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Abstract: Pharmaceuticals have been classified as an environmental concern due to their increasing consumption globally
and potential environmental impact. We examined the toxicity of sediment-associated diclofenac and citalopram ad-
ministered as both single compounds and in a mixture to the sediment-living amphipod Corophium volutator. This
laboratory-based study addressed the following research questions: (1) What is the toxicity of sediment-associated diclofenac
and citalopram to C. volutator? (2) Can the mixture effect be described with either of the two mixture models: concentration
addition (CA) or independent action (IA)? (3) What is the importance of the choice of (i) exposure measure (start concen-
tration, time-weighted average [TWA], full exposure profile) and (ii) effect model (concentration-response vs. the
toxicokinetic—toxicodynamic model general unified threshold model for survival in its reduced form [GUTS-RED]) for the
derived effect concentration values? Diclofenac was more toxic than citalopram to C. volutator as a single compound (10-day
exposure). Diclofenac exposure to C. volutator provided median lethal concentrations (LC50s) within the same range
(1Mugg™" dry wt sediment) using concentration-response based on TWA and both GUTS-RED models. However,
concentration-response based on measured start concentrations provided an approximately 90% higher LC50
(21.6 £2.0pg g~ dry wt sediment). For citalopram, concentration-response parameters were similar regardless of model or
concentration used (LC50 85-97 ug g_1 dry wt sediment), however, GUTS-RED with the assumption of individual tolerance
resulted in a lower LC50 (64.9 [55.3-74.8] ug g_1 dry wt sediment). The mixture of diclofenac and citalopram followed the CA
quite closely, whereas the result was synergistic when using the IA prediction. In summary, concentration-response based on
TWA and GUTS-RED provided similar and reasonably good fits compared to the data set. The implications are that GUTS-
RED will provide a more flexible model, which, in principle, can extend beyond the experimental period and make pre-
dictions based on variable exposure profiles (toxicity at different time frames and at different variable exposure scenarios)
compared to concentration-response, which provides contaminant toxicity at one point in time. Environ Toxicol Chem
2024;43:1767-1777. © 2024 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on
behalf of SETAC.
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INTRODUCTION

Wastewater treatment plants (WWTPs) are handling in-

creasing amounts of pharmaceutical compounds (PCs) because
This article includes online-only Supporting Information.
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Attribution License, which permits use, distribution and reproduction in any

of increased use and consumption globally (Organisation for
Economic Co-operation and Development, 2017). However,

medium, provided the original work is properly cited. most WWTPs are not designed to handle PCs, which generally
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(Alygizakis et al., 2016, Andreozzi et al., 2003; Kostich
et al., 2014; Wilkinson et al., 2022). The European Environment
Agency (2010) has classified PCs as an environmental concern
and has specified the need for enhanced monitoring of com-
pounds such as antibiotics, antiparasitics, hormones, an-
algesics, and psychotropic medicines, especially in water and,
to some extent, in sediments. However, despite an increasing
experimental focus on the impact of pharmaceuticals in the
aquatic environment, the primary focus on water compared to
sediment could potentially result in an underestimation of the
environmental risks of some PCs that, because of their hydro-
phobicity, are prone to accumulate in the sediment (Patel
et al., 2019).

We examined the effect of diclofenac, a nonsteroidal anti-
inflammatory drug, and citalopram, a selective serotonin re-
uptake inhibitor antidepressant, on the tube-dwelling am-
phipod Corophium volutator. Toxicity (mortality) was assessed
for diclofenac and citalopram both as single compounds and as
a mixture because chemicals in the environment never occur
in isolation but always exist as multicomponent mixtures
(Backhaus, 2014; Inostroza et al., 2023). In addition, because
diclofenac and citalopram have different modes of action,
we wanted to examine if there was any indication of a mixture
interaction.

The choice of assessing the toxicity of diclofenac and cit-
alopram was based on their high annual consumption (Gan,
2010; Marasine et al., 2021; Stahl, 1998; Zhang et al., 2008)
and frequent detection in both fresh- and marine waters
(Alygizakis et al., 2016; Han et al., 2006; Weber et al., 2014;
Wilkinson et al., 2022). Diclofenac is reported to have a log
octanol-water partition coefficient (Kow) of approximately
3.9 to 4.5 (in its neutral form) and a negative base-10 loga-
rithm of the acid dissociation constant (pK,) of 4.16, causing
Kow to decrease with increasing pH. Diclofenac (in its neutral
form) has a partitioning coefficient between organic carbon
and water (log Koc) of 2.39 (Ferrari Beno et al., 2004; Han
et al., 2006; Scheytt et al., 2005). Citalopram is reported to
have a log Kow of 3.7, a pKa of 9.78, and a log Koc of 5.63,
making it significantly more hydrophobic compared to diclo-
fenac. Further, diclofenac was included because it is on the
first European Union's Water Framework Directive Watch List,
and, therefore, has been frequently monitored and detected
in the aquatic environment in 50 countries, with surface water
concentrations reaching >1 g L™" (Han et al., 2006; Weber
et al., 2014).

The test organism C. volutator is not commonly used in
ecotoxicological studies but is considered a good candidate for
testing marine sediments due to its global occurrence and
ecological importance. Corophium volutator is a cosmopolitan
amphipod with high ecological relevance, serving as prey for a
variety of fish and birds (MclLusky, 1968; Mgaller & Riisgard,
2006; Peer et al., 1986). The intertidal infaunal amphipod has
an endobenthic lifestyle, burrowing in the upper part (up to
6cm depth) of the sediment, where C. volutator can switch
between several ways of feeding (deposit feeding, suspension
feeding, and epipsammic browsing) depending on food avail-
ability (Gerdol & Hughes, 1994; MclLusky, 1968; Mgller &

Riisgard, 2006; Nielsen & Kofoed, 1982; Siebeneicher et al.,
2013; Wilson & Parker, 1996). Because of its habitat choice and
feeding strategy, C. volutator may be exposed to both
sediment-associated and dissolved chemicals (Droge et al.,
2008; Siebeneicher et al., 2013).

The present study was based on laboratory experiments and
addressed the following research questions: (1) What is the
toxicity of sediment-associated diclofenac and citalopram to
C. volutator? (2) Can the mixture of the two compounds be
described with either of the two mixture models: concentration
addition (CA) or independent action (IA)? (3) What is the im-
portance of the choice of (i) exposure measure (start concen-
tration, time-weighted average [TWA], full exposure profile)
and (i) effect model (concentration-response vs. the
toxicokinetic—toxicodynamic [TKTD] model general unified
threshold model for survival in its reduced form [GUTS-RED])
for the derived effect concentration (EC) values? Results are
presented first as single compounds, then as the mixture (CA
and |A), and lastly the different modeling approaches (start
concentrations, TWA, and GUTS-RED).

MATERIALS AND METHODS

Collection and preparation of C. volutator

Corophium volutator was collected from Herslev Beach
(N: 55.4039; E: 11.5681), Denmark, in June 2018, and Lyndby
Harbor (N: 55.4007; E: 11.5909), Denmark, between September
and November 2018, when water temperatures and salinities
ranged between 9°C and 23°C and 15%. and 18%., respectively.
The amphipods were collected by wet-sieving the top 5 to
10cm of the sediment through a 500-um-mesh sieve and
transferred using soft tweezers to a plastic bucket containing
water from the location. In the laboratory, C. volutator were
acclimated to experimental conditions, 18 + 1°C and a salinity of
31%., over a 24 to 48-h period. Subsequently, the amphipods
were transferred using a small mesh sieve, to two separate
aerated culture tanks (6 L), containing 1L <500 um (wet) sedi-
ment and 2L 31%. S natural 0.2 um filtered seawater at pH 7.8.
Both cultures were fed sediment (<125 um) as needed. For ex-
perimental use, C. volutator with a body length >0.5cm was
selected from the two tanks and randomly distributed between
treatments. The lower size limit was set to make sure only adult
specimens were included in the test, and the upper represents
the maximum length of C. volutator (~1.2 mm).

Sensitivity of C. volutator

Based on the literature, there are speculations over whether
field-collected amphipods should be used within 15 days of
collection because cultivation might affect their sensitivity
(Bat & Raffaelli, 1996). Because C. volutator were collected at
different times and seasons, their sensitivity was tested in a
72-h water-only cadmium chloride (CdCl,) setup modified from
Ciarelli (1994) and Ré et al. (2009), assessing mortality. The test
was performed in 250-mL beakers at 21°C to nominal
concentrations of 0, 1, 7, and 14 mg/L CdCl,. The test was
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conducted using C. volutator kept in culture for 3 to 5 months
and newly collected (<15 days) specimens, at two collection
times (~2 months apart), and on two batches from different
locations because more specimens were needed during the
experiments. The first sensitivity test compared C. volutator
collected at Herslev beach (Batch A) to a batch collected at
Lyndby Harbor (Batch B), whereas the second sensitivity test
compared a combination of the two first batches (AB) to an-
other batch form Lyndby Harbor (Batch C).

Because the sensitivity tests indicated equal sensitivity among
batches (Supporting Information), C. volutator used throughout
experiments were a combination of all three batches.

Collection and preparation of sediment

Sediment for all experiments was collected from Herslev
Beach, Denmark, between June and October 2018, when water
temperature and salinity ranged between 18°C and 23°C and
15%o and 18%s, respectively. Sediment treatment followed de-
scriptions in Grenlund et al. (2023). Briefly, the top layer of the
sediment (~10cm depth) was scraped off using a shovel and
sieved to <500um in situ. The sediment was subsequently
frozen (—=18°C, minimum 24 h), thawed, and washed with salt
water corresponding to the test system (31%. S, pH 7.8). After
washing, the sediment was left to settle for 48 h before removing
the overlying water. The sediment water content (105°C, 24 h:
~25%) and total organic content (550°C, 2h: ~1%) were de-
termined. The sediment was spiked with diclofenac sodium
and/or citalopram hydrobromide dissolved in methanol (MeOH),
supplied by Acros Organics. Both chemicals were acquired at
the highest possible purity (>97.5%). The chemical extracts were
added to clean glass beakers, and MeOH was evaporated
(2-4 h) before adding wet homogenized sediment. Two control
sediments were included for each experiment: one solvent
control (an equal amount of MeOH was added) and one without
solvent addition (i.e., natural sieved sediment). All sediments
were homogenized (30 min) on a shaking table (200 rpm) before
being placed in the refrigerator (24 h). Subsequently, all sedi-
ments were mixed thoroughly with a spoon prior to ex-
perimental use. Screening tests were conducted to establish the
sensitivity of C. volutator to sediment-associated diclofenac and
citalopram. Based on the screening tests, two different setups
were used: a single-compound experiment (conducted twice)
with sediment spiked to nominal concentrations of 0.1 to 100 ug
diclofenac g=" dry weight sediment (nine concentrations) or 0.1
to 200ug citalopramg™" dry weight sediment (10 concen-
trations) and a mixture experiment with sediment spiked to eight
nominal concentrations of 0.1 to 100ug diclofenacg™ dry
weight sediment together with a constant concentration of cit-
alopram corresponding to the citalopram median lethal con-
centration (LC50) obtained in the single-compound experiment
based on nominal concentrations.

Experimental setup

The experiments were conducted in 20-mL scintillation vials
covered with lids, with three boreholes: one for aeration (one to

two bubbles per second through a needle connected to a tube)
and two as air elimination paths. Experimental duration was 10
days. The sediment organic matter content was sufficient to
allow food ad libitum, and it was not necessary to supply ad-
ditional food during the exposure period.

One day prior to experimental start, 15g wet weight
(~11.3 g dry wt) sediment and 8 mL salt water were added to
each scintillation vial, and vials were left to settle overnight with
aeration. Before transferring C. volutator to the test vials, 4 mL
salt water was replaced with 4 mL aerated salt water because a
lack of water exchange has been observed to impact organisms
negatively, possibly because of release of impurities from the
sediment during spiking (Grenlund et al., 2023). Corophium
volutator were removed from the culture tanks using a small
mesh sieve and distributed randomly among the experimental
treatments. Four replicates were included per treatment con-
taining five C. volutator per replicate in the first setups and four
individuals per replicate in the last setup because of a lack of
individuals living up to the quality criteria. The remaining
sediment from each concentration was saved in 50-mL Falcon
tubes and used when determining sediment concentration to
Day 0. All samples were frozen (-=18°C) until further chemical
analysis.

All replicates were examined daily to check potential water
evaporation, mortality, and burrowing behavior/activity. Mor-
tality was distinguished from molting: Dead individuals
were nontransparent, and molted exoskeletons were semi-
transparent. Deionized water was added in case of evapo-
ration. Salinity (31%.) and pH (7.8) of the water were measured
at experimental start and end (randomly selected concen-
trations) and did not change significantly over the duration of
the experiment.

Experimental termination and sampling

At experimental termination, C. volutator were removed
from the sediment using soft tweezers and transferred to clean
salt water, where mortality was registered. If a specimen was
missing at Day 10, it was considered dead.

At the end of the experiment, water (~4 mL) and sediment
(~4 mL, wet homogenized) from each replicate per treatment
were pooled in 50-mL plastic Falcon tubes, resulting in one
sediment and one water sample per concentration. All samples
were frozen (—18°C) until further chemical analysis.

Extraction

Sediment extraction. Diclofenac and citalopram were ex-
tracted from the sediment using Bond Elut, Sample Prep Sol-
utions (Agilent Technologies). Extractions were made using
6 to 7 g wet weight (~4.5-5.3 g dry wt) homogenized (with a
spoon) sediment. Each sediment sample had MeOH added
(10 mL) and was manually shaken (1 min). Then, a Bond Elut
QUECHERS extraction pouch (59820650) and a ceramic ho-
mogenizer were added, and the sediment was manually shaken
(1 min) and centrifuged (5 min, 4000 rpm). Subsequently, é mL
of the aliquot was transferred to a Bond Elut dSPE 15-mL tube,
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which was manually shaken (1min) and centrifuged (5 min,
4000 rpm).

Water extraction. Water samples (5 mL) were concentrated
by evaporating the sample to complete dryness (~6 h) under a
constant stream of nitrogen while placed on a heating block
(50°C). The samples were redissolved in MeOH (1 mL).

All extractions then had 50 uL internal standard (imipramine
hydrochlorine) added to determine compound recovery. Ex-
traction products were transferred to gas chromatography vials
(sediment 1.5mL, water 0.2mL) and stored in the freezer
(—18°C) until further analysis.

The measured concentrations of diclofenac and citalopram
in the sediment (Day 0 and Day 10) and overlying water (Day
10) were determined using high-performance liquid chroma-
tography with florescence detection (FLD; Thermo-Scientific
Ultimate™ 3000), with an excitation wavelength of 246.0 nm
and an emission wavelength of 365.0 nm. The limit of detection
and limit of quantification for the FLD analysis were determined
based on a standard curve of concentrations, 0.5 to
50,000 pg L™ of diclofenac and citalopram, and were 8 and
24 ug L™ for both compounds (diclofenac and citalopram), re-
spectively (Shrivastava & Gupta, 2011).

Data analysis

Contaminant budget. The contaminant budget for the
system was determined by relating the measured concen-
tration in each compartment (i.e., water and sediment) with the
quantity of sediment (15-11.3g dry wt) and water (8 mL) in
each replicate for each exposure concentration. Recovery at
the start of the experiment was determined relating the
measured actual start concentration to the nominal start con-
centrations of the sediment, whereas recovery for Day 10 was
determined by relating the concentrations from Day 10 to the
start concentrations.

Concentration-response. The toxicity of diclofenac and
citalopram to C. volutator, in terms of mortality, after a 10-day
period was assessed by a log-logistic concentration-response
curve.

Concentration-response relationships were determined in R
Ver. 4.3.2 (R Core Team, 2023) using the packages “tidyverse”
and “drc”. A three-parameter log-logistic model assuming bi-
nary distribution of data (Ritz & Streibig, 2005) was used, to
allow for estimation of control mortality:

_d
1+ (P

y (M

In Equation (1), y is the surviving fraction of organisms, d is
the surviving fraction of the control treatment, e is the con-
centration killing 50% of the organisms (LC50), and b is the
slope around the LC50. The concentration, x, was fitted to the
measured sediment concentration (micrograms per gram dry
wt sediment) at experimental start or the TWA concentration
(see below). A significance level of 0.05 was used throughout.

TWA. As chemicals degrade during an experiment, using start
concentrations will overestimate the true exposure of the or-
ganisms during the experiment, consequently leading to
higher effect concentrations than the “true” one. Using TWA is
a way to estimate exposures more precisely, and that will be
more comparable to those changing concentrations measured
in the environment; TWA was calculated using the measured
concentration (micrograms per gram dry wt sediment) at Days O
and 10, assuming an exponential decay process:

LA
TWA = oA )
Zisi(ti — 1)

In Equation (2), t;, 1 — t; is the time (days) between concen-
tration measurements, and A; is the area under the decreasing
exponential curve between t; and t;,;, which is defined in
Equation (3):

(¢ = cirn)(ti1 — 1)

A=———1—— 3)
Inc — Incjs

Mixture effects. Based on the single-substance curves, CA
(Loewe & Muischnek, 1926) and IA (Bliss, 1939) predictions for
the mixture effect were calculated and compared to the ob-
served concentration-response curve of the mixture. When
categorizing the combined effect of toxicants in a mixture,
these can be described as additive (described by either of the
two reference models), synergistic (higher effect than predicted
by the reference model), or antagonistic (lower effect than
predicted by the reference model Cedergreen et al., 2013).

We used two models to predict the mixture effects: CA,
which assumes that chemicals with similar mode of action in a
mixture could be considered as dilutions of each other,
each having a different chemical efficiency (Backhaus, 2014;
Cedergreen, 2014; Loewe & Muischnek, 1926):

n CI
; ECX,‘ =1 (4)

In Equation (4), ¢; gives the individual concentrations of the
substances i, which are present in a mixture that create the
definite effect x; ECx; is the concentration of compound i which
provokes an x% effect if applied alone, for example, EC50. The
ratio ¢/ECx; is a toxicant concentration expressed as a fraction
of the concentration of the pure compounds that yields a
predefined effect, also known as a toxic unit (TU; Back-
haus, 2014; Cedergreen et al., 2013; Faust et al., 2003). To
calculate the CA-predicted effect of a mixture at all effect
levels, the complete concentration—response functions for all
the chemicals in the mixture need to be available, and Equation
(2) must be solved iteratively for x (Cedergreen et al., 2013;
Faust et al., 2003).

On the other hand, IA assumes that the probability of sur-
viving exposure to two chemicals with dissimilar modes of ac-
tion would be equal to the probability of surviving the first
chemical multiplied by the probability of surviving the second
chemical (Backhaus, 2014; Bliss, 1939; Cedergreen, 2014).
Considering that the probability of surviving is 1 minus the
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probability of dying from concentration i of a chemical (E[c]),
the probability of dying from a mixture (E[cmix]) can be written
as follows:

n

E(cmi) = Ecr+1+¢) =1 =[]0 - E(c)] (5)
i=1

In Equation (5), Elcmix) is the probability of dying from a
mixture composed of n chemicals at a total concentration, Cmix,
and E(c) is the probability of dying from chemical i when ap-
plied alone in concentration c. To calculate the effect con-
centration (e.g., EC50) of a mixture for all concentrations,
Equation (5) should be solved iteratively (Cedergreen

et al., 2013; Faust et al., 2003).

Toxicokinetic—toxicodynamic model. In addition to
concentration-response relations to both start and TWA con-
centrations, we applied the TKTD model GUTS (Jager
et al., 2011) in its reduced form (GUTS-RED). The reduced
model was applied to account for the changes in sediment
concentration and mortality over time. The GUTS-RED model
was estimated both under the assumption of stochastic death
(SD) and under that of individual tolerance (IT). Stochastic
death assumes that all individuals are equally sensitive; how-
ever, death is considered a stochastic process on an individual
level where the probability of dying increases with concen-
tration. Hence, the ones dying are not necessarily less tolerant
but rather the unlucky ones (Jager et al., 2011). On the other
hand, IT assumes that individuals have different sensitivity;
hence, they will show effects at different internal concentrations
(Jager et al., 2011). The OpenGUTS Ver. 1.1 software was used
(Jager, 2021). An array of parameters were estimated, with the
following being relevant for each model: for SD, kg, the dom-
inant rate constant; m,,, the median distribution; hy, the back-
ground hazard (control mortality); and b,,, the mortality rate; for
IT, kg, My, and 6, the shape parameter of the sensitivity dis-
tribution (Jager & Ashauer, 2018). We applied the measured
sediment concentration at the start (Day 0) and end (Day 10) of
the experiment in GUTS-RED, assuming a first-order decay
model.

When assessing the effect of the mixture experiment, we
used the assumption that 1 TU of both compounds would yield
the same effect; that is, they are interchangeable and can be
assumed to be and used as a common concentration measure.

Statistics

Recovery data are presented as mean + standard deviation,
concentration-response parameters are presented + standard
error (SE), and GUTS-RED predictions and parameters are
presented as best fits £95% confidence intervals (Cls).

RESULTS AND DISCUSSION
Diclofenac

At experimental initiation (prior to the addition of overlying
salt water) the measured concentration of diclofenac constituted

63.3+12.3% (n=16) of the nominal concentration (Supporting
Information, Table S2). After 10 days of exposure, 19.5+2.7%
(n=10) and 32.0+ 13.0% (n=16) of the measured mass of di-
clofenac were recovered from the sediment and overlying water,
respectively. Thus, on average 55.8 +16.3% (n=16) of the in-
cubated diclofenac had disappeared from the system after 10
days. Our choice of water extraction method might have af-
fected the recovery at Day 10, particularly for diclofenac, be-
cause heating may have increased compound degradation.
However, the water concentration was exclusively used to ac-
count for the mass balance of the compounds, and the dis-
appearance rate constants will, therefore, remain the same even
with a poor recovery in the water analysis. For citalopram the
mass balance at the end of the experiment corresponded well to
the nominal concentrations with approximately 81% of the total
amount of citalopram recovered at Day 10, while for diclofenac
recovery at Day 10 was approximately 46%, which could be due
to a faulty quality control of the method. We speculate that
filtering the water samples (see Koba et al., 2018) would prob-
ably have been a more preferable preparation method. When
assuming first-order disappearance rate constants, sediment-
associated diclofenac had a rate constant of 0.12 day™", corre-
sponding to a disappearance half-time (DT50) from the sedi-
ment of 5.9 days (n=10-16), whereas diclofenac in the total
system (sediment and overlying water) had a DT50 of 33.7 days
(n=10-16). Similar recovery and disappearance rates were
found for sediment-associated diclofenac in a freshwater system:
76.7% of the nominal concentration was recovered at ex-
perimental start; further, over a 21-day period, the DT50 of di-
clofenac was 5.5 days (solely based on the highest concentration
reported; Nieto et al., 2017).

At experimental conditions, diclofenac, being a weak acid
(pKs <4.5), is mainly in its negatively charged form, resulting in
a log Kow <2 (1.9 at pH 7.2), hence being poorly retained by
the sediment (Patel et al., 2019). This is in line with the chemical
analyses revealing a larger proportion of the diclofenac con-
centration having partitioned to the overlying water at Day 10.
The disappearance of diclofenac after 10 days may indicate
metabolization or degradation, likely to a hydroxylated me-
tabolite (e.g., its primary metabolite 4'-hydroxy diclofenac;
Altman et al., 2015; Stilten et al., 2008). However, we cannot
confirm if this is the case.

After 10-day diclofenac exposure of C. volutator, the con-
centration response based on TWA and both GUTS-RED
models resulted in LC50 values within the same range (i.e.,
11ug g_1 dry wt sediment; Table 1). However, the concen-
tration response based on measured start concentrations
resulted in an LC50 approximately 90% higher (i.e.,
21.6+2.0pgg™" dry wt sediment). This difference was ex-
pected due to both TWA and GUTS-RED take the dis-
appearance of diclofenac over time into account, but it also
shows that basing EC values on starting concentrations can
underestimate toxicity twofold in the case of a compound with
a half-life counted in days. The observed decrease in survival
occurred over a very narrow concentration span, resulting in a
steep slope of the concentration-response curve (Figure 1
and Table 2).
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TABLE 1: The estimated median lethal concentration values (micro-
grams per gram dry wt sediment) for single-compound exposures after
10 days

Time-
Measured start weighted GUTS- GUTS-
concentrations average RED-SD RED-IT
DCF 21.6+20 10.7+1.0 1.1 11.4
(8.28-15.3) (9.37-14.1)
CP 97.3+8.4 86.3+8.0 85.2 64.9
(81.6-89.6) (55.3-74.8)

Measured start concentrations and time-weighted average are displayed as
mean + standard error, and GUTS-RED-SD and GUTS-RED-IT are displayed as
mean with 95% confidence interval in parentheses.

CP =citalopram; DCF = diclofenac; GUTS-RED-IT = GUTS-RED with the assump-
tion of individual tolerance; GUTS-RED-SD = general unified threshold model for
survival in its reduced form with the assumption of stochastic death.

Both GUTS-RED models seemed to describe the interactions
between sediment-associated diclofenac and survival of C. vol-
utator over a 10-day exposure period equally well, with IT being
marginally better (based on log-likelihood; Figure 2 and Table 3).

Comparing the toxicity of sediment-associated diclofenac
across sediment-dwelling invertebrates suggests that C. vol-
utator is more sensitive to diclofenac exposure than the com-
monly used insect larvae Chironomus riparius, which showed
no significant decrease in survival at concentrations up to
34.0ug g™ dry weight sediment (10 days; Nieto et al., 2017),
but less sensitive than the sentinel amphipod Hyalella azteca,
where the LC50 was 0.467 ugg~" dry weight sediment (72 h;
Oviedo-Gémez et al., 2010).

Based on the rapid diclofenac partitioning from sediment to
overlying water, we find it unlikely that diclofenac would pose a
risk to the sediment community because the chemical properties
of diclofenac make it more likely to primarily stay in the surface
water under environmental conditions, thus making water
monitoring likely to be sufficient when assessing the environ-
mental impact of diclofenac. In addition, the measured lethal
concentrations are very high and above environmentally realistic
concentrations, with measured water concentrations being at
the low micrograms per liter range, probably corresponding to
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FIGURE 1: Proportion survival after 10-day exposure to sediment-
associated diclofenac or citalopram presented as their individual toxic
unit). One toxic unit corresponds to a median lethal concentration of
the compound. The symbols represent the mean survival within each
concentration (n=4-16, 4-5 individuals per replicate) + standard error,
and the lines represent the concentration-response relationship; full
circles and full line for diclofenac and open circles and dotted line for
citalopram. DCF = diclofenac; CP = citalopram; TU = toxic unit.

TABLE 2: The estimated values of the three-parameter log-logistic fit
(mean + standard error) for Corophium volutator after 10-day exposure
to diclofenac or citalopram as single compounds using either measured
start concentrations or time-weighted average

b d
Measured start concentrations
DCF 3.2+0.8 0.9+0.02
CP 7.4+3.6 0.9+0.03
Time-weighted average
DCF 3.2+0.8 0.9 +0.02
CP 6.6+3.3 0.8+0.03

CP = citalopram; DCF = diclofenac.

even lower sediment concentrations. However, sublethal end-
points (i.e., reproduction) might still be relevant at environ-
mentally realistic concentrations over longer exposure durations
because diclofenac is designed to affect prostaglandins, which
are believed to be involved in the regulation of reproduction in
several marine invertebrates (Varvas et al., 2009).

Citalopram

The measured concentration of citalopram constituted
104.9 +22.2% (n=17) of the nominal concentration at ex-
perimental start (Supporting Information, Table S2), and
75.5+8.4% (n=15) and 5.4 +2.8% (n=15) of the starting
citalopram amounts were present in the sediment and over-
lying water, respectively, after 10 days of exposure. Thus, on
average, 19.1+9.0% (n=17) of the starting concentration of
citalopram had disappeared from the system after 10 days.
Assuming first-order disappearance rate constants, sediment-
associated citalopram had a rate constant of 0.03 day”, cor-
responding to a DT50 from the sediment of 21.0 days
(n=15-17), whereas citalopram in the total system (sediment
and overlying water) had a DT50 of 26.6 days (n=15-17).
Compared to diclofenac, citalopram is relatively unin-
vestigated, hence, it has not been possible to retrieve com-
parable data on environmental disappearance. However, the
high partitioning of citalopram to the sediment fraction was
expected due to its hydrophobicity (log Koc of 5.63, meaning
that it will bind strongly to the organic fraction of the sediment
(Christensen et al.,, 2007; Minguez et al., 2014; Yang
et al., 2017).

After 10 days of exposure, concentration-response param-
eters were similar disregarding the model or concentration
used, giving LC50 values within the same range (Table 1). The
GUTS-RED-IT model resulted in the lowest LC50 (64.9
[55.3-74.8] ug g’1 dry wt sediment) compared to the others
(85-97 ug g™ dry wt sediment). We have no immediate ex-
planation as to why GUTS-RED-IT was more conservative
compared to the other models, but considering the prediction
intervals of the GUTS model and the SE of the fitted parame-
ters, differences are only marginally lower. Considering the
slow dissipation rate constant of citalopram, it makes sense that
EC values are more similar than those for diclofenac. As ob-
served for diclofenac, mortality of C. volutator exposed to cit-
alopram increased drastically within a narrow range of
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FIGURE 2: General unified threshold model for survival in its reduced form with the assumption of stochastic death (SD) or the assumption of
individual tolerance (IT) predictions based on single toxicity concentrations of diclofenac over time (Day 0-10). Top row: Sediment exposure
concentration over time as a first-order decay model based on measured start and end sediment concentrations. Middle row: Survival as SD. Bottom
row: Survival as IT, with the actual survival (circles = mean + 95% confidence interval [Cl]) and the survival probability (lines = mean + 95% CI; green

area). prob. = probability; conc. = concentration; dw = dry weight.

concentrations, having an even steeper mortality slope com-
pared to diclofenac (Figure 1 and Table 2). As with diclofenac,
both GUTS-RED models seemed to describe the interactions
between sediment-associated citalopram and C. volutator
survival equally well; however, SD provided a slightly better fit
based on log-likelihood (Figure 3 and Table 3). Though
both models overestimated survival at lower concentrations,
IT largely underestimated survival approaching the LC50
values and slightly overestimated survival at the two highest
concentrations.

To our knowledge, there are no published studies ex-
posing invertebrates to sediment-associated citalopram.

However, citalopram has been detected in the nanograms per
liter range in influent and effluent water from WWTPs and in
fresh- and marine waters (Alygizakis et al., 2016; Wilkinson
et al., 2022).

Our findings on sediment partitioning suggest that relying
on water monitoring and ignoring the sediment likely under-
estimates the environmental concentration of citalopram, and
thus also the potential impact in the sediment compartment.
Based on monitored water citalopram concentrations and the
sediment/water partitioning observed in the present study
(~15/1), citalopram is unlikely to directly pose a lethal risk to
the C. volutator community. However, as with diclofenac,

TABLE 3: The estimated parameter of GUTS-RED-SD and GUTS-RED-IT presented as best fit (+95% confidence interval) and the corresponding
log-likelihood of the modeled fractions of survival in Corophium volutator exposed (10 days) to diclofenac and citalopram as single compounds

SD IT
by (ugg™' dry
LL ky (day’j) My (ug g’1 dry wt) wt day’1) hy (day’1) LL kg (day’1) my, (ug g’1 dw) 8
DCF -251 1.53 9.6 x 107 (9.6 x 0.007 0.006 -248 0.002 0.19 2.4
(0.305-7.761) 107°-2.989) (0.005-0.013) (0.002-0.020)* (0.154-2.11) (1.78-3.22)
CP  -253 1.43 77.97 (74.05-83.07) 0.013 0.006 -262 0.18 54.9 3.4

(1.041-2.307) (0.009-0.020)

(0.112-0.24¢) (38.84-66.70) (2.35-4.63)

“Lower limit of 95% parameter confidence interval has run into a boundary.

b,, =killing rate; CP = citalopram; DCF = diclofenac; GUTS-RED-IT = GUTS-RED with the assumption of individual tolerance; GUTS-RED-SD = general unified threshold
model for survival in its reduced form with the assumption of stochastic death; h, =background hazard (control mortality); kqy=dominant rate constant; LL=log-
likelihood; m,, = median distribution; 8 = shape parameter of the sensitivity distribution.
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FIGURE 3: General unified threshold model for survival in its reduced form with the assumption of stochastic death (SD) or the assumption of
individual tolerance (IT) predictions based on single toxicity concentrations of citalopram over time (Day 0-10). Top row: Sediment exposure
concentration over time as a first-order decay model based on measured start and end sediment concentration measurements. Middle row: Survival
as SD. Bottom row: Survival as IT, with the actual survival (circles =mean + 95% confidence interval [Cl]) and the survival probability (lines=
mean = 95% Cl; green area). prob. = probability; conc. = concentration; dw = dry weight.

citalopram may also cause sublethal effects because of its im-
pact on serotonin levels, as illustrated for crustaceans where
serotonin is suggested to play a key role in regulating behavior,
that is, dominance, aggression, and reaction to light (Huber
et al., 1997; Kravitz, 2000; Perrot-Minnot et al., 2013). As an
example, Bose et al. (2022) found that water-associated cit-
alopram concentrations approaching 1pg™'L reduced the
predation efficiency of dragonfly nymphs.

Mixture

The mixture study followed the model of CA quite closely,
however, the results were synergistic when comparing with
the |IA prediction (Figure 4). Though there are studies as-
sessing mixture effects of contaminants in sediments to in-
vertebrates (see Schmitt et al., 2012; Verrhiest et al., 2001),
there are to our knowledge no reports comparing mixture
toxicity and predictions by mixture reference models of
sediment-associated pharmaceuticals to invertebrates. Based
on toxicity assessment of pharmaceuticals in aquatic mixtures,
CA generally predicts mixture toxicity of pharmaceuticals to
crustaceans more accurately than IA, which generally indicates
synergy as observed in the present study (Cleuvers, 2005;
Drzymata & Kalka, 2020; Henry & Black, 2007). It is a common
observation that as a reference model CA leads to predictions
within a twofold error for the majority of tested mixtures,

irrespective of the individual component's mode of action, if
the mixtures do not include potential synergists (Altenburger
et al.,, 1996; Cedergreen, 2014; Cedergreen et al., 2008). In
more complex systems, that is, assessing effects of mixtures

e
2
G

Proportion survivors

10

FIGURE 4: Proportion survival after 10-day exposure to sediment-
associated diclofenac and citalopram as a mixture (full line) together
with concentration addition (dotted line) and independent action
(small-dotted line) predictions of the mixture presented as toxic units
(TUs) on a logarithmic x-axis. The mixture and mixture prediction are
assessed with the assumption that 1TU citalopram corresponds to
1 TU diclofenac (calculated using their respective median lethal con-
centration). Triangles represent mean survival within each concen-
tration (n=4-8, 4 individuals per replicate) + standard error. The
graphs start at 1 because 1TU was used as the baseline for the
mixture experiment; no predictions were made before this point.
CA = concentration addition; |IA = independent action.
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on a multispecies or ecosystem level, IA has been suggested
as the superior model (Cedergreen, 2014).

Concentration response versus GUTS modeling

When comparing the output of log-logistic concentration
response and GUTS-RED, the concentration response provides
information on the toxicity at one point in time, whereas GUTS-
RED includes changes in the exposure concentration over time
and in mortality over time. Further, we found that neither
GUTS-RED-SD nor GUTS-RED-IT fit the data better than the
other, which corresponds well with the general assumption that
an organism's sensitivity to contaminants is based on both in-
dividual differences as well as stochastic processes (Newman &
McCloskey, 2000); and other studies comparing the fit of the
two models have reached the same conclusion (Brock
et al., 2021; Dalhoff et al., 2020).

In the present study, concentration response based on TWA
concentrations and GUTS-RED provided similar and reasonably
good fits compared to the data set. Though GUTS in general
requires more input (e.g., exposure concentrations over time,
mortality over time) than both the conventional concentration—
response approach (e.g., requires a single input for exposure
concentration, mortality) and TWA (e.g., requires concentrations
over time), GUTS, contrary to both concentration-response ap-
proaches, can be used predictively to forecast toxicity over dif-
ferent time frames and at variable exposure scenarios (e.g.,
higher/lower exposure, fluctuating seasonal exposure). For reg-
ulatory purposes LC-values can be calculated based on the GUTS
parameters. Hence, the relatively small additional effort of
monitoring lethality and/or concentration over time makes it
possible to use a much more flexible model, which can be used
for multiple purposes. Consequently, toxicity predictions using
GUTS-RED can, in principle, be extended beyond the ex-
perimental period; and, more importantly, predictions may
include a variable exposure profile.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5894.
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