et al., 2017
Common carp (Cyprinus Liver (ww) 140-870 Sims et al., 2020
carpio L.)
Caged goldfish (Carassius Plasma 15-58 Muir et al., 2017
auratus)
Fish (smallmouth bass) Muscle (dw) 2 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 8 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 4-5 Arnnok et al., 2017
Fish (largemouth bass) Liver (dw) 5 Arnnok et al., 2017
Fish (rudd) Brain (dw) 4 Arnnok et al., 2017
Fish (rudd) Gonad (dw) 2-4 Arnnok et al., 2017
Fish (rudd) Liver (dw) 20 Arnnok et al., 2017
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Table 2 (continued)

Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Fish (rudd) Muscle (dw) 1 Arnnok et al., 2017
Fish (rock bass) Brain (dw) 18 Arnnok et al., 2017
Fish (rock bass) Gonad (dw) 2-3 Arnnok et al., 2017
Fish (rock bass) Liver (dw) 9 Arnnok et al., 2017
Fish (white bass) Brain (dw) 6 Arnnok et al., 2017
Fish (white bass) Gonad (dw) 9 Arnnok et al., 2017
Fish (white bass) Liver (dw) 1-19 Arnnok et al., 2017
Fish (white bass) Muscle (dw) 2 Arnnok et al., 2017
Fish (white perch) Gonad (dw) 8 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 5 Arnnok et al., 2017
Fish (walleye) Liver (dw) 3 Arnnok et al., 2017
Fish (bowfin) Liver (dw) 1 Arnnok et al., 2017
Fish (steelhead) Liver (dw) 17 Arnnok et al., 2017
Fish (yellow perch) Brain (dw) 4 Arnnok et al., 2017
Fish (yellow perch) Gonad (dw) 1-4 Arnnok et al., 2017
Clarithromycin Fish Predicted (BCFBAF - 56.49 Reis et al., 2021
v3.10)
Bifilm 178 Mastrangelo et al., 2022
Macrophyte (Lemna gibba) 94 Mastrangelo et al., 2022
Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding  6.8-61 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Clindamycin Common carp (Cyprinus Liver (ww) 2.0-4.9 Sims et al., 2020
carpio L.)
Plankton (ww) 17 Grabicova et al., 2020
Clindamycin-sulfoxide Plankton (ww) 9.1 Grabicova et al., 2020
Clozapine Fish, channel catfish Plasma 30.5 Nallani et al., 2016
Fish, channel catfish Brain (ww) 392 Nallani et al., 2016
Fish, channel catfish Muscle (ww) 81 Nallani et al., 2016
Fish, channel catfish Gill (ww) 501 Nallani et al., 2016
Fish, channel catfish Kidney (ww) 958 Nallani et al., 2016
Fish, channel catfish Liver (ww) 1048 Nallani et al., 2016
Fish, fathead minnow Brain (ww) 375-538 Nallani et al., 2016
Fish, fathead minnow Muscle (ww) 71-92.8 Nallani et al., 2016
Fish, fathead minnow Gill (ww) 475-830 Nallani et al., 2016
Fish, fathead minnow Kidney (ww) 520-556 Nallani et al., 2016
Fish, fathead minnow Liver (ww) 605-939 Nallani et al., 2016
Cocaine Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 249-433 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Codeine Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding ~ 31-62 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Danofloxacin Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Diazepam Shrimps (Gammarus pulex) ~ Whole organism (dw) 26.5-50.2 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 0.70-1.36 Meredith-Williams et al.,
glauca) 2012
Caged goldfish (Carassius Plasma 38-124 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 109-3120 Muir et al., 2017
Diclofenac Limpet (Ancylus fluviatilis) ~ Whole organism (dw) 8.77-12.8 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 231-484 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 8.77-12.8 Ruhi et al., 2016
Predicted - 6.12 Rubhi et al., 2016
Fish predicted - 13 Lagesson et al., 2016
Invertebrate predicted - 2 Lagesson et al., 2016
Mussel (Mytilus trossulus) Whole organism (dw) 57 Swiacka et al., 2019
Mussel (Mytilus trossulus) Whole organism (ww) 10-180 Ericson et al., 2010
Mussel (M. galloprovincialis) ~Visceral mass (ww) 13 Alvarez-Ruiz et al., 2021
Mussel (M. galloprovincialis) ~Visceral mass (ww) 9.8 Alvarez-Ruiz et al., 2021
Bluegill sunfish (Lepomis Muscle (ww) 0-0.67 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Gill (ww) 2.80-3.66 Zhao et al., 2017
macrochirus)
Plant (Potamogeton sp.) Whole organism (dw) 3.92 Wilkinson et al., 2018
Plant (Callitriche sp.) Whole organism (dw) 8.69 Wilkinson et al., 2018
Periphyton Whole organism (dw) 213 Wilkinson et al., 2018
Aquatic snails (Bithynia Whole organism (dw) 13.2 Wilkinson et al., 2018
tentaculate)
Crustaceans (Gammarus Whole organism (dw) 12.9 Wilkinson et al., 2018
pulex)
Fish (Hemiculter leucisculus) — Liver (ww) 34-959 Liu et al., 2015

(continued on next page)
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Fish (Hemiculter leucisculus)  Brain (ww) 14-608 Liu et al., 2015
Fish (Hemiculter leucisculus) Muscle (ww) 5-174 Liu et al., 2015
Fish (Hemiculter leucisculus) ~ Gill (ww) 6-565 Liu et al., 2015
Fish (Carassius auratus) Liver (ww) 121-836 Liu et al., 2015
Fish (Carassius auratus) Brain (ww) 14-291 Liu et al., 2015
Fish (Carassius auratus) Muscle (ww) 6-36 Liu et al., 2015
Fish (Carassius auratus) Gill (ww) 18-44 Liu et al., 2015
Mussel (M. galloprovincialis) Whole organism (dw) 11.3-16.5 Bonnefille et al., 2017
Mussel (Dreissena - 4.0-13 Daniele et al., 2016
polymorpha)
Trout (O. mykiss) Whole organism (ww) 0.3-2732 Schwaiger et al., 2004
Trout (O. mykiss) Whole organism (ww) 3.0-5.0 Memmert et al., 2013
Duckweed (L. minor) Whole organism (dw) 3.4-12.1 Kummerova et al., 2016
Trout (O. mykiss) Whole organism (ww) 320-950 Kallio et al., 2010
Mussel (Mytilus trossulus) Whole organism (dw) 118.5 Swiacka et al., 2021b
Biofilm (dw) 119 Swiacka et al., 2021b
Crucian carp (Carassius Liver (ww) 121 Lu et al., 2018
auratus)
Crucian carp (Carassius Gill (ww) 52.3 Lu et al., 2018
auratus)
Crucian carp (Carassius Muscle (ww) 46.8 Lu et al., 2018
auratus)
Crucian carp (Carassius Muscle (dw) 0.56-8.55 Xie et al., 2020
auratus)
Crucian carp (Carassius Brain (dw) 2.73-22.1 Xie et al., 2020
auratus)
Crucian carp (Carassius Gill (dw) 2.61-28.7 Xie et al., 2020
auratus)
Crucian carp (Carassius Kidney (dw) 3.41-61.7 Xie et al., 2020
auratus)
Crucian carp (Carassius Liver (dw) 3.09-56 Xie et al., 2020
auratus)
Diltiazem Stone moroko (ww) 290 Grabicova et al., 2020
(Pseudorasbora parva)
Baetidae Whole organism (ww) 38-233 Haddad et al., 2018
Cottus bairdii Whole organism (ww) 25-267 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 53 Haddad et al., 2018
Periphyton Whole organism (ww) 48-8667 Haddad et al., 2018
Salmo trutta Whole organism (ww) 11-167 Haddad et al., 2018
Trichoptera Whole organism (ww) 13-280 Haddad et al., 2018
Rainbow trout Whole body (minus liver) (ww) 10.1-72.5 Sims et al., 2020
(Oncorhynchus mykiss)
Clam (Corbicula fluminea) Whole organism (ww) 350 Burket et al., 2020
Fish stoneroller minnows Fish tissues (ww) 300 Burket et al., 2020
(C. anomalum)
Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding  26-50 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Plankton (ww) 76 Grabicova et al., 2020
Diphenhydramine Fish predicted - 285 Lagesson et al., 2016
Invertebrate predicted - 36 Lagesson et al., 2016
Amshorn snail (Planorbidae) Whole organism (ww) 1250 Lagesson et al., 2016
Waterlouse (Asellus Whole organism (ww) 600 Lagesson et al., 2016
aquaticus)
Mayfly larvae Whole organism (ww) 125 Lagesson et al., 2016
(Ephemeropteras)
Damselfly larvae Whole organism (ww) 250 Lagesson et al., 2016
(Zygoptera)
European perch (Perca Muscle (ww) 100 Lagesson et al., 2016
Sfluviatilis)
Plankton (ww) 1300 Grabicova et al., 2020
Fish (smallmouth bass) Brain (dw) 4-6 Arnnok et al., 2017
Fish (smallmouth bass) Gonad (dw) 1-5 Arnnok et al., 2017
Fish (smallmouth bass) Liver (dw) 2-4 Arnnok et al., 2017
Fish (smallmouth bass) Muscle (dw) 1 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 5-15 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 1-2 Arnnok et al., 2017
Fish (largemouth bass) Liver (dw) 1-4 Arnnok et al., 2017
Fish (largemouth bass) Muscle (dw) 1 Arnnok et al., 2017
Fish (rudd) Brain (dw) 4-18 Arnnok et al., 2017
Fish (rudd) Gonad (dw) 1-2 Arnnok et al., 2017
Fish (rudd) Liver (dw) 3-21 Arnnok et al., 2017
Fish (rudd) Muscle (dw) 1 Arnnok et al., 2017
Fish (rock bass) Brain (dw) 5-29 Arnnok et al., 2017
Fish (rock bass) Gonad (dw) 1-9 Arnnok et al., 2017
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)

Fish (rock bass) Liver (dw) 1-7 Arnnok et al., 2017
Fish (rock bass) Muscle (dw) 1 Arnnok et al., 2017
Fish (white bass) Brain (dw) 8-9 Arnnok et al., 2017
Fish (white bass) Gonad (dw) 1-2 Arnnok et al., 2017
Fish (white bass) Liver (dw) 1-15 Arnnok et al., 2017
Fish (white bass) Muscle (dw) 1-2 Arnnok et al., 2017
Fish (white perch) Brain (dw) 4 Arnnok et al., 2017
Fish (white perch) Gonad (dw) 8 Arnnok et al., 2017
Fish (white perch) Liver (dw) 1 Arnnok et al., 2017
Fish (white perch) Muscle (dw) 1 Arnnok et al., 2017
Fish (walleye) Brain (dw) 5-11 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 1-2 Arnnok et al., 2017
Fish (walleye) Liver (dw) 2-4 Arnnok et al., 2017
Fish (walleye) Muscle (dw) 1 Arnnok et al., 2017
Fish (steelhead) Gonad (dw) 1 Arnnok et al., 2017
Fish (yellow perch) Gonad (dw) 1-2 Arnnok et al., 2017
Fish (yellow perch) Liver (dw) 1 Arnnok et al., 2017
Fish (yellow perch) Muscle (dw) 0.2 Arnnok et al., 2017
Periphyton Whole organism (ww) 300 Burket et al., 2020
Clam (Corbicula fluminea) Whole organism (ww) 1600 Burket et al., 2020
Fish stoneroller minnows Fish tissues (ww) 250 Burket et al., 2020
(C. anomalum)
Rainbow trout Whole body (minus liver) (ww) 32-88 Sims et al., 2020
(Oncorhynchus mykiss)

Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 712-1331 De Solla et al., 2016
stomach and its contents), and gonadal

tissues (ww))

Caged goldfish (Carassius plasma 45-193 Muir et al., 2017
auratus)
Baetidae Whole organism (ww) 145-168 Haddad et al., 2018
Cottus bairdii Whole organism (ww) 48-522 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 220 Haddad et al., 2018
Periphyton Whole organism (ww) 239-5581 Haddad et al., 2018
Salmo trutta Whole organism (ww) 23-105 Haddad et al., 2018
Trichoptera Whole organism (ww) 81-1279 Haddad et al., 2018
Donepezil A. Common carp (Cyprinus ~ Liver (ww) 470 Grabicovd et al., 2020
carpio)
B. Pikeperch (Sander Liver (ww) 320 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Kidney (ww) 280 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Brain (ww) 310 Grabicova et al., 2020
lucioperca)
Stone moroko (ww) 190 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 390 Grabicova et al., 2020
Doxycycline Clams (Crassostrea gigas, Whole organism (ww) 4456 Naet al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Enoxacin Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Enrofloxacin Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Shrimp (Young Whole organism (ww) 650 Chen et al., 2015
Fenneropenaeus penicillatus)
Fish (Adult Trachinotus Muscle (ww) 861 Chen et al., 2015
ovatus)
Erythromycin Fish (Hemiculter leucisculus) — Liver (ww) 7559-7900 Liu et al., 2015
Fish (Hemiculter leucisculus) — Brain (ww) 1088-2900 Liu et al., 2015
Fish (Hemiculter leucisculus) ~ Muscle (ww) 700-971 Liu et al., 2015
Fish (Hemiculter leucisculus) — Gill (ww) 1200-1412 Liu et al., 2015
Fish (Carassius auratus) Liver (ww) 31-120 Liu et al., 2015
Fish (Carassius auratus) Brain (ww) 160-226 Liu et al., 2015
Fish (Carassius auratus) Muscle (ww) 528-760 Liu et al., 2015
Fish (Carassius auratus) Gill (ww) 1480-1616 Liu et al., 2015
Caged goldfish (Carassius Plasma 34-101 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio)  Plasma 53-121 Muir et al., 2017
Estrone Flatworm (Phagocata vitta) ~ Whole organism (dw) 4207 Ruhi et al., 2016
Predicted - 81,846 Ruhi et al., 2016
Etoricoxib Mussel (M. galloprovincialis) ~Visceral mass (ww) 6.4 Alvarez-Ruiz et al., 2021
Mussel (M. galloprovincialis) Visceral mass (ww) 6.7 Alvarez-Ruiz et al., 2021

(continued on next page)
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Haemolymph Whole organism (ww) 0.90 Alvarez-Ruiz et al., 2021
Fenofibrate Fish Predicted (BCFBAF - 322.2 Reis et al., 2021
v3.10)
Fexofenadine Plankton (ww) 68 Grabicova et al., 2020
Damselfly larvae Whole organism (dw) 120 Jonsson et al., 2014
Florophenicol Clams (Crassostrea gigas, Whole organism (ww) 266 Naet al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Fluconazole Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Flumequine Caged goldfish (Carassius Plasma 68-626 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 72-562 Muir et al., 2017
Fluoxetine Zebrafish (Danio rerio) Whole organism (ww) 8-8.1 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 7.27-7.3 Molina-Fernandez et al.,
2021
Cattail (Typha angustifolia) ~ ww 658.56 Wang et al., 2019
Shrimps (Gammarus pulex) ~ Whole organism (dw) 161,800-209,500 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 1.08-1.75 Meredith-Williams et al.,
glauca) 2012
Zebrafish (Danio rerio) Whole organism (ww) 0.019-0.22 Pan et al., 2018
Zebrafish (Danio rerio) Whole organism (ww) 1.73-6.88 Pan et al., 2018
Red crucian cap (Carassius Brain (ww) 12.4-110 Pan et al., 2018
auratus)
Red crucian cap (Carassius ~ Liver (ww) 11.1-1.37 Pan et al., 2018
auratus)
Red crucian cap (Carassius ~ Muscle (ww) 12.1-166 Pan et al., 2018
auratus)
Caged goldfish (Carassius Plasma 310-1480 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 176-334 Muir et al., 2017
Rainbow trout Whole body (minus liver) (ww) 251-426 Sims et al., 2020
(Oncorhynchus mykiss)
Plant (A. platanoides) Pooled samples (dw) 1300 Bostrom et al., 2017
Crustacean (A. aquaticus) Whole organism (ww) 110 Bostrom et al., 2017
Insect (N. glauca) Whole organism (ww) 11 Bostrom et al., 2017
Fish (P. pungitus) - 41 Bostrom et al., 2017
Clam (Corbicula fluminea) Whole organism (ww) 200 Burket et al., 2020
Baetidae Whole organism (ww) 356 Haddad et al., 2018
Cottus bairdii Whole organism (ww) 38-2929 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 3431 Haddad et al., 2018
Periphyton Whole organism (ww) 118-6192 Haddad et al., 2018
Salmo trutta Whole organism (ww) 19-2134 Haddad et al., 2018
Trichoptera Whole organism (ww) 47-4352 Haddad et al., 2018
Gemfibrozil Limpet (Ancylus fluviatilis) Whole organism (dw) 0.26-0.48 Rubhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 0.26-0.49 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 0.33-153 Ruhi et al., 2016
Predicted - 10.59 Ruhi et al., 2016
Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Haloperidol B. Pikeperch (Sander Liver (ww) 170 Grabicovd et al., 2020
lucioperca)
Caged goldfish (Carassius Plasma 190-1110 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 208-1088 Muir et al., 2017
Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 0-62 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
B. Pikeperch (Sander Kidney (ww) 280 Grabicova et al., 2020
lucioperca)
Hydrochlorothiazide Limpet (Ancylus fluviatilis) ~ Whole organism (dw) 0.16-0.22 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) ~Whole organism (dw) 0.16-0.23 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 0.16-0.24 Rubhi et al., 2016
Predicted - 2.43 Ruhi et al., 2016
Fish (Largemouth bass) Ventral muscle and skin (dw) 0.4 Huerta et al., 2018
Fish (White sucker) Ventral muscle and skin (dw) 4.5 Huerta et al., 2018
Fish (Yellow perch) Ventral muscle and skin (dw) 9.7 Huerta et al., 2018
Fish (Smallmouth bass) Ventral muscle and skin (dw) 125 Huerta et al., 2018
Fish (predicted) - 16.7 Huerta et al., 2018
Cockle (Cerastodema Whole organism (dw) 321-590 Moreno-Gonzélez et al.,
glaucum) 2016
Noble pen shell (Pinna Whole organism (dw) 109.7 Moreno-Gonzélez et al.,

nobilis)

2016
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Golden grey mullet (Liza Whole organism (dw) 182.5 Moreno-Gonzélez et al.,
aurata) 2016
Bifilm 34 Mastrangelo et al., 2022
Macrophyte (Lemna gibba) 70 Mastrangelo et al., 2022
Hydroxyzine Fish predicted - 40 Lagesson et al., 2016
Invertebrate predicted - 6 Lagesson et al., 2016
Damselfly larvae Whole organism (dw) 2000 Jonsson et al., 2014
Amshorn snail (Planorbidae) Whole organism (ww) 97,000 Lagesson et al., 2016
Waterlouse (Asellus Whole organism (ww) 7000 Lagesson et al., 2016
aquaticus)
Mayfly larvae Whole organism (ww) 5000 Lagesson et al., 2016
(Ephemeropteras)
Damselfly larvae Whole organism (ww) 18,000 Lagesson et al., 2016
(Zygoptera)
European perch (Perca Muscle (ww) 1000 Lagesson et al., 2016
Sfluviatilis)
Ibuprofen Limpet (Ancylus fluviatilis) ~ Whole organism (dw) 1.66-2.75 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 1.66-954 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 1.70-160 Ruhi et al., 2016
Predicted - 6.12 Ruhi et al., 2016
Cattail (Typha angustifolia) ~ ww 157.57 Wang et al., 2019
Wild carp (Cyprinus carpio)  Plasma 115 Muir et al., 2017
Rainbow trout Bile 14,000-49,000 Brozinski et al., 2013
(Oncorhynchus mykiss)
Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Biofilm - 13 Mastrangelo et al., 2022
Topamidol Caged goldfish (Carassius Plasma 37-40 Muir et al., 2017
auratus)
Irbesartan Plankton (ww) 2.5 Grabicova et al., 2020
Ketoprofen Fish (Epinephelus awoara) Muscle (dw) 39,811 Xie et al., 2019
Fish (Culter alburnus) Muscle (dw) 1995 Xie et al., 2019
Shellfish (Ostrea gigas) Whole organism (dw) 70,795 Xie et al., 2019
Shellfish (Mimachlamys Whole organism (dw) 70,795 Xie et al., 2019
nobilis)
Shellfish (Mytilus edulis) Whole organism (dw) 39,811 Xie et al., 2019
Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Loratadine Fish Predicted (BCFBAF - 1253 Reis et al., 2021
v3.10)
Metformin Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding ~ 0.15-1.29 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Methocarbamol Bluegill sunfish (Lepomis Muscle (ww) 0.13-0.35 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Liver (ww) 0.19-0.58 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Brain (ww) 0.23-0.53 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Bile (ww) 5.90-48.6 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Plasma 0.13-0.24 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Gut (ww) 0.34-0.75 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Gill (ww) 0.14-0.21 Zhao et al., 2017
macrochirus)
Methylphenidate Cottus bairdii Whole organism (ww) 15-21 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 29 Haddad et al., 2018
Periphyton Whole organism (ww) 50-155 Haddad et al., 2018
Salmo trutta Whole organism (ww) 3190-21,429 Haddad et al., 2018
Trichoptera Whole organism (ww) 29 Haddad et al., 2018
Metoprolol Common carp (Cyprinus Liver (ww) 1.4-11 Sims et al., 2020
carpio L.)
Stone moroko (ww) 6.3 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 81 Grabicova et al., 2020
A. Common carp (Cyprinus ~ Liver (ww) 11 Grabicova et al., 2020
carpio)
A. Common carp (Cyprinus  Kidney (ww) 21 Grabicovd et al., 2020

carpio)
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Plankton (ww) 3.8 Grabicova et al., 2020
Metoprolol acid Common carp (Cyprinus Liver (ww) 7.3-16 Sims et al., 2020
carpio L.)
Mianserin Plankton (ww) 520 Grabicova et al., 2020
Brown trout (Salmo trutta) Kidney (ww) 630-670 Grabicova et al., 2017
Miconazole Plankton (ww) 1000 Grabicova et al., 2020
Mirtazapine Stone moroko (ww) 140 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 440 Grabicova et al., 2020
Brown trout (Salmo trutta) ~ Liver (ww) 110-300 Grabicova et al., 2017
Brown trout (Salmo trutta) Kidney (ww) 2100-6000 Grabicova et al., 2017
Brown trout (Salmo trutta) Brain (ww) 4.0-6.0 Grabicova et al., 2017
Moclobemide Shrimps (Gammarus pulex) ~ Whole organism (dw) 3.18-6.32 Meredith-Williams et al.,
2012
Water boatman (Notonecta ~ Whole organism (dw) 0.19-0.52 Meredith-Williams et al.,
glauca) 2012
N-Desmethylcitalopram Common carp (Cyprinus Liver (ww) 250-1700 Sims et al., 2020
carpio L.)
A. Common carp (Cyprinus ~ Liver (ww) 370 Grabicova et al., 2020
carpio)
A. Common carp (Cyprinus ~ Kidney (ww) 1400 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Kidney (ww) 71 Grabicovd et al., 2020
lucioperca)
A. Common carp (Cyprinus ~ Muscle (ww) 22 Grabicova et al., 2020
carpio)
Stone moroko (ww) 100 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 2600 Grabicova et al., 2020
Zebrafish (Danio rerio) Whole organism (ww) 0.35-0.7 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 0.21-0.69 Molina-Fernandez et al.,
2021
N-Desmethydiltiazem Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding ~ 33-66 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Naproxen Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding ~ 0-9.2 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Norfloxacin Fish (Epinephelus awoara) Muscle (dw) 3981 Xie et al., 2019
Fish (Culter alburnus) Muscle (dw) 1000 Xie et al., 2019
Shellfish (Ostrea gigas) Whole organism (dw) 200 Xie et al., 2019
Shellfish (Mimachlamys Whole organism (dw) 8 Xie et al., 2019
nobilis)
Shellfish (Mytilus edulis) Whole organism (dw) 16 Xie et al., 2019
Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Norfluoxetine Zebrafish (Danio rerio) Whole organism (ww) 12.0-20.0 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 7.6-8.4 Molina-Fernandez et al.,
2021
Fish (smallmouth bass) Brain (dw) 15-49 Arnnok et al., 2017
Fish (smallmouth bass) Gonad (dw) 5-39 Arnnok et al., 2017
Fish (smallmouth bass) Muscle (dw) 1-7 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 15-97 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 8 Arnnok et al., 2017
Fish (largemouth bass) Muscle (dw) 1-3 Arnnok et al., 2017
Fish (rudd) Brain (dw) 21-24 Arnnok et al., 2017
Fish (rudd) Gonad (dw) 5-9 Arnnok et al., 2017
Fish (rock bass) Brain (dw) 15-130 Arnnok et al., 2017
Fish (rock bass) Gonad (dw) 49 Arnnok et al., 2017
Fish (white bass) Brain (dw) 18-66 Arnnok et al., 2017
Fish (white bass) Muscle (dw) 3-6 Arnnok et al., 2017
Fish (white perch) Gonad (dw) 1 Arnnok et al., 2017
Fish (walleye) Muscle (dw) 1 Arnnok et al., 2017
Clam (Corbicula fluminea) Whole organism (ww) 700 Burket et al., 2020
Cottus bairdii Whole organism (ww) 68-6328 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 2034 Haddad et al., 2018
Periphyton Whole organism (ww) 46-8249 Haddad et al., 2018
Salmo trutta Whole organism (ww) 31-2712 Haddad et al., 2018
Trichoptera Whole organism (ww) 1808-4351 Haddad et al., 2018
Norsertraline Zebrafish (Danio rerio) Whole organism (ww) 38 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 26.5 Molina-Fernandez et al.,

2021

28



M.C. Gémez-Regalado et al.

Table 2 (continued)

Science of the Total Environment 861 (2023) 160638

Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Fish (smallmouth bass) Brain (dw) 470-910 Arnnok et al., 2017
Fish (smallmouth bass) Gonad (dw) 150 Arnnok et al., 2017
Fish (smallmouth bass) Liver (dw) 240-320 Arnnok et al., 2017
Fish (smallmouth bass) Muscle (dw) 84-170 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 590-1200 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 130-160 Arnnok et al., 2017
Fish (largemouth bass) Liver (dw) 310-470 Arnnok et al., 2017
Fish (largemouth bass) Muscle (dw) 140-160 Arnnok et al., 2017
Fish (rudd) Brain (dw) 420-680 Arnnok et al., 2017
Fish (rudd) Gonad (dw) 150 Arnnok et al., 2017
Fish (rudd) Liver (dw) 300-3000 Arnnok et al., 2017
Fish (rudd) Muscle (dw) 110-310 Arnnok et al., 2017
Fish (rock bass) Brain (dw) 500-1800 Arnnok et al., 2017
Fish (rock bass) Gonad (dw) 130-200 Arnnok et al., 2017
Fish (rock bass) Liver (dw) 770-1600 Arnnok et al., 2017
Fish (rock bass) Muscle (dw) 94-150 Arnnok et al., 2017
Fish (white bass) Brain (dw) 510-920 Arnnok et al., 2017
Fish (white bass) Liver (dw) 150-520 Arnnok et al., 2017
Fish (white bass) Muscle (dw) 140-190 Arnnok et al., 2017
Fish (white perch) Brain (dw) 840 Arnnok et al., 2017
Fish (white perch) Liver (dw) 1100 Arnnok et al., 2017
Fish (white perch) Muscle (dw) 150 Arnnok et al., 2017
Fish (walleye) Brain (dw) 350-670 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 200 Arnnok et al., 2017
Fish (walleye) Liver (dw) 290 Arnnok et al., 2017
Fish (walleye) Muscle (dw) 96-330 Arnnok et al., 2017
Fish (bowfin) Brain (dw) 1500 Arnnok et al., 2017
Fish (bowfin) Liver (dw) 260 Arnnok et al., 2017
Fish (bowfin) Muscle (dw) 150 Arnnok et al., 2017
Fish (steelhead) Brain (dw) 160-600 Arnnok et al., 2017
Fish (steelhead) Liver (dw) 270-630 Arnnok et al., 2017
Fish (steelhead) Muscle (dw) 140-160 Arnnok et al., 2017
Fish (yellow perch) Brain (dw) 250 Arnnok et al., 2017
O-Desmethylvenlafaxine Common carp (Cyprinus Liver (ww) 1.3-5.6 Sims et al., 2020
carpio L.)
A. Common carp (Cyprinus  Liver (ww) 6 Grabicovd et al., 2020
carpio)
A. Common carp (Cyprinus ~ Kidney (ww) 4.9 Grabicova et al., 2020
carpio)
Plankton (ww) 100 Grabicova et al., 2020
Loach (Misgurnus Liver (ww) 0.15-0.97 Qu et al., 2019
anguillicaudatus)
Loach (Misgurnus Liver (ww) 4.31-22.81 Quet al., 2019
anguillicaudatus)
Ofloxacin Fish (Adult Trachinotus Muscle (ww) 1164 Chen et al., 2015
ovatus)
Macrophyte (Lemna gibba) 429 Mastrangelo et al., 2022
Oxazepam European perch (Perca Muscle (ww) 13-19 Cerveny et al., 2021b
Sfluviatilis)
European perch (Perca Brain (ww) 56-70 Cerveny et al., 2021b
Sfluviatilis)
Fish predicted - 25 Lagesson et al., 2016
Invertebrate predicted - 4 Lagesson et al., 2016
Amshorn snail (Planorbidae) Whole organism (ww) 375 Lagesson et al., 2016
Waterlouse (Asellus Whole organism (ww) 45 Lagesson et al., 2016
aquaticus)
Mayfly larvae Whole organism (ww) 20 Lagesson et al., 2016
(Ephemeropteras)
Damselfly larvae Whole organism (ww) 10 Lagesson et al., 2016
(Zygoptera)
European perch (Perca Muscle (ww) 18 Lagesson et al., 2016
Sfluviatilis)
Oxycodone Mussel (Lasmigona costata)  Tisseus (gill, digestive gland (excluding  0-23.6 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Oxytetracycline Shrimp (Young Whole organism (ww) 2 Chen et al., 2015
Fenneropenaeus penicillatus)
Clams (Crassostrea gigas, Whole organism (ww) 509 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Paracetamol Fish (Epinephelus awoara) Muscle (dw) 3162 Xie et al., 2019
Plant (Potamogeton sp.) Whole organism (dw) 45.9 Wilkinson et al., 2018
Plant (Callitriche sp.) Whole organism (dw) 22.5 Wilkinson et al., 2018
Periphyton Whole organism (dw) 22.1 Wilkinson et al., 2018
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(ww)
Aquatic snails (Bithynia Whole organism (dw) 37.0 Wilkinson et al., 2018
tentaculate)
Crustaceans (Gammarus Whole organism (dw) 26.4 Wilkinson et al., 2018
pulex)
Clam (Corbicula fluminea) Whole organism (ww) 1000 Burket et al., 2020
Paroxetine Zebrafish (Danio rerio) Whole organism (ww) 10.0-25 Molina-Fernandez et al.,
2021
Zebrafish (Danio rerio) Whole organism (ww) 7.6-9.53 Molina-Fernandez et al.,
2021
Phenazone Fish Predicted (BCFBAF - 3.16 Reis et al., 2021
v3.10)
Phenylbutazone Fish Predicted (BCFBAF - 56.49 Reis et al., 2021
v3.10)
Prednisone Fish Predicted (BCFBAF - 4.27 Reis et al., 2021
v3.10)
Propranolol Mussel (Lasmigona costata) ~ Tisseus (gill, digestive gland (excluding  1059-1939 De Solla et al., 2016

stomach and its contents), and gonadal
tissues (ww))

Crustacean (D. magna) Whole organism (ww) 18-83 Ding et al., 2016

Fish (Hemiculter leucisculus) — Liver (ww) 1000-4000 Liu et al., 2015

Fish (Hemiculter leucisculus) ~ Brain (ww) 500-1000 Liu et al., 2015

Fish (Hemiculter leucisculus) — Gill (ww) 500 Liu et al., 2015

Fish (Carassius auratus) Brain (ww) 200 Liu et al., 2015

Fish (Carassius auratus) Gill (ww) 133 Liu et al., 2015
Rosuvastatin Bluegill sunfish (Lepomis Liver (ww) 0-0.20 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Bile (ww) 0-6.70 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Plasma 0.40-0.56 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Gut (ww) 0.79-1.30 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Gill (ww) 0-0.14 Zhao et al., 2017

macrochirus)
Roxithromycin Crustacean (D. magna) Whole organism (ww) 13.4-93.5 Ding et al., 2016

Fish (Hemiculter leucisculus) — Liver (ww) 729-7091 Liu et al., 2015

Fish (Hemiculter leucisculus)  Brain (ww) 497-2091 Liu et al., 2015

Fish (Hemiculter leucisculus)  Muscle (ww) 21-1273 Liu et al., 2015

Fish (Hemiculter leucisculus) ~ Gill (ww) 41-1636 Liu et al., 2015

Fish (Carassius auratus) Liver (ww) 725-920 Liu et al., 2015

Fish (Carassius auratus) Brain (ww) 566-630 Liu et al., 2015

Fish (Carassius auratus) Muscle (ww) 142-282 Liu et al., 2015

Fish (Carassius auratus) Gill (ww) 225-540 Liu et al., 2015
Salicylic acid Shrimp (Young Whole organism (ww) 661 Chen et al., 2015

Fenneropenaeus penicillatus)

Crab (Adult Calappa Whole organism (ww) 536 Chen et al., 2015

philargius)

Molluscs (Adult Meretrix Whole organism (ww) 1854 Chen et al., 2015

lusoria)

Fish (Adult Trachinotus Muscle (ww) 1238 Chen et al., 2015

ovatus)

Fish (Adult Lutjanus russelli) Muscle (ww) 1103 Chen et al., 2015
Sertraline Zebrafish (Danio rerio) Whole organism (ww) 37.5-50 Molina-Ferndndez et al.,

2021
Zebrafish (Danio rerio) Whole organism (ww) 36.7-48.9 Molina-Fernandez et al.,
2021

A. Common carp (Cyprinus  Liver (ww) 870 Grabicova et al., 2020

carpio)

B. Pikeperch (Sander Liver (ww) 490 Grabicova et al., 2020

lucioperca)

A. Common carp (Cyprinus ~ Kidney (ww) 400 Grabicovi et al., 2020

carpio)

B. Pikeperch (Sander Kidney (ww) 490 Grabicovd et al., 2020

lucioperca)

A. Common carp (Cyprinus ~ Brain (ww) 2400 Grabicova et al., 2020

carpio)

B. Pikeperch (Sander Brain (ww) 710 Grabicova et al., 2020

lucioperca)

A. Common carp (Cyprinus ~ Muscle (ww) 65 Grabicova et al., 2020

carpio)

B. Pikeperch (Sander Muscle (ww) 38 Grabicova et al., 2020

lucioperca)

Stone moroko (ww) 100 Grabicova et al., 2020

(Pseudorasbora parva)

Plankton (ww) 6000 Grabicova et al., 2020
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Pharmaceutical Organism Tissue; dry weight (dw) or wet weight BAF BCF Reference
(ww)
Caged goldfish (Carassius Plasma 109-659 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 120-349 Muir et al., 2017
Brown trout (Salmo trutta) Liver (ww) 880-2400 Grabicova et al., 2017
Brown trout (Salmo trutta) Kidney (ww) 2800-4400 Grabicova et al., 2017
Brown trout (Salmo trutta) ~ Brain (ww) 240 Grabicova et al., 2017
Common carp (Cyprinus Liver (ww) 430-140,000 Sims et al., 2020
carpio L.)
Plant (A. platanoides) Pooled samples (dw) 2200 Bostrom et al., 2017
Crustacean (A. aquaticus) Whole organism (ww) 360 Bostrom et al., 2017
Insect (N. glauca) Whole organism (ww) 26 Bostrom et al., 2017
Fish (P. pungitus) - 49 Bostrom et al., 2017
Clam (Corbicula fluminea) Whole organism (ww) 650 Burket et al., 2020
Mussel (Lasmigona costata) — Tisseus (gill, digestive gland (excluding  19,565-51,231 De Solla et al., 2016
stomach and its contents), and gonadal
tissues (ww))
Fish (smallmouth bass) Brain (dw) 24-27 Arnnok et al., 2017
Fish (smallmouth bass) Gonad (dw) 27 Arnnok et al., 2017
Fish (largemouth bass) Brain (dw) 68 Arnnok et al., 2017
Fish (rudd) Brain (dw) 18 Arnnok et al., 2017
Fish (rock bass) Brain (dw) 29 Arnnok et al., 2017
Fish (rock bass) Gonad (dw) 14-15 Arnnok et al., 2017
Fish (white bass) Brain (dw) 23 Arnnok et al., 2017
Fish (white bass) Gonad (dw) 2 Arnnok et al., 2017
Fish (walleye) Brain (dw) 15-29 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 2 Arnnok et al., 2017
Baetidae Whole organism (ww) 3026-9211 Haddad et al., 2018
Cottus bairdii Whole organism (ww) 66-6947 Haddad et al., 2018
Lymnaeidea & Physidae Whole organism (ww) 15,789 Haddad et al., 2018
Periphyton Whole organism (ww) 600-19,737 Haddad et al., 2018
Salmo trutta Whole organism (ww) 160-3751 Haddad et al., 2018
Trichoptera Whole organism (ww) 224-11,053 Haddad et al., 2018
Sotalol Mussel (M. galloprovincialis) Whole organism (dw) 18.8-59.2 Serra-Compte et al.,
2018
Spectinomycin Shellfish (Mytilus edulis) Whole organism (dw) 2512 Xie et al., 2019
Sulfacetamide Clams (Crassostrea gigas, Whole organism (ww) 1401 Naet al.,, 2013
Patinopecten yessoensis,
Chlamys farreri)
Sulfadiazine Clams (Crassostrea gigas, Whole organism (ww) 10,757 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Shrimp (Young Whole organism (ww) 1392 Chen et al., 2015
Fenneropenaeus penicillatus)
Fish (Adult Trachinotus Muscle (ww) 781 Chen et al., 2015
ovatus)
Sulfadimethoxine Clams (Crassostrea gigas, Whole organism (ww) 0 Naet al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Sulfadoxine Clams (Crassostrea gigas, Whole organism (ww) 0 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Sulfameter Clams (Crassostrea gigas, Whole organism (ww) 92,034 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Sulfamethazine Clams (Crassostrea gigas, Whole organism (ww) 3501 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)
Caged goldfish (Carassius Plasma 197-546 Muir et al., 2017
auratus)
Fish marine medaka Female gills (ww) 0.74-5.54 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Female liver (ww) 1.08-26.30 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Female bile (ww) 10.69-42.95 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Female gonad (ww) 0.70-8.05 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Female muscle (ww) 0.15-4.10 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Male gills (ww) 0.57-7.95 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Male liver (ww) 1.03-60.64 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Male bile (ww) 2.78-145.36 Zhao et al., 2016
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(ww)

(Oryzias melastigma)
Fish marine medaka Male gonad (ww) 3.4-27.45 Zhao et al., 2016
(Oryzias melastigma)
Fish marine medaka Male muscle (ww) 0.07-0.73 Zhao et al., 2016
(Oryzias melastigma)

Sulfamethiazole Clams (Crassostrea gigas, Whole organism (ww) 2332 Naet al.,, 2013
Patinopecten yessoensis,
Chlamys farreri)

Sulfamethoxazole Limpet (Ancylus fluviatilis) Whole organism (dw) 15.3-19.7 Ruhi et al., 2016
Caddisfly (Hydropsyche sp.) Whole organism (dw) 15.3-19.8 Ruhi et al., 2016
Flatworm (Phagocata vitta) ~ Whole organism (dw) 15.3-19.9 Rubhi et al., 2016
Predicted - 1 Rubhi et al., 2016
Fish (Young Lutjanus Muscle (dw) 185 Chen et al., 2015
russelli)
Fish (Epinephelus awoara) Muscle (dw) 1000 Xie et al., 2019
Fish (Ephippus orbis) Muscle (dw) 178 Xie et al., 2019
Fish (Culter alburnus) Muscle (dw) 398 Xie et al., 2019
Shellfish (Ostrea gigas) Whole organism (dw) 1000 Xie et al., 2019
Shellfish (Mimachlamys Whole organism (dw) 126 Xie et al., 2019
nobilis)
Shellfish (Mytilus edulis) Whole organism (dw) 13 Xie et al., 2019
Mussel (M. galloprovincialis) Whole organism (dw) 6.2-9.0 Serra-Compte et al.,

2018

Bluegill sunfish (Lepomis Muscle (ww) 0-0.99 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Liver (ww) 0-4.48 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Brain (ww) 0-2.45 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Bile (ww) 0-0.49 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Plasma 0 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Gut (ww) 0.90-3.41 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Gill (ww) 0-0.36 Zhao et al., 2017
macrochirus)
Clams (Crassostrea gigas, Whole organism (ww) 350 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)

Sulfamethoxypyridazine Clams (Crassostrea gigas, Whole organism (ww) 7023 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)

Sulfamonomethoxine Clams (Crassostrea gigas, Whole organism (ww) 3076 Naet al., 2013
Patinopecten yessoensis,
Chlamys farreri)

Sulfathiazole Clams (Crassostrea gigas, Whole organism (ww) 488 Na et al., 2013
Patinopecten yessoensis,
Chlamys farreri)

Sulfisoxazole Clams (Crassostrea gigas, Whole organism (ww) 0 Naet al., 2013
Patinopecten yessoensis,
Chlamys farreri)

Telmisartan A. Common carp (Cyprinus ~ Liver (ww) 7.8 Grabicovd et al., 2020
carpio)
B. Pikeperch (Sander Liver (ww) 6.6 Grabicova et al., 2020
lucioperca)
A. Common carp (Cyprinus ~ Kidney (ww) 0.65 Grabicova et al., 2020
carpio)
B. Pikeperch (Sander Kidney (ww) 11 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Brain (ww) 0.44 Grabicova et al., 2020
lucioperca)
Stone moroko (ww) 12 Grabicova et al., 2020
(Pseudorasbora parva)
Plankton (ww) 91 Grabicova et al., 2020

Temazepam European perch (Perca Muscle (ww) 24-25 Cerveny et al., 2021b
Sfluviatilis)
European perch (Perca Brain (ww) 83-100 Cerveny et al., 2021b
Sfluviatilis)
Dragonfly larvae Whole organism (ww) 0.39-0.44 Cerveny et al., 2021b
(Sympetrum sp.)
Bluegill sunfish (Lepomis Muscle (ww) 1.08-5.69 Zhao et al., 2017
macrochirus)
Bluegill sunfish (Lepomis Liver (ww) 9.17-25.5 Zhao et al., 2017
macrochirus)
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Bluegill sunfish (Lepomis Brain (ww) 4.42-15.1 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Bile (ww) 2350-4940 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Plasma 3.85-7.92 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Gut (ww) 23.9-139.5 Zhao et al., 2017

macrochirus)

Bluegill sunfish (Lepomis Gill (ww) 2.56-5.81 Zhao et al., 2017

macrochirus)

Sea trout (Salmo trutta) Muscle (ww) 7.68 McCallum et al., 2019
Terbinafine Plankton (ww) 340 Grabicova et al., 2020
Tetracycline Clams (Crassostrea gigas, Whole organism (ww) 1677 Naet al., 2013

Patinopecten yessoensis,

Chlamys farreri)

Tramadol A. Common carp (Cyprinus ~ Liver (ww) 2.8 Grabicovd et al., 2020
carpio)

B. Pikeperch (Sander Liver (ww) 2.4 Grabicova et al., 2020

lucioperca)

A. Common carp (Cyprinus  Kidney (ww) 5.9 Grabicova et al., 2020

carpio)

B. Pikeperch (Sander (ww) 6.2 Grabicova et al., 2020

lucioperca)

Stone moroko (ww) 3.8 Grabicova et al., 2020

(Pseudorasbora parva)

Plankton (ww) 29 Grabicova et al., 2020

Brown trout (Salmo trutta) Liver (ww) 1.2-5.0 Grabicova et al., 2017

Brown trout (Salmo trutta) Kidney (ww) 10-110 Grabicova et al., 2017

Common carp (Cyprinus Liver (ww) 2.6-16 Sims et al., 2020

carpio L.)

Trimethoprim Fish predicted - 1 Lagesson et al., 2016
Invertebrate predicted - 0.2 Lagesson et al., 2016
Shrimp (Young Whole organism (ww) 63 Chen et al.,, 2015
Fenneropenaeus penicillatus)

Fish (Young Lutjanus Muscle (ww) 6488 Chen et al., 2015

russelli)

Fish (Epinephelus awoara) Muscle (dw) 1413 Xie et al., 2019

Fish (Ephippus orbis) Muscle (dw) 1259 Xie et al., 2019

Shellfish (Ostrea gigas) Whole organism (dw) 794 Xie et al., 2019

Shellfish (Mimachlamys Whole organism (dw) 794 Xie et al., 2019

nobilis)

Shellfish (Mytilus edulis) Whole organism (dw) 1585 Xie et al., 2019

Shellfish (Bufonaria Whole organism (dw) 398 Xie et al., 2019

perelegans)

Plankton (ww) 42 Grabicova et al., 2020

Wild carp (Cyprinus carpio) ~ Plasma 129-377 Muir et al., 2017
Venlafaxine Limpet (Ancylus fluviatilis) Whole organism (dw) 0.559-1.319 Rubhi et al., 2016

Caddisfly (Hydropsyche sp.) Whole organism (dw) 0.559-1.319 Ruhi et al., 2016

Flatworm (Phagocata vitta) ~ Whole organism (dw) 0.559-1.319 Ruhi et al., 2016

Predicted - 1.55 Ruhi et al., 2016

Mussel (Mytilus Whole organism (dw) 265 Gomez et al., 2021

galloprovincialis)

Loach (Misgurnus Liver (ww) 0.04-0.14 Quet al., 2019

anguillicaudatus)

Loach (Misgurnus Liver (ww) 0.06-0.92 Quet al., 2019

anguillicaudatus)

A. Common carp (Cyprinus ~ Liver (ww) 16 Grabicova et al., 2020

carpio)

B. Pikeperch (Sander Liver (ww) 5 Grabicova et al., 2020

lucioperca)

A. Common carp (Cyprinus ~ Kidney (ww) 26 Grabicovi et al., 2020

carpio)

B. Pikeperch (Sander Kidney (ww) 9.2 Grabicova et al., 2020

lucioperca)

B. Pikeperch (Sander Brain (ww) 12 Grabicova et al., 2020

lucioperca)

B. Pikeperch (Sander Muscle (ww) 0.4 Grabicova et al., 2020

lucioperca)

Stone moroko (ww) 3.8 Grabicova et al., 2020

(Pseudorasbora parva)

Plankton (ww) 180 Grabicova et al., 2020

Mussel (M. galloprovincialis) Whole organism (dw) 213-528 Serra-Compte et al.,

2018
Brown trout (Salmo trutta) Liver (ww) 13-15 Grabicova et al., 2017
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Brown trout (Salmo trutta) Kidney (ww) 22-44 Grabicova et al., 2017
Brown trout (Salmo trutta) Muscle (ww) 3.3 Grabicova et al., 2017
Common carp (Cyprinus Liver (ww) 15-51 Sims et al., 2020
carpio L.)
Caged goldfish (Carassius Plasma 5-31 Muir et al., 2017
auratus)
Wild carp (Cyprinus carpio) ~ Plasma 5-32 Muir et al., 2017
Juvenile meagre 64.6 Maulvault et al., 2018
(Argyrosomus regius)
Fish (smallmouth bass) Gonad (dw) 1 Arnnok et al., 2017
Fish (smallmouth bass) Liver (dw) 7-20 Arnnok et al., 2017
Fish (smallmouth bass) Muscle (dw) 1 Arnnok et al., 2017
Fish (largemouth bass) Gonad (dw) 3-4 Arnnok et al., 2017
Fish (largemouth bass) Liver (dw) 3 Arnnok et al., 2017
Fish (largemouth bass) Muscle (dw) 1-2 Arnnok et al., 2017
Fish (rudd) Muscle (dw) 1 Arnnok et al., 2017
Fish (rock bass) Liver (dw) 4 Arnnok et al., 2017
Fish (rock bass) Muscle (dw) 1 Arnnok et al., 2017
Fish (white bass) Gonad (dw) 6 Arnnok et al., 2017
Fish (white bass) Liver (dw) 1 Arnnok et al., 2017
Fish (white perch) Liver (dw) 11 Arnnok et al., 2017
Fish (white perch) Muscle (dw) 1 Arnnok et al., 2017
Fish (walleye) Gonad (dw) 7-14 Arnnok et al., 2017
Fish (walleye) Muscle (dw) 1 Arnnok et al., 2017
Fish (steelhead) Muscle (dw) 1 Arnnok et al., 2017
Fish (yellow perch) Gonad (dw) 9 Arnnok et al., 2017
Fish (yellow perch) Liver (dw) 84-150 Arnnok et al., 2017
Bifilm 2316 Mastrangelo et al., 2022

Verapamil B. Pikeperch (Sander Liver (ww) 700 Grabicova et al., 2020
lucioperca)
B. Pikeperch (Sander Kidney (ww) 870 Grabicova et al., 2020
lucioperca)
Plankton (ww) 9100 Grabicova et al., 2020
Fish, channel catfish Plasma 0.7 Nallani et al., 2016
Fish, channel catfish Heart (ww) 5.2 Nallani et al., 2016
Fish, channel catfish Muscle (ww) 1.3 Nallani et al., 2016
Fish, channel catfish Gill (ww) 6.7 Nallani et al., 2016
Fish, channel catfish Kidney (ww) 46.5 Nallani et al., 2016
Fish, channel catfish Liver (ww) 13.4 Nallani et al., 2016
Fish, fathead minnow Heart (ww) 14.6 Nallani et al., 2016
Fish, fathead minnow Muscle (ww) 17.3-23.1 Nallani et al., 2016
Fish, fathead minnow Gill (ww) 29.3-40.3 Nallani et al., 2016
Fish, fathead minnow Kidney (ww) 34.4-74 Nallani et al., 2016
Fish, fathead minnow Liver (ww) 40-75 Nallani et al., 2016

In bold values classified as accumulative.

burdens were strongly dependent on pH and increased with increasing pH
values. The fractions of neutral species, which are more lipophilic than the
corresponding ionic species, increase with increasing pH levels. Because al-
most 80 % of all pharmaceuticals are ionizable (Manallack, 2008), thus
having a pH-dependent neutral species distribution, the K, may be a less
reliable predictor of bioaccumulation than for neutral organic chemicals.
There is no apparent relationship between BCF values and log K,,, for
PhACs (Duarte et al., 2022). The statistical correlation between accumula-
tion data reported in Table 2 (BCF and BAF) and log Kow was R%2<0.1.
Therefore, understanding and establishing a framework for the
bioaccumulative behaviour of PhACs is crucial for assessing risks for
aquatic ecosystems.

Bioconcentration is also controlled by organism tissue components
other than lipids. For example, Arnnok et al. (2017) and Lu et al. (2018)
found higher bioaccumulation patterns in brain, liver or gill tissue com-
pared with muscle tissue, indicating the possibility of distribution variance
across tissues. The data are not normalized for lipids because, as the authors
explain, it is not appropriate to do this for ionizable compounds (Haddad
et al., 2018; Ramirez et al., 2009; Grabicova et al., 2020). In fact, a new
“non-classical” bioaccumulation behaviour is observed where some authors
have suggested that proteins may have a significant effect on the PhAC bio-
accumulation process (Duarte et al., 2022; Maculewicz et al., 2022).
Kowalska et al. (2021) demonstrated higher affinity of drug metabolites
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for blood proteins than for lipids. Haddad et al. (2018) showed that normal-
ization of ionizable PhACs to neutral lipid fractions is inappropriate.

Special attention is also being paid to metabolites and transformation
products. These can be just as dangerous, if not more so, than their parent
compounds (Swiacka et al., 2022; Maculewicz et al., 2022). Metabolites usu-
ally have high hydrolytic stability and this increases the likelihood that they
will accumulate in the tissues of organisms (Kowalska et al., 2021). An exam-
ple of this is antidepressants. A study conducted by Arnnok et al. (2017) re-
ported a high bioaccumulation (BCF up to 3000) of norsertraline (sertraline
metabolite). This metabolite accumulates mainly in the liver and brain of
fish. The BCF for sertraline (more lipophilic) was lower than 100. The authors
attribute this to the metabolization of sertraline by fish, although they also
state that further studies are needed to confirm the process. The same mecha-
nism was not observed for norfluoxetine (the main metabolite of fluoxetine)
whose BCF was <130. A study developed by Zhao et al. (2016), in medaka
(O. melastigma) after exposure to sulfamethazine showed that its metabolite
(acetylsulfamethazine) accumulated more readily in the organism (mainly in
the gonad), presenting a different distribution pattern from that of the parent
compound.

Reported investigations also suggest the probability of misestimating
the risks to aquatic organisms when not considering certain environmental
scenarios. The presence of other substances, for instance, seems to affect
PhAC bioaccumulation in organisms. Co-exposure of Cu and diclofenac
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Fig. 2. PhACs most frequently studied in bioaccumulation assays.

(100 and 1000 pg/L) significantly decreased drug accumulation in crucian
carp compared to single exposure to diclofenac (Xie et al., 2020). The mix-
ture at higher levels also led to severer hepatic oxidative stress. However,
co-exposure studies are relatively recent and in some cases contradictory.
Zhang et al. (2019) found that the presence of microplastics increases the
bioaccumulation of roxithromycin in red tilapia fish tissue, while the
study by Wang et al. (2020) indicated that co-exposure with nanoplastics
leads to reduced bioaccumulation and accelerated biodegradation of ibu-
profen in freshwater algae. These results suggest the likelihood of errone-
ously estimating risks to aquatic organisms without taking environmental
factors into account. Thus, when BAF data are available they should be con-
sidered the better source of information of the bioaccumulative potential of
a substance. According with reported data, BAF values are superior to BCF
values, highlighting the importance of field studies for reliable assessment
under real conditions (Fig. 3). For example, for citalopram and its main me-
tabolite, the mean BAF values are almost 100 and 1000 times higher respec-
tively than the corresponding BCF values. This was also observed by Arnot
and Gobas (2006) when both factors were compared for a total of 350 or-
ganic substances.

While the majority of PhACs are relatively water soluble and are gener-
ally non-bioaccumulative, resident biota can be chronically exposed to
them due to the continuous release of these active compounds into ecosys-
tems. Overall, a substance is usually considered very bioaccumulative if
BAF values are >5000 L kg~ ! in aquatic organisms, and as bioaccumulative
if the BAF values are between 2000 and 5000 L kg_1 (Government of
Canada, 2000). Some authors have used this general classification given
that, in practice, there is no unified classification criterion for the bioaccu-
mulation potential of PhACs (Burket et al., 2020; de Solla et al., 2016; Chen
et al., 2015; Na et al., 2013). According to reported data, although most
PhACs are considered non-bioaccumulative (BAF < 2000 L kg™ b, we
found that 38 out of 113 PhACs identified in this review ever exceed the
BAF of 2000 criterion (although it was <12 % and 6 % of the BAF and
BCF data). In a study with 20 antibiotics in the coastal environment of Da-
lian (China) using three clam species as target aquatic organisms, Na et al.
(2013) categorized sulfamethazine, sulfamethiazole, sulfamonomethoxine,
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and doxycycline as potentially bioaccumulative, while sulfadiazine,
sulfameter, sulfamethoxypyridazine, and chloramphenicol were
bioaccumulative.

Like BCF data, reported BAF data vary between studies and organisms.
One of the main reasons for this variability is ecosystem type. The spatial
and temporal variability associated with sampling is a major difficulty in
obtaining reliable bioaccumulation information from field data. The
steady-state assumption may not always be correct. For the evaluation to
be representative, long-term conditioning of the study area is recom-
mended (Burkhard et al., 2013; Arnot and Gobas, 2006; US-EPA, 2000). Re-
ported studies describe between five (Xie et al., 2019) and twenty (Na et al.,
2013) sampling areas and a sampling frequency between one (Chen et al.,
2015) and two (Na et al., 2013). However, it is very difficult to carry out
true random sampling as a consequence of the high economic and ecologi-
cal costs (Swiacka et al., 2022). BAF data are complex and seem organ, spe-
cies and compound-specific. A large study conducted by Huerta et al.
(2018) investigated the prevalence of PhACs in fish representing different
trophic niches from 25 U.S. rivers and streams. The results suggested that
the uptake of PhACs may be selective. Freshwater omnivorous fish accumu-
lated a greater variety of PhACs of different therapeutic categories than the
co-habitant carnivores and invertivores. Rojo et al. (2019) obtained similar
conclusions.

Grabicova et al. (2020) reproduced a common aquaculture practice to
evaluate the accumulation of PhACs in common prey of one omnivorous
and one piscivorous fish for a period of 6 months. The authors found differ-
ent bioaccumulation rates of PhACs between fish species. It is also interest-
ing to note that in this study the highest levels of PhACs were found in
plankton with BAF > 4000. In addition, organ-specific bioaccumulation
was very clear for sertraline among other PhACs (brain > liver > kidney)
for both species, while low concentrations were found in muscle tissue.
Bao et al. (2020) reported differences in PhAC bioaccumulation among 5
wild fish species from Taihu Lake (China). Medroxy-progresterone was
the PhAC with the highest BAF (1474 L kg~ ') in C. carpio, hexesestrol
(1400 L kg_l) in C. auratus, dienoestrol (893 L kg_l) in H. molitrix and
A. nobilis, and D-norgestrel (2460 L kg~ ') in Anabarilius sp. Similar results
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Fig. 3. Box-and-whisker plots of BAF (left box) and BCF (right box) observations of PhACs.

were also obtained by Du et al. (2014), Haddad et al. (2018) and Rojo et al.
(2019). It has also been reported that kinetic differences and particular met-
abolic biotransformation can lead to differences in the bioaccumulation po-
tential of certain life-stages (Swiacka et al., 2022).

Finally, an important limitation is that most of the studies only deter-
mined PhACs in biota and water and did not examine suspended solids or
sediments on which the more hydrophobic PhACs will be adsorbed. In a
screening study considering 66 PhACs in the Tejo Estuary, Fonseca et al.
(2021) reported that only 2 compounds were found simultaneously in
water and biota, demonstrating the complex dynamics and behaviour of
PhACs. Nevertheless, higher detection frequencies were observed in ben-
thic and demersal species living directly on or just above the substrate,
supporting the combined roles of sediment and dietary routes of PhAC up-
take. Many other studies (Oetken et al., 2005; Lagesson et al., 2016; Xie
et al., 2017; Wilkinson et al., 2018) have emphasized that filter-feeding or-
ganisms concentrate higher amounts of PhACs, due to their higher polluted
environment and ingestion of organic matter from sediments.

5.1. Food web transfer

An important aspect to be addressed in the present review is the transfer
of PhACs to the food web. The data on trophic transfer of PhACs are still
very limited (Ruan et al., 2020; Du et al., 2014; Ruhi et al., 2016;
Lagesson et al., 2016) although a general trend indicates that lower trophic
position organisms bioaccumulate PhACs to a greater extent than higher
trophic position organisms (Ding et al., 2015; Vernouillet et al., 2010; Xie
etal., 2017; Du et al., 2014; Ruhi et al., 2016). Detritivores and herbivores,
benthic primary consumers at lower trophic levels, were confirmed as the
primary bioaccumulators of PhAC contamination in a semi-natural pond
ecosystem (Lagesson et al., 2016). PhACs were quantified at concentration
levels ranging from <0.03 to 5.88 ng g~ ' w.w. in 24 species of molluscs,
crustaceans and fish in a subtropical marine food web (Ruan et al., 2020).
Trophic dilution was observed. Generally, invertebrate organisms had
higher concentration levels than fish (TMFs 0.164 and 0.517 for atenolol
and chloramphenicol, respectively). This can be explained by the fact that
higher-level organisms have a greater capacity to metabolize substances.
Similarly, trophic dilution was reported for 6 antidepressants (TMFs
0.01-0.71) in a semi-arid urban river, influenced by snowmelt and down-
stream from a municipal effluent discharge. The results were comparable
at all locations and in all seasons, regardless of the different exposure con-
ditions and concentrations (Haddad et al., 2018). Du et al. (2014) reported
that PhACs accumulated in higher concentrations in invertebrates com-
pared to fish in samples from an effluent-dependent stream. The authors re-
ported a TMF of 0.38 and 1.17 for diphenhydramine and carbamazepine,
respectively. The compounds detected in all the analysed species showed
that none of them experienced trophic biomagnification. The study carried
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out by Xie et al. (2017) in the second largest lake in China (Taihu Lake) re-
vealed the presence of antibiotics, NSAIDs and hormones in plankton,
zoobenthos, shrimp and fish, the second of these recording the highest con-
centrations. No biomagnification was observed.

These results support the data that waterborne and not dietary expo-
sures represent the primary route of fish uptake. Nevertheless more re-
search is needed on the use of TMFs in bioaccumulation assessments and
regulatory considerations (Swiacka et al., 2022; Haddad et al., 2018).

6. Conclusions

This review summarizes all the recent advances examining bioaccumu-
lation of PhACs in aquatic organisms. A total of 231 BCFs and 531 BAF de-
termined for 113 PhACs have been collected. Without a doubt, there is
much more data on fish and molluscs (63 % of the collected data) compared
with crustaceans (10 %), insects (8 %) and algae or larvae (6 %). Large dif-
ferences in reported data (organ, species and compound-specific) have been
found. Some PhACs such as the antidepressant group, diphenhydramine,
diclofenac or carbamazepine have been extensively studied in comparison
with other groups of pharmaceuticals.

The results of the literature survey showed that, despite the number of
works published on bioaccumulation in aquatic organisms which corrobo-
rate the importance of this topic, some aspects still require additional con-
sideration.

1) There is an urgent need for more data on certain therapeutic groups of
PhACs, such as anticancer drugs. In addition, certain PhACs can accu-
mulate significantly in the body of aquatic organisms through biotrans-
formation of the parent compound, without being present in the water
at all. Metabolization and biotransformation have been shown to be
an important exposure pathway, contributing significantly to direct up-
take from the water. Therefore, PhAC metabolites should be given more
attention in future research, as many can exert pharmacological effects
comparable to parent drugs.

Water characteristics such as temperature and pH or DOM have been
shown to significantly affect bioconcentration of certain PhACs in
aquatic organisms. While physico-chemical properties of water vary
greatly, knowledge about their role in the uptake, metabolic transforma-
tion, and excretion of PhACs is still limited. Temperature, for instance, is
cause for concern given that this factor is a fundamentally important en-
vironmental variable influencing standard metabolic rates, for example
in fish (Clarke and Johnston, 1999; Killen et al., 2010; Ohlberger et al.,
2012). On the other hand, improving scientific knowledge requires
stricter adherence to standard protocols and better documentation of
the key experimental parameters. The complexity and variability of
the results will be reduced with compliance to specific criteria.

2)
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3) BCF data from PhACs have been poorly correlated with lipophilicity. It
seems that ionizable chemicals follow a new “non-classical” bioaccumu-
lation behaviour where proteins may have a significant effect on the
process. Therefore, it is extremely important to conduct further studies
using a broader group of compounds to elucidate these relationships
and assess to what extent their affinity for blood proteins translates
into their potential for bioaccumulation.

Recent co-exposure studies have also flagged the likelihood of
underestimating the risks to aquatic organisms by not taking into ac-
count an environmental scenario since, in the natural environment,
PhACs occur as complex mixtures and in the company of other contam-
inants that could cause a dissimilar effect on the organism. Reported
BAF values are superior to laboratory BCF values, highlighting the im-
portance of field studies for reliable assessment and the best reflection
of natural conditions. Some practices, such as taking into account
long-term average conditions of the studied area, or the use of well-
calibrated passive samplers, are crucial for reliable results and accu-
rately calculated field-derived BCF values, respectively.

Finally, and regarding trophic transfer in aquatic ecosystems, benthic
primary consumers at lower trophic levels concentrate higher amounts
of PhACs due to the higher polluted environment and the ingestion of
organic matter from sediments. Waterborne rather than dietary expo-
sure represent the primary route of uptake of fish although, to date,
the studies are too limited and the data insufficient to draw clear
conclusions. Further research should be also conducted to study
the bioaccumulation of PhACs in non-target species and other tro-
phic positions.

4)

5)
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