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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Toxicity of fluoxetine loaded micro-
plastics on Daphnia magna was 
investigated.

• Fluoxetine-loaded microplastics showed 
hazardous effects on D. magna.

• Microplastics alone had an insignificant 
impact on D. magna survival.

• Fluoxetine-loaded microplastic toxicity 
was condition (virgin and aged) and 
polymer-type dependent.
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A B S T R A C T

There is an increasing recognition that microplastics can act as a vector for micropollutants when co-occurring in 
the environment and that pollutant-loaded microplastics can become integral to food-webs. To evaluate whether 
fluoxetine-loaded microplastics can act as a vector for fluoxetine to enter the food chain, a toxicity assay with 
Daphnia magna neonates was performed. This study evaluated the fluoxetine availability when adsorbed onto 
virgin or aged polypropylene, polyamide, and polyvinyl chloride (PVC). Results demonstrated that fluoxetine- 
loaded microplastics displayed toxic effects for all microplastic types, with varying toxicity depending on plas-
tic type and weathering. D. magna ingested microplastics in all experiments that microplastics were present, but 
survival rates were not significantly affected by microplastics alone. Neonate mortality did not correlate with the 
adsorption/desorption capacity of the microplastics. Fluoxetine showed the highest adsorption on virgin and 
aged polypropylene (83–98 %), followed by aged polyamide (25–68 %) and PVC (38–90 %). While negligible 
desorption occurred with polypropylene, polyamide and PVC exhibited up to 20 % desorption. However, higher 
mortality was observed with fluoxetine-loaded virgin polypropylene (30 %), polyamide (40 %), and PVC (35 %) 
compared to aged particles (0–10 %). The results indicate that microplastic can enter the food-chain and act as a 
vector for pollutants, exhibiting hazardous effects to wildlife.
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1. Introduction

Microplastics are widely detected in the environment. The ingestion 
of plastic particles by wildlife occurs when they are present in prey 
species or co-occur in the environment. A variety of animals across all 
trophic levels in the food-web have been shown to ingest microplastics. 
For instance, five groups of zooplankton, copepods, chaetognaths, jel-
lyfish, shrimp, and fish larvae, collected from the northern South China 
Sea were found to have ingested microplastics, mainly polyester [1]. 
Microplastics were found in the gastrointestinal tract of three fish spe-
cies (317 individuals) from the South-Eastern Black Sea coast of Turkey 
[2]. Microplastics were also found in the stomach and intestines of 
stranded, bycaught, or mercy-killed seals found at the coast of the fed-
eral state of Schleswig-Holstein in Germany [3]. Although the ingestion 
of microplastics is now widely acknowledged, the impact of the inges-
tion of microplastics on wildlife is poorly understood. Studies have 
investigated how the ingestion of microplastic effects food uptake, 
mobility, and survival of various organisms [4,5]. However, the study of 
vertebrates for scientific purposes poses difficulties, including ethical 
issues. For this reason, the zooplankton Daphnia spp. (crustacea) has 
been widely used in the research field to evaluate how compounds can 
impact wildlife [6–8]. Daphnia spp., more specifically D. magna, is the 
most commonly used organism in the study and control of water quality 
and is also a sensitive freshwater organism. D. magna is classified as a 
water quality indicator organism by international bodies such as Euro-
pean Union’s Water Framework Directive, United States Environmental 
Protection Agency and the wider scientific community [9,10]. D. magna 
was found to be sensitive and useful for detecting water quality changes 
and how these alter the function of keystone organisms [11]. The 
ingestion of plastic particles seems to have differing effects on D. magna 
survival. For instance, polyethylene (PE) fragments of approximately 17 
μm and 35 μm exhibited chronic toxicity to D. magna [12]. However, 
Canniff and Hoang [13] showed that despite the fact that D. magna were 
able to ingest PE microbeads of between 63 and 75 μm diameter, there 
was no effect on survival and reproduction [13]. Studies have been 
conducted using a single type of non-weathered particles, including 
polystyrene (PS) beads, to evaluate the toxic effects of microplastics on 
aquatic organisms [14]. However, perfectly spherically-shaped, weath-
ered and non-weathered microplastics only represent approximately 
14 % of the microplastic type reported in the freshwater environment 
[15]. While plastic beads may lack environmental relevance on the basis 
of the type and shape of microplastics found in water systems, studies 
using such beads also potentially underestimate the toxicity of micro-
plastics on D. magna. Studies have reported greater toxicity of fragments 
of plastic to aquatic organisms such as D. magna when compared to 
plastic beads [12,16]. Furthermore, when in the environment, micro-
plastics undergo degradation processes such as photo- and 
thermal-oxidation [17]. Therefore, weathered microplastics are repre-
sentative of a proportion of the microplastics found in the environment. 
Allied to this, microplastics are one of many pollutants found in fresh-
water systems. For instance, pharmaceuticals have been widely detected 
in freshwater ecosystems across the world [18]. The antidepressant 
fluoxetine is in the top 20 North American compounds found in fresh-
water systems, causing concern as it was found to induce mussel 
spawning [19]. Furthermore, fluoxetine was also included in the list of 
pharmaceuticals most commonly detected in rivers across the world 
[18]. At the same time, there is an increasing recognition that micro-
plastics can act as a vector for micropollutants when both occur in the 
same environment. In a previous study conducted by the authors, the 
antidepressant fluoxetine demonstrated significant adsorption onto 
microplastics when in a mixture of five pharmaceuticals (ibuprofen, 
venlafaxine, fluoxetine, ofloxacin, and carbamazepine) with greater 
amounts adsorbed onto artificially aged microplastics [20]. The findings 
of this study highlighted the potential of microplastics, specifically 
particles that have been aged, to be a vector for hydrophobic and 
positively charged micropollutants, such as fluoxetine. However, 

adsorption results alone do not address our lack of understanding with 
respect to whether or not microplastics are a vector or a sink for 
micropollutants when they co-occur. Furthermore, it is undetermined 
whether this accumulation of micropollutants onto microplastics can 
result in harmful effects to wildlife. For this reason, a toxicity test is 
crucial for eliciting a better understanding of the interaction between 
chemicals adsorbed to microplastics and aquatic organisms. The current 
study investigated how the interaction of fluoxetine with microplastics 
in freshwater can impact co-existing organisms. To achieve this, an 
acute toxicity test of fluoxetine-loaded microplastics, using the water 
quality indicator D. magna, was performed. Three widely reported 
microplastic types, in both their virgin and weathered forms, were tested 
individually and when loaded with fluoxetine to assess if there were 
differences in toxicity depending on polymer type and weathering. To 
better understand the factors influencing the toxicity of 
micropollutant-loaded microplastics on D. magna neonates, the avail-
ability of fluoxetine when adsorbed onto the virgin and artificially aged 
microplastics was investigated. Therefore, adsorption/desorption ki-
netics and isotherms were studied under freshwater conditions.

2. Materials and methods

2.1. Microplastics

Virgin microparticles of polypropylene (PP, median particle size 
(D50) 8 µm), polyamide (PA, D50 33 µm), and polyvinyl chloride (PVC, 
D50 (1) 0.11 µm, D50 (2) 1.3 µm)) were purchased from Shanghai Guanbu 
Electromechanical Technology Co. Ltd., China (Table 1). PP and PVC 
were used as received, while PA was sieved using 20 µm and 45 µm 
sieves due to the wide range of sizes in the purchased material [19]. The 
commercially acquired virgin microplastics were aged using the 
SUNTEST XLS+ Xenon Arc weathering testing unit (ATLAS AMETEK 
Electronics Instrument Group, USA) equipped with a 1700 W Xenon Arc 
lamp operated at 60 W m− 2 (300–400 nm) intensity, which irradiates a 
similar intensity of sunlight to that of summer (~ 1000 W m− 2 total 
irradiation) [20].

A detailed characterisation was carried out of both the virgin and 
artificially aged microplastics used in this study (Table 1) [20,21]. The 
characterisation included analyses to confirm the polymer material 
(Fourier Transform infrared spectroscopy), particle size distribution 
(laser diffraction particle size analysis), surface morphology (scanning 
electron microscopy), calorimetric characteristics (differential scanning 
calorimetry), surface area (N2-Brunauer, Emmett and Teller 
adsorption-desorption surface area analysis), and surface charge (zeta 
potential measurement).

2.2. Chemicals

Artificial freshwater (AFW) was used as the experimental media for 
the adsorption/desorption and toxicity investigation. The AFW for the 
adsorption/desorption evaluations was prepared by mixing ultrapure 
water (18.2 MΩ) with sodium azide (NaN3) (0.02 %; w/v, 200 mg L− 1) 
which was used as a microbial inhibitor. The AFW included CaCl2.2H2O 
(58.5 mg L− 1), MgSO4.7H2O (24.7 mg L− 1), NaHCO3 (12.0 mg L− 1), 
and KCl (1.2 mg L− 1) in accordance with Akkanen and Kukkonen [22], 
and NaN3 (200.0 mg L− 1). The pH of the AFW was pH 7.0.

For the toxicity tests, AFW was prepared with ultrapure water (18.2 
MΩ) and the addition of CaCl2.2H2O (294 mg L− 1), MgSO4.7H2O 
(123.25 mg L− 1), NaHCO3 (64.75 mg L− 1), and KCl (5.75 mg L− 1) ac-
cording to the Daphtoxkit F (Microbiotest, BE) manual procedure. The 
pH of the media was pH 8. This media was used for all aspects of the 
toxicity tests, including the hatching of the ephippia, preparation of 
solutions, and the preparation of fluoxetine-loaded microplastics.

Fluoxetine hydrochloride (CAS 56296-78-7) was acquired from 
Tokyo Chemical Industry (UK) as HPLC grade, greater than 97 % purity. 
Stock solutions at concentration of 100 µg mL− 1 (10 mg in 100 mL) 
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were prepared using AFW (for adsorption/desorption determination, 
0.02 % w/v NaN3 was added). No organic solvents were used to avoid 
cosolvent interference on the adsorption evaluation. Prior to use, the 
stock solution was stored at 4 ◦C in the dark.

2.3. Toxicity test organisms and test parameters

A toxicity evaluation with D. magna neonates (less than 24 h old) was 
performed using a Daphtoxkit F (Microbiotest, BE) according to the 
standard operating procedure of the kit with adaptations noted. The 
neonates were obtained by hatching ephippia (dormant egg) for 72 h at 
20 ◦C under continuous illumination of approximately 6000 lux (Fig. S1 
and S2). The neonates were fed with spirulina, 2 h prior to experimen-
tation, to avoid mortality from starvation during the investigation 
(Fig. S3 and S4). During the 48 h exposure, the neonates were kept in the 
dark at 20 ◦C. The PS multiwell plate (30 wells, 3 × 3 × 3 cm each) 
provided with the kit was replaced by vials, in order to avoid adsorption 
of fluoxetine to the plastic plate (Fig. S5). The immobilisation and 
mortality of the neonates were assessed under a dissecting microscope 
after 24 h and 48 h exposure (Fig. S6 and S7). The neonates which were 
not able to swim after gentle agitation of the liquid for 15 seconds were 
considered immobile, even if they could still move their antennae. To 
avoid repetition and prolonged descriptions, both immobilised and dead 
neonates were considered as ‘dead’ in the current study. For details see 
Supplementary information (S1.2 and S1.3).

2.4. Experimental design of the toxicity test

Three controls and two treatments each containing a total of 20 
neonates (5 neonates in each vial) were evaluated. Each test vial con-
tained 10 mL of experimental medium. The vials containing the neo-
nates were placed in an incubator (MaxQ 6000, Thermofisher scientific, 
UK) at 20 ◦C in the dark for 48 h without agitation. The investigation 

consisted of a protocol control (media only), fluoxetine control 
(1 µg mL− 1), virgin or aged microplastic control (100 µg mL− 1 plastic), 
fluoxetine-loaded microplastics at two concentrations of plastic 
(50 µg mL− 1 or 100 µg mL− 1 plastic, Fig. 1). The concentration of the 
fluoxetine control was chosen in accordance with the reported EC50 of 
fluoxetine (0.82 µg mL− 1) to D. magna (Fig. 1, [23]). The current study 
was conducted in two batches. In the first batch, the effect of fluoxetine 
loaded onto virgin PP on D. magna neonates’ survival was investigated. 
In the second batch, identical conditions were applied to investigate the 
effect of fluoxetine-loaded onto aged PP, virgin and aged PA and virgin 
and aged PVC on neonates’ survival.

Fluoxetine-loaded PP microparticles were prepared by adding virgin 
and aged PP microparticles (2 g L− 1 plastic) to medium containing 
fluoxetine (100 µg mL− 1) in AFW. For virgin and aged PA and PVC, the 
particles were pre exposed to 15 µg mL− 1 of fluoxetine (2 g L− 1 plastic). 
The concentration of fluoxetine loaded onto the microplastics was 
chosen based on the results of the adsorption isotherms to ensure the 
saturation of the particles with fluoxetine. Particles of PP showed a 
greater adsorption capacity for fluoxetine when compared to PA and 
PVC. Therefore, a greater concentration of fluoxetine was used to 
saturate the particles of PP compared to PA and PVC. The fluoxetine- 
loading of the microplastics and the control were horizontally shaken 
at 200 rpm and 25 ◦C using a MaxQ 6000 orbital shaker (Thermofisher 
scientific, UK) for 24 h. After 24 h, the microplastics were filtered using 
a GF/F filter (Fisher scientific, UK). The microplastic control was treated 
exactly as the 100 µg mL− 1 plastic fluoxetine-loaded microplastic 
treatment.

The software ImageJ (National Institutes of Health, US) was used to 
measure the neonates and to add a reference scale in the pictures. See 
Supplementary information (S1.4) for more information about the im-
ages captured from the neonates throughout the investigation.

Table 1 
Details of the virgin microplastics used in all evaluations, including chemical structure, glass transition temperature (Tg) and degree of crystallinity (XC) measured by 
the differential scanning calorimetry (DSC) analysis, N2 adsorption-desorption surface area (SBET), particle size distribution and median particle size (D50) measured 
by laser diffraction particle size analysis. For more details see [20,21]. Note: there was no visual differences between the virgin and aged microplastics, therefore only 
the virgin scanning electron microscopy of the microplastics are shown.

α Polyamide 6 (nylon 6).
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2.5. Adsorption/desorption kinetics and isotherm of fluoxetine on/from 
virgin and aged polypropylene, polyamide, and polyvinyl chloride

Adsorption/desorption kinetics and isotherms of fluoxetine for virgin 
and aged particles of PP, PA, and PVC were performed under the same 
conditions [20]. For both, samples were continuously horizontally 
agitated on a MaxQ 6000 orbital shaker (Thermo Scientific, UK) at 
200 rpm and 25 ◦C in the dark. The adsorption kinetics and isotherms 
were performed in conical flasks (50 mL), containing either 50 mg of 
microplastics or no microplastics (control) in 25 mL of AFW+ 0.02 % 
w/v NaN3 (equivalent to 2 g L− 1 microparticles). The desorption ki-
netics and isotherms were performed straight after the adsorption ki-
netics and isotherm evaluation. The samples used for the adsorption 
experiments were filtered using 47 mm GF/F filters (Fisher scientific, 
UK), folded and placed in an empty conical flask. Although the control 
did not contain microplastics, the control solution with fluoxetine was 
also filtered to evaluate whether fluoxetine was adsorbed by the filter, 
potentially impacting the desorption results. As in the adsorption eval-
uation, the filter either without (control) or with microplastics was 
placed into a 50 mL conical flask which was filled with 25 mL AFW 
+ 0.02 % w/v NaN3 (2 g L− 1). Samples (200 µL) were removed and 
filtered using a microcentrifuge tube filter (2 mL spin-X tubes made of 
PP, cellulose acetate filter, 0.22 µm pore size, Corning USA). The filtered 
samples (100 µL) were then analysed by high-performance liquid chro-
matography (HPLC) with photodiode array (PDA) detection. All samples 
(prior to filtration and filtered samples) were removed using a microlitre 
glass syringe (250 µL) with a stainless-steel needle (Hamilton, UK) to 
avoid contact of the fluoxetine solution with laboratory plastics. 
Throughout the investigation, contact with laboratory plastics was 
eliminated except for the microcentrifugation filtration device which 
could not be avoided. All treatments and controls were conducted in 
triplicate.

For the kinetics evaluation, fluoxetine (50 µg mL− 1) was placed in 
contact with virgin and aged PP. For virgin and aged PA and PVC, the 
initial concentration of fluoxetine was 5 µg mL− 1. Different concentra-
tions were used because of the greater adsorption of fluoxetine by PP 
previously determined [20] compared to PA and PVC. Samples of the 
control solution (without microplastics) or the test solution with 
microplastics were taken at 0.5, 1, 2, 4, 6, 10, 24, and 48 h contact. 
Controls containing fluoxetine without microplastic particles was also 
prepared and analysed at each sampling point. After 48 h, the solution 
containing microplastics was filtered using a GF/F filter (Fisher scien-
tific, UK) to recover the fluoxetine-loaded microplastics and placed in 
fresh media. Samples of the control solution (filter without micro-
plastics) or the test solution with microplastics were taken at 0.5, 1, 2, 4, 
6, 10, 24, and 48 h contact (Fig. S8). The experimental data was applied 

to pseudo-first order, pseudo-second order and intraparticle diffusion to 
evaluate the diffusion rates (Table S1).

For the isotherm determination, fluoxetine at initial concentrations 
of 1.0, 2.5, 5.0, 10.0, and 15.0 µg mL− 1 were placed in contact with 
virgin and aged particles of PA and PVC. Due to the adsorption potential 
of PP [20], fluoxetine at initial concentrations 15, 25, 50, 75, and 
100 µg mL− 1 were placed in contact with virgin and aged particles of PP 
(2 g L− 1 microparticles). After 24 h contact, the equilibrium time ac-
cording to the kinetics results, the fluoxetine concentration was evalu-
ated in the samples, the solution containing microplastics was therefore 
filtered using a GF/F filter (Fisher scientific, UK) to recover the 
fluoxetine-loaded microplastics and placed in fresh media. After 24 h, 
the concentration of fluoxetine was evaluated in the samples (Fig. S8). 
The experimental data was applied to Freundlich, Langmuir, and Linear 
models to evaluate the mechanism of interaction (Table S2).

In the current study, the concentration of fluoxetine in the solution 
was measured by HPLC-PDA. See Supplementary information for more 
details of the fluoxetine analysis (S1.1). Controls revealed that the loss of 
fluoxetine through this step was approximately 11 ± 4 %. The limit of 
detection and limit of quantification of fluoxetine using the method 
described in the Supplementary information (S1.1) was 0.01 μg mL− 1 

and 0.05 μg mL− 1, respectively.

3. Results and discussion

3.1. Effect of fluoxetine-loaded microplastics on the survival of D. magna 
neonates

The acute toxic effects of fluoxetine loaded onto virgin and artifi-
cially aged microplastics (PP, PA, or PVC) on D. magna neonates was 
evaluated. Results indicated that microplastics can both be a vector or a 
sink for micropollutants such as fluoxetine depending on the micro-
plastic type and whether or not the plastics has been weathered. The 
mortality of the neonates exposed to fluoxetine-loaded microplastics 
was variable. Immobilised neonates (neonates that could not actively 
swim) were designated as being ‘dead’. All six microplastic types (PP, 
PA, or PVC, virgin or aged) that had been pre-exposed to fluoxetine 
showed toxic effects to the D. magna neonates, dominated by the virgin 
particles (Fig. 2). On the other hand, those exposed to the microplastic 
itself did not show significant (p > 0.05) mortality of D. magna neonates.

Fluoxetine when loaded on microplastics appeared to have a delayed 
effect on the toxicity being evidenced by the death of an increased 
number of neonates (e.g., Fig. 2C) compared to when neonates were 
exposed to fluoxetine in solution (fluoxetine control). For both fluoxe-
tine controls (1 µg mL− 1), the same number of D. magna neonates were 
‘dead’ after 24 h and 48 h exposure to fluoxetine (Fig. 2A and B-F). 

Fig. 1. Three controls and two treatments were evaluated, a) protocol control (media only), b) fluoxetine control (fluoxetine, 1 µg mL− 1), microplastic control 
(100 µg mL− 1 plastic), fluoxetine-loaded microplastics (50 µg mL− 1 plastic, fluoxetine-loaded plastic 1) and fluoxetine-loaded microplastics (100 µg mL− 1 plastic, 
fluoxetine-loaded plastic 2). For fluoxetine-loaded plastic 1 and 2, fluoxetine was loaded onto virgin PP (37 µg mg− 1 adsorbed), aged PP (35 µg mg− 1 adsorbed), 
virgin PA (3.5 µg mg− 1 adsorbed), aged PA (4.5 µg mg− 1 adsorbed), virgin PVC (3.3 µg mg− 1 adsorbed), and aged PVC (4 µg mg− 1 adsorbed). White dots: micro-
plastics not exposed to fluoxetine. Red dots: fluoxetine-loaded microplastics.
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Fig. 2. Summary of the average number of ‘dead’ D. magna neonates across the 4 vials (5 neonates in each vial, totalling 20 neonates per procedure) after 24 h and 
48 h. Total number of ‘dead’ organisms out of twenty is presented on the top of the bars. *significant difference between the treatment and the control, t-test 
p < 0.05. n = 4, errors bars = 1 standard deviation (SD). Note: the current study was performed in two batches. The first batch evaluated the survival of D. magna 
exposed to fluoxetine-loaded virgin PP (A) while the second batch investigated the survival of D. magna exposed to fluoxetine-loaded aged PP (B), virgin PA (C), aged 
PA (D), virgin PVC (E), and aged PVC (F).
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However, when the fluoxetine was loaded onto microplastics, a greater 
mortality was generally observed after 48 h when compared to 24 h 
exposure to the loaded particles. The delay in toxicity may occur 
because fluoxetine-loaded microplastics must be ingested, followed by 
chemical desorption and transport to the site of action. Alternatively, the 
toxicity could result from fluoxetine desorbing into the surrounding 
water and being directly absorbed by the neonates. Virgin loaded par-
ticles showed greater effects on the organisms compared to the artifi-
cially aged, loaded particles. Statistical analysis (student’s t-test) showed 
that there was no significant difference between the mortality of 
fluoxetine-loaded virgin PP (p = 0.09, 50 and 100 µg mL− 1 plastic, 
Fig. 2A), virgin PA (p = 0.41, 50 µg mL− 1 plastic, Fig. 2C) and virgin 
PVC (p = 0.06, 100 µg mL− 1 plastic, Fig. 2E) and mortality of neonates 
in their respective fluoxetine control. Therefore, this implies that 
fluoxetine in solution at the concentration used in this investigation is as 
toxic as fluoxetine-loaded onto the ingested microplastics. Virgin 
fluoxetine-loaded PP particles (6 out of 20 for the 100 µg mL− 1 

fluoxetine-loaded microplastics; Fig. 2A) and virgin fluoxetine-loaded 
PA (8 out of 20 for the 50 µg mL− 1 fluoxetine-loaded microplastic; 
Fig. 2C) showed a significant (p < 0.05) toxic effect to D. magna when 
compared to the protocol control (media only). That means that, in this 
investigation, the lower concentrations of virgin PA fluoxetine-loaded 
microplastics were more toxic to D. magna than the higher concentra-
tions (Fig. 2C). Microscopic analysis of the neonates after 48 h exposure 
showed that a lower concentration of microplastics did not result in a 
lower ingestion of the microplastics by the organism (Fig. 3), excluding a 
feed-load effect on D. magna. Since both microplastic concentrations (50 
and 100 µg mL− 1) had the same amount of fluoxetine adsorbed onto the 
particles, the microplastic concentration investigated was not a factor 
regarding the toxicity of fluoxetine-loaded PA. A marked mortality (7 
out of 20 neonates) was observed after 48 h exposure to virgin PVC 
loaded with fluoxetine. However, the number of ‘dead’ organisms was 
not significantly different from the microplastic control (p = 0.24) 
which in this particular case showed the highest mortality of all the 
microplastic controls (Fig. 2E). Indeed, the microplastic controls for 
PVC, both virgin and aged (Fig. 2 E and F respectively), contrasted with 
the controls for the other plastics, whether they were virgin or aged. 
Although both the loaded concentration and the microplastic concen-
tration used in this study were not environmentally relevant, the toxicity 
of fluoxetine-loaded microplastics presented in the current study is 
particularly worrisome. Especially when considering the comparatively 
short period of time demonstrated for toxic effects to occur compared to 
the average reported life span for D. magna of 10–30 days (or even up to 
100 days in a predator-free environment). Furthermore, D. magna is at a 
low trophic level in the food-web, and studies [1,24] have found that 
microplastics can transfer through a food-web. In a study conducted by 
Bao et al. [25], the shape of the microplastics and the polymer type were 
the main factors influencing the toxicity of the microplastics on aquatic 
organisms. The aging of microplastics, on the other hand, showed varied 
toxicity according to organism. In this study, the virgin PVC consisted of 
cylindrical beads (Table 1) which contrasts markedly with the other two 
plastics (Table 1). Virgin PVC was also the only amorphous polymer, the 
other two were classified as glassy. Whether or not these aspects of the 
polymer are relevant to the results will require further study.

During the loading of microplastics with fluoxetine, greater amounts 
of fluoxetine were adsorbed onto virgin PP (74 µg mL− 1) compared to 
virgin PA (7 µg mL− 1) and virgin PVC (6.5 µg mL− 1, Table 2). PP ex-
hibits a greater adsorption capacity (Fig. 4A, [20]), which meant that in 
the experimental design PP was exposed to a greater fluoxetine con-
centration (100 µg mL− 1) relative to PA and PVC (15 µg mL− 1). This 
means that fluoxetine might be more available when adsorbed onto the 
glassy polymers like PA and PVC, than onto the rubbery polymers such 
as PP (Table 1). Similarly, differential fluoxetine desorption was 
observed when comparing virgin with aged particles for all three 
microplastics investigated (Table 2). The three aged microplastic types 
showed greater aggregation of the particles before and during the 

exposure to D. magna. This might further indicate that fluoxetine 
adsorbed onto the aged particles is less available relative to the virgin 
particles. This does not mean that aged particles are not harmful to 
wildlife. Aged microplastics have been demonstrated to adsorb greater 
amounts of chemical pollutants than their virgin equivalent when 
co-occurring. Furthermore, aged particles adsorb hydrophilic com-
pounds along with hydrophobic compounds. Hydrophilic compounds 
might be more readily available in the dissolved form in water as against 
hydrophobic compounds which may be associated with organic mate-
rial. A study carried out by Wagstaff and Petrie [26] observed a similar 
exposure risk of fluoxetine desorption from PET microplastics 
(maximum size 300 µm) with temperatures equivalent to the internal 
temperatures of warm-blooded organisms (37 ◦C) over that of 
cold-blooded organisms such as D. magna. (20 ◦C) [26]. However, at the 
same time, greater fluoxetine desorption was observed in gastric fluid 
media compared to river water. The gut temperature of D. magna tends 
to closely match the surrounding water temperature and the pH of 
D. magna guts varies between 6.0 and 7.2 [27].

The concentration of fluoxetine in the solution containing fluoxetine- 
loaded microplastics was determined to evaluate the amount of fluox-
etine desorbed from the microplastics, which can also affect the mor-
tality of the neonates. As expected, greater concentrations of fluoxetine 
were detected in the treatments from the higher concentration of 
microplastics. The greatest absolute desorption was observed for virgin 
particles of PP (0.41 ± 0.02 µg mL− 1) in the treatment with the higher 
microplastic concentration (100 µg mL− 1 microplastics), while the 
lowest desorption of fluoxetine from the particles was observed for aged 
PVC (0.06 ± 0.01 µg mL− 1) in the treatment with the lower microplastic 
concentration (50 µg mL− 1 microplastics, Table 2). However, consid-
ering the amount of fluoxetine adsorbed onto each of the microplastics 
and the plastic concentration in the treatment (50 or 100 µg mL− 1), 
proportionally, fluoxetine showed the lowest desorption when binding 
to PP (9–18 % desorption), while fluoxetine showed greatest desorption 
from PA (34–74 % desorption, Table S3). Furthermore, the concentra-
tion of fluoxetine detected in the two treatments containing fluoxetine- 
loaded microplastics was not directly proportional to the microplastic 
concentration in the treatment.

The absolute concentrations in the media of fluoxetine desorbed 
from the fluoxetine-loaded microplastics at the lower concentration 
(50 µg mL− 1 microplastics) were similar to that observed from the 
treatment at the higher microplastic concentration (100 µg mL− 1 

microplastics, Table 2). That means that, proportionally, fluoxetine 
desorbs more from the lower concentration of microplastics when 
compared to the higher concentration of microplastics (Table S3). 
Furthermore, no correlation was observed when comparing the mor-
tality of the neonates after 24 h or 48 h exposure with parameters such 
as the microplastic concentration, the concentration of fluoxetine 
adsorbed onto the microplastics, and the concentration of fluoxetine 
desorbed from the microplastics (Table S7). Interestedly, the absolute 
concentration of fluoxetine in solution for the aged PP (0.22 and 
0.33 µg mL− 1) was higher when compared to any desorbed concentra-
tion of fluoxetine from the PA and PVC (0.06–0.20 µg mL− 1, Table 2), 
yet no mortalities were recorded in the aged PP exposure (Fig. 2). On the 
other hand, the kinetic evaluation performed in the current study 
demonstrated that hardly any fluoxetine desorbs from PP (considered 
negligible) when compared to PA and PVC (Figs. 4 and 5). That means 
fluoxetine might be more strongly bound to PP when compared to PA 
and PVC which is not affected when ingested by the neonates. 
Furthermore, this finding might indicate that the fluoxetine adsorbed 
onto microplastics allied to the ingestion of microplastics are the pri-
mary driver of mortality of neonates. This highlights the complexity of 
the availability of micropollutants adsorbed onto the microplastics. In 
the current study, availability refers to the micropollutant desorbed 
from the microplastics, which is readily available when exposed to 
wildlife either by contact or ingestion. There are several factors that can 
influence the observed concentration of fluoxetine in the media, even if 
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Fig. 3. D. magna neonates after 48 h exposure to: microplastic control (100 µg mL− 1 microplastics, left, A – P), fluoxetine-loaded microplastics (50 µg mL− 1, middle, 
B - Q), and fluoxetine-loaded microplastics (100 µg mL− 1, right, C - R). The microplastics tested were virgin and aged polypropylene (PP), polyamide (PA), and 
polyvinyl chloride (PVC). The arrows point to microplastics in the gut of the neonates. Magnification 45x. Neither microplastics nor any particles were observed in 
the guts of the organisms from the protocol control (media only) or from the fluoxetine control (Fig. S9).
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the microplastic concentrations are different. Some of these factors are 
the aggregation, floating and settling of the microplastics that can in-
fluence the surface contact with water, thus allowing for more or less 
desorption to occur. For all treatments containing fluoxetine-loaded 
microplastics, the concentration of fluoxetine desorbed from the 
microplastics was lower when compared to the fluoxetine control con-
centration (1 µg mL− 1). Microplastics were detected in the gut of the 
D. magna neonates in the treatments containing fluoxetine-loaded 
microplastics. That means that the presence of fluoxetine in the solu-
tion did not stop the organism from ingesting the microplastics loaded 
with fluoxetine.

3.2. Evaluation of the survival rates of D. magna neonates in the controls

In order to compare the toxicity of fluoxetine when in solution to 
when loaded onto the microplastics, a fluoxetine control (reported EC50: 
1 µg mL− 1, [23]) was included in the experimental design. A protocol 
control and a fluoxetine control were performed along with two con-
centrations of fluoxetine-loaded microplastics. Two separate in-
vestigations were conducted. The first investigated the toxicity of 
fluoxetine in the presence of virgin PP. Five of 20 D. magna neonates 
died when exposed to fluoxetine in solution (1 µg mL− 1; Fig. 2A) for 
24 h. The second investigation evaluated the toxicity of 
fluoxetine-loaded onto aged PP, virgin and aged PA and virgin and aged 
PVC, the potential toxicity of the microplastics and the potential toxicity 
of fluoxetine (1 µg mL− 1; Fig. 2B–F). On this occasion, 13 neonate 
mortalities were observed after 24 h when exposed to fluoxetine 
(1 µg mL− 1; Fig. 2B–F) for 48 h. For both investigations, only a single 
organism (1 out of 20) died in the protocol control (media only, no 
fluoxetine or microplastics). This occurred in the first 24 h (Fig. 2A–F) of 
the experiment. It should be noted that in the protocol control and the 
fluoxetine control, there were no further deaths between 24 and 
48 hours. Brooks et al. [23] reported 0.82 µg mL− 1 as half effective 
concentration (EC50) of fluoxetine on D. magna, which is consistent with 
the mortality of the D. magna neonates in the fluoxetine control in the 
second investigation (65 % mortality). The reported EC50 values of 
D. magna neonates exposed to fluoxetine in solution varies in the liter-
ature, for instance, another study showed an acute toxic effect (48 h) of 
fluoxetine to D. magna neonates at approximately 10-fold greater 
fluoxetine concentrations when compared to Brooks et al. [23]. Varano, 
Fabbri and Pasteris [28] observed an acute toxic effect of fluoxetine to 
D. magna neonates between 6.4 and 9.1 µg mL− 1 and demonstrated a 
chronic effect (21 days) at a concentration of 0.23 µg mL− 1. The 
different EC50 values reported in the literature and the different mor-
tality observed between the two investigations when D. magna neonates 
were exposed to identical fluoxetine concentrations, under the identical 
conditions, could result from changes to the protocol between the 

different studies reported in the literature.
The ingestion of microplastics was observed in all experiments where 

they were included (Fig. 3A–R). This includes the microplastic control 
(100 µg mL− 1 microplastics) and the fluoxetine-loaded microplastics at 
two plastic concentrations (50 µg mL− 1 and 100 µg mL− 1 microplastics). 
No apparent correlation was observed, through visual analysis, of the 
amount ingested by D. magna neonates and the concentration of 
microplastics in the solution (50 and 100 µg mL− 1 microplastics, Fig. 3). 
Likewise, after visual inspection, no clear association was observed be-
tween the size of the particles (PVC < PP < PA size, Table 1) and the 
amount ingest by the neonates. The size of the microplastics did not 
show a correlation with the mortality of the neonates after 24 h expo-
sure (r = -0.41) nor after 48 h exposure (r = -0.27, Table S7). However, 
the D. magna neonates appear to ingest the lowest amounts of micro-
plastics when exposed to the lower plastic concentration of fluoxetine- 
loaded, aged PA (50 µg mL− 1 microplastics, Fig. 3). The decreased 
ingestion might be due to aggregation of aged PA after the aging process 
(Table 1), which led to settling of the particles and presence of large PA 
agglomerates that could not be ingested by D. magna neonates.

Furthermore, no correlation was observed between the density of the 
microplastics and both the ingestion of the microplastics and the mor-
tality of the neonates (Table S7). According to visual analysis of 
microplastic buoyancy, PP tended to both float on the top of, and 
disperse in, the water column, while virgin PA was completely dispersed 
in the water column. The aggregated particles of PA, however, sank to 
the bottom of the experimental vials. Likewise, PVC particles appeared 
to both sink and disperse in the water column. Among the microplastics 
investigated in the absence of fluoxetine, the neonates showed greatest 
mortality when exposed to either virgin PVC particles (four out of 20, 
48 h) or aged PVC particles (three out of 20, 48 h; Fig. 2E and F 
respectively). None of microplastic types themselves show significant 
(p > 0.05) toxic effects on the neonates when compared to the protocol 
control. However, it is possible that the effect of PVC has been increased 
by the presence of fluoxetine (Fig. 2E). Previous studies have shown that 
microplastics within the size range 0.020 - 5.0 µm are commonly 
ingested by D. magna, as they represent a similar size range to their 
common algal food sources [6]. In a study conducted by An et al. [12], 
polyethylene (PE) fragments (approximately 17 µm and 35 µm) exhibi-
ted chronic toxicity to D. magna after 21 days exposure. While, Canniff 
and Hoang [13] showed that despite D. magna were able to ingest PE 
microbeads ranging in size from 63 to 75 μm, and there was no effect on 
survival and reproduction after 5 days. Schwarzer et al. [29] concluded 
that observed changes such as food uptake, mobility, and survival, were 
induced by microplastic ingestion and not merely by food depletion. The 
leachate of chemicals from microplastics can be a factor in the observed 
effects of microplastic on D. magna [30]. The impact of leachate from the 
particles is likely not relevant to the current study because the 

Table 2 
Summary of the concentration and percentage adsorbed and desorbed onto and from microplastics exposed to D. magna neonates according to the microplastic type, 
microplastic weathering, and the plastic concentration. Note: the concentration of fluoxetine was evaluated in the treatments containing D. magna neonates at the end 
of the experiment after evaluation of the mortality numbers. n = 4, average ± standard deviation (SD).

Plastic Weathering Fluoxetine initial 
concentration (µg mL¡1)

Concentration adsorbed onto 
microplastics 
(µg mL¡1)

Plastic concentration 
(g L¡1)

Concentration in the media of fluoxetine desorbed 
from microplastics (µg mL¡1)

PP Virgin 100 74.41 ± 0.5 (74 %) 50 0.34 ± 0.02
100 0.41 ± 0.02

Aged 67.95 ± 2.56 (68 %) 50 0.22 ± 0.02
100 0.33 ± 0.01

PA Virgin 15 6.92 ± 0.43 (46 %) 50 0.13 ± 0.01
100 0.20 ± 0.01

Aged 9.06 ± 0.56 (60 %) 50 0.11 ± 0.01
100 0.15 ± 0.01

PVC Virgin 6.55 ± 0.39 (44 %) 50 0.07 ± 0.01
100 0.08 ± 0.001

Aged 8.00 ± 0.37 (53 %) 50 0.06 ± 0.01
100 0.07 ± 0.01
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microplastics were previously exposed to the media, both with and 
without fluoxetine (see Section 2.5), which may have acted as a cleaning 
process. Specifically, the control microplastics and the microplastics 
loaded with fluoxetine were shaken in the media, without and with 
fluoxetine, respectively, for 24 hours before exposing them to the neo-
nates. This procedure is expected to remove any readily available 
chemicals on the commercial microplastics, such as plasticisers and 
grafting agents, which could potentially be toxic to D. magna.

3.3. Adsorption/desorption of fluoxetine onto/from microplastics

Fluoxetine was brought into contact with either virgin or aged PP, 
PA, or PVC, and adsorption/desorption kinetics when co-occurring with 
these microplastics was evaluated. The adsorption of fluoxetine onto the 
microplastics investigated followed the order (most to least adsorbed): 

PP > PVC > PA. Among the microplastics investigated, PP (whether 
virgin or aged) showed the greatest adsorption (qt ~ 20 µg mg− 1 aged 
and virgin particles; Fig. 4A), followed by aged PVC (qt(A) 1.72 µg mg− 1, 
Fig. 4H), virgin PVC (qt(A) 1.45 µg mg− 1), aged PA (qt(A) 1.39 µg mg− 1) 
and virgin PA (qt(A) 1.09 µg mg− 1, Fig. 4D) over 48 h of contact (Fig. 4). 
The results confirmed findings from our previous publication [20], when 
aged particles exhibited the highest adsorption, and PP demonstrated 
greater adsorption than the other six microplastic types. The difference 
on adsorption potential among weathering and type of microplastics has 
been widely reported in the scientific literature [31]. The adsorption of 
micropollutants onto microplastics is an important indication that 
plastic particles can act as a vector for pollutants facilitating entry to and 
passage through a food-web. However, the adsorption evaluation alone 
lacks the information regarding the impact of the adsorbed micro-
pollutants on aquatic life, especially when ingested. The adsorbed 

Fig. 4. Quantity of fluoxetine adsorbed (qt(A), left) and desorbed (qt(D), middle) onto/from microplastics over 48 h contact in artificial freshwater + 0.02 % (w/v) 
NaN3 at an initial fluoxetine concentration of PP: 50 µg mL− 1, PA and PVC: 5 µg mL− 1. Comparison between the amount adsorbed at equilibrium (qe) onto 
microplastics and the concentration desorbed at equilibrium (Ce) from the microplastics at the five different fluoxetine initial concentrations (PP: 15–100 µg mL− 1; 
PA and PVC: 1–15 µg mL− 1, right). The total amount adsorbed/desorbed onto/from microplastics was calculated using the Eq. (S1). n = 3, errors bars = 1 standard 
deviation (SD). The qt(A) and qt(D) were calculated using the Eqs. (S1) and (S2), respectively. Note: the negative values of qt(D) in the PP desorption samples are due to 
the detection of greater concentrations of fluoxetine in the control compared to the samples with microplastics. Note the different scale on the Y-axis for the PP 
adsorption plot compared to the PA and PVC adsorption plots. h, hour.

D.S. Moura et al.                                                                                                                                                                                                                               



Journal of Hazardous Materials 489 (2025) 137645

10

micropollutants might not be readily available when adsorbed onto the 
microplastics. In a similar vein, the desorption of fluoxetine from 
microplastics depended on the polymer type and condition (weathered 
or not) of the microplastics. The desorption of fluoxetine from PP was 
considered negligible for the methodology applied (artificial freshwater, 
25 ◦C, pH 7, against the conditions that might be experienced when the 
microplastics are ingested) for the adsorption/desorption kinetics and 
isotherm evaluation (Fig. 4B). The negligible desorption of fluoxetine 
from PP (Fig. 4A–C) is attributed to the higher concentration of fluox-
etine detected in the control samples when compared to the samples 
containing the filtered particles of PP (including the filter). The control 
samples for the desorption evaluation consisted of the control sample of 
the adsorption evaluation containing fluoxetine without microplastics 
that was filtered then the filter placed (without microplastics) in fresh 
media to assess any fluoxetine adsorption on the GF/F filter. It is 
important to point out that fluoxetine desorption from PP was observed 
in the toxicity investigation (Table 2). However, in this case, the filtered 
particles of fluoxetine-loaded PP (without the filter) were added into the 
fresh media. In the kinetics and isotherm evaluation, due to the potential 
interference of the fluoxetine loaded on the filter, the fluoxetine con-
centration in the samples with microplastics were lower when compared 
to the concentration detected in controls. The lack of desorption of 
fluoxetine from PP in the kinetics/desorption determination (Figs. 4 and 
5) and the discrete desorption in the toxicity evaluation (Table 2) under 
freshwater conditions (pH 7 at 25 ◦C) does not mean that 
fluoxetine-loaded PP is not toxic to wildlife. An example of this is the 
toxic effect of fluoxetine-loaded PP on D. magna after 48 h exposure 
(Fig. 2A). Desorption of fluoxetine was detected from both PA and PVC 
(Figs. 4E and 4H respectively). The artificially aged particles of PA and 
PVC adsorbed greater amounts of fluoxetine when compared to the 
virgin material. However, similar adsorption of fluoxetine was observed 
for virgin and aged PP. For both PA and PVC, greater amounts of 

fluoxetine desorbed from virgin microplastics compared to the aged 
particles (Figs. 4E and 4H respectively). In contrast, a study conducted 
by Wang et al. [32] showed that the desorption of bisphenol A from PP 
under ultrapure conditions (18 ◦C) greater than from PS and PA (PP > PS 
> PA). This difference may be attributed to variations in the adsorption 
mechanism of PP, likely caused by differences in the properties of the 
microplastics. Same microplastic types can have differences on their 
surface area and size, which impact on both their adsorption and 
desorption behaviour [33]. This highlights the importance of a detailed 
characterisation of microplastics for reliable data interpretation [21].

Fluoxetine readily adsorbed onto microplastics, especially micro-
plastics with a higher surface area e.g. PP (SBET 52.2 m2 g− 1) and PVC 
(SBET 4.3 m2 g− 1, Table 1). The large surface area of PP suggests that, in 
addition to electrostatic and hydrophobic interactions, pore filling is the 
primary adsorption mechanism involved in its interaction with fluoxe-
tine as observed by Moura et al. [20,34]. Similarly, the smaller particle 
size (D50 (1) 0.11 µm, D50 (2) 1.3 µm) and spongy surface morphology of 
PVC likely enhance its interaction with fluoxetine compared to the 
smooth surface morphology of PA particles (Table 1). Furthermore, the 
polar surface and higher specific surface area of PP and PVC improve 
their dispersion in the water column, which may explain why fluoxetine 
adsorption onto these virgin and aged microplastics quickly reaches a 
plateau (Fig. 4A and G). The majority of fluoxetine adsorbed onto virgin 
PP (83 ± 2 % at 30 min) and PVC (69 ± 2 % at 30 min) did so during 
the first 30 min of contact (Fig. 4). Likewise, within 30 min of contact, 
the aged particles of PP and PVC had adsorbed approximately 80 % of 
the available fluoxetine. Approximately 80 % of the fluoxetine desorbed 
from PA and PVC within 30 min when transferred to fresh media (Fig. 4E 
and H), reaching a plateau after 6 h. The maximum fluoxetine desorp-
tion was observed from virgin, PVC (qe 0.19 ± 0.02 µg mg− 1, Fig. 4H) 
followed by virgin PA (qe 0.17 ± 0.01 µg mg− 1, Fig. 2E). The adsorption 
of PA in contact with micropollutants is typically attributed to hydrogen 

Fig. 5. Application of the experimental adsorption/desorption data of virgin and artificially aged polypropylene (PP), polyamide (PA), and polyvinyl chloride (PVC) 
exposed to fluoxetine (PP: 15–100 μg mL− 1; PA and PVC: 1–15 μg mL− 1) to the linear forms of the linear, Freundlich, and Langmuir models. Experimental data (black 
circle) compared to the fitted curves of linear (blue dashed line), Freundlich (green dashed line), and Langmuir (red dashed line) models of adsorption/desorption 
equilibria of fluoxetine in solution onto/from virgin and artificially aged microplastics. The R2 that showed the greatest fit to the model is underlined. The equations 
are described in Table S1. Note: No desorption was observed from virgin PP and the majority of fluoxetine initial concentration (15, 25 and 50 μg mL− 1), therefore 
the experimental data could not be fitted to any isotherm model. n = 3, errors bars = 1 standard deviation (SD).
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bond which is considered a weaker interaction than electrostatic in-
teractions and pore filling [35]. The stronger nature of pore filling in-
teractions might be the reason for the negligible desorption of PP when 
compared to less porous microplastics (PVC and PA, Table 1). Further-
more, aging process results in changes in surface properties of micro-
plastics. This includes an increase in specific surface area and formation 
of surface functional groups. These can affect their adsorption behaviour 
and mechanism towards other pollutants [33]. In the current study, the 
aging of the microplastics, through light-stimulated photo- and 
thermal-oxidation led to a change of colour for the PVC and the for-
mation of carbonyl function groups for PP and PVC [20]. No increase on 
the surface area was observed (Table 1). Carbonyl functional groups 
contain a carbon which has a partial positive charge, while the oxygen 
has a partial negative charge. This can enhance the electrostatic in-
teractions with positively charged pollutant such as fluoxetine. How-
ever, the increased adsorption of fluoxetine on aged microplastics did 
not lead to either increased desorption or increased toxicity to D. magna.

For all three microplastic types investigated (PP, PA, and PVC), the 
adsorption data fitted the pseudo second order model (R2 > 0.999, 
Table S4). The data for the desorption of fluoxetine from PA and PVC 
also fitted the second order model (R2 > 0.99, Table S4). Fluoxetine has 
been shown to fit the second order model when desorbing from PET 
microparticles (maximum 300 µm) in river water at 20 ◦C. Furthermore, 
Wagstaff and Petrie [22] demonstrated that greater desorption of 
fluoxetine can occur in gastric fluid simulated media when compared to 
intestinal fluid and river water. As observed in the current study, Liu 
et al. [36] demonstrated that aging polystyrene (PS) microparticles (~ 
50 µm) suppressed the desorption of pharmaceuticals. According to the 
authors, the reason is that the aging of the microplastics decreases the 
hydrophobic and π-π interactions, but at the same time, increases the 
electrostatic interaction between aged microplastics and pharmaceuti-
cals, which were then less affected by the media components (gastro-
intestinal). The experimental data from this work and reported in the 
literature fitting the pseudo second order kinetics suggests chemical 
adsorption over a physical process (e.g., Van der Waals forces) domi-
nates the interactions between fluoxetine and the microplastics inves-
tigated [37]. In a study conducted by Wang and Wang [38], the 
adsorption of pyrene, a four fused-ring polycyclic aromatic hydrocarbon 
(PAH), onto PE, PS, and PVC also fitted the pseudo second order model. 
The same was observed when the antibiotic ofloxacin was in contact 
with PVC microparticles [39].

In the current study, isotherms were also determined to evaluate the 
adsorption mechanism of fluoxetine when in contact with PP, PA, and 
PVC. Results demonstrated that, again the isotherm model depends on 
the type and the weathering of the microplastics. For the three micro-
plastic types tested, the virgin and the artificially aged particles showed 
different fits to the isotherm models investigated. In general, the greater 
the amount adsorbed onto the microplastics, the greater the amount 
desorbed from the microplastics (Figs. 4F and 4I). A positive correlation 
(R2 0.7868) between the amount adsorbed onto the microplastics and 
the amount desorbed from the microplastics was observed when the 
data for PA and PVC were combined (Fig. S10). The Pearson correlation 
(r) also demonstrated a strong correlation (r > 0.7) between the amount 
of fluoxetine loaded onto the microplastics and fluoxetine desorbed from 
microplastics in the toxicity investigation (r = 0.89). Furthermore, a 
strong correlation was observed between the adsorption of fluoxetine 
onto microplastics and the microplastics surface area (SBET, r = 1), the 
degree of crystallinity (XC, r = 0.95), and the surface charge of the 
microplastics (ζ, r = 0.88, Table S5, microplastic characterisation data 
can be found in previous publications [20,21]). On the other hand, the 
amount desorbed from the microplastics showed a positive strong cor-
relation to the density (r = 0.79) of the microplastics and to their glass 
transition temperature (Tg, r = 0.89), while a strong negative correla-
tion (r < -0.7) was observed between the amount of desorption of 
fluoxetine from microplastics and the SBET of the microplastics (SBET, 
r = -0.9) and their surface charge (ζ, r = 0.75, Table S5). That means 

that although microplastics with great porosity and surface charge, such 
as PP and PVC, can adsorb greater amounts of co-occurring organic 
compounds, especially positively charged and hydrophobic compounds, 
these microplastics tend to desorb lower amounts of micropollutant 
when compared to low porosity and surface charge microplastics such as 
PA.

For the microplastics evaluated, none of the isotherms fitted a linear 
model. That means that ‘adsorption’ was the key mechanism regarding 
the interaction of fluoxetine with microplastics, and no ‘absorption’ was 
observed. The desorption of fluoxetine from the microplastics also var-
ied according to the type and weathering of the microplastics. However, 
in general, the desorption of fluoxetine fits a linear model (Fig. 5). Since 
no desorption was observed from virgin PP, the experimental data could 
not be fitted to any isotherm model. For PP and PVC, the Langmuir 
model showed the best fit to the experimental data for both the virgin 
(R2

PP 0.9983; R2
PVC 0.9935) and the aged particles (R2

PP 0.9801; R2
PVC 

0.9990; Fig. 5). That means that the aging of the particles did not alter 
the monolayer adsorption behaviour of fluoxetine onto PP and PVC. Like 
PP and PVC, the aging of PA did not modify the adsorption mechanism 
of fluoxetine in contact with PA. However, multilayer adsorption with 
intramolecular interaction of fluoxetine (Freundlich model) was the 
adsorption mechanism of PA (R2

Virgin 0.9979; R2
Aged 0.9866, Table S6). 

Intramolecular interactions are typically weaker than the interaction 
between pharmaceuticals such as fluoxetine when binding to micro-
plastics [31]. As a result, when intramolecular interactions dominate, 
greater desorption and, consequently, increased toxicity can be ex-
pected. However, the results in the current study showed similar toxicity 
for all microplastic types investigated on D. magna neonates, indepen-
dent of the mechanism of adsorption of the microplastics. For the 
desorption determination, the experimental data of PA fitted the linear 
model for both virgin and aged particles of PA (Table S6). For PVC, two 
different desorption mechanisms were observed when comparing virgin 
and aged particles. The desorption data of virgin PVC fitted to the 
Freundlich model (R2 0.9862), while the aged particles fit the linear 
model (R2 0.9943, Fig. 5, Table S6).

4. Conclusions

The acute effect of fluoxetine loaded onto microplastics on D. magna 
neonate’s motility and survival was evaluated. Further, the availability 
of fluoxetine adsorbed onto three virgin and artificially aged micro-
plastics (PP, PA, and PVC) in freshwater was investigated. In the current 
study, the microplastic type and weathering of the particles were the key 
factors affecting the availability and acute toxicity of fluoxetine-loaded 
microplastics. The toxicity test highlights the complexity of the inter-
action of micropollutant-loaded microplastics when ingested by aquatic 
organisms. Although, results indicated that PP might be a sink for 
fluoxetine with a negligible desorption, all three microplastic types 
investigated when loaded with fluoxetine, including PP, had a negative 
impact on the D. magna neonate survival, particularly in the case of the 
virgin particles. The adsorption of a micropollutant onto microplastics 
can give insights on their toxicity. However, the findings of this study 
demonstrated that adsorption alone might not represent the true toxicity 
micropollutant-loaded microplastics aquatic organisms such as 
D. magna. The artificially aged microplastics showed greater adsorption 
of fluoxetine, however virgin microplastics demonstrated a greater 
toxicity when exposed to D. magna. Furthermore, PP demonstrated 
approximately 10-fold greater adsorption of fluoxetine when compared 
to PA and PVC, while the fluoxetine-loaded PP showed a similar toxicity 
to the neonates as the two other polymers when loaded with fluoxetine. 
This study has demonstrated that the ingestion of microplastics loaded 
with micropollutants is a route for micropollutants into the food-web 
resulting in potentially hazardous effects to wildlife. For future 
research, examining biochemical indices like enzymatic activity and 
metabolomics in D. magna neonates exposed to micropollutant-loaded 
microplastics will enhance the understanding of disruptions in key 
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biological pathways, such as oxidative stress and metabolism.

Environmental implication

The ingestion of microplastics by aquatic organisms is a reality. 
However, the effects of ingesting microplastics, especially those loaded 
with contaminants, are poorly understood. This study shows that 
fluoxetine, a widely prescribed antidepressant, not only accumulates 
onto the surface of the types of microplastics found in the aquatic 
environment, but also desorbs from these microplastics and is available 
under freshwater conditions. More concerning is that fluoxetine-loaded 
microplastics result in toxic affects when consumed by D. magna, a water 
quality indicator organism.
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S1 Material and methods  28 

S1.1 Quantification of fluoxetine in the solution  29 

Analysis of the pharmaceuticals was performed using high performance liquid 30 

chromatography (HPLC; Waters Corporation, UK). The equipment included a solvent 31 

delivery system (Alliance 2695) with detection by photodiode array (PDA, Alliance 2996). The 32 

PDA scanning wavelength was set from 200 to 400 nm. Separation of fluoxetine was 33 

achieved using a Symmetry dC18 column (2.1 mm internal diameter x 150 mm; 5 µm 34 

particles size) which was maintained at 40 °C. The mobile phases were ultra-pure water 35 

(18.2 MΩ) (A) and acetonitrile (B) each containing 0.05% (v/v) trifluoroacetic acid (TFA; 36 

Fisher Scientific UK Ltd, UK). The flow rate was 0.3 mL min-1. A linear gradient was used for 37 

the separation of fluoxetine. Initial mobile phase composition of 90 % (A) was reduced to 20 38 

% (A) over 21 min. A step gradient was used to reduce from 20 % (A) to 0 % (A). This was 39 

maintained for 5 min before returning to the starting conditions. Re-equilibration of the 40 

column was achieved by further elution of the column for 9 min prior to the next injection. The 41 

total run time was 35 min, and the injection volume was 35 μL. The peak for fluoxetine (227 42 

nm) was measured according to the maximum absorbance for this compound based on its 43 

UV absorption spectrum. The limit of detection and limit of quantification of fluoxetine using 44 

this method was 0.01 μg mL−1 and 0.05 μg mL−1, respectively. 45 

The concentration of fluoxetine was measured:  46 

(1) in the fluoxetine solution prepared to load microplastics and in the solution containing 47 

fluoxetine placed in contact with microplastics (2 g L-1 plastics) after 24 h contact to evaluate 48 

the concentration of fluoxetine adsorbed onto microplastics;  49 

(2) in the solution of fluoxetine control prior to experimentation and at the end of the 50 

experiment to evaluate potential fluoxetine degradation during the experiment; and  51 

(3) in the vials containing fluoxetine-loaded microplastics (50 and 100 μg mL-1) at the end of 52 

the experiment (48 h) to evaluate the concentration of fluoxetine in the media resulting from 53 

desorption from the fluoxetine-loaded microplastics. 54 



S1.2 Data analysis 55 

The amount of pharmaceutical adsorbed per unit mass of microplastic  56 

(µg mg-1), was estimated using equation S1: 57 

𝑞𝑞𝑡𝑡(𝐴𝐴)
∗ = �𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐(𝑡𝑡) − 𝐶𝐶(𝑡𝑡)�𝑉𝑉/𝑚𝑚                        (S1) 58 

 59 
The amount of pharmaceutical desorbed per unit mass of microplastic  60 

(µg mg-1), was estimated using equation S2: 61 

𝑞𝑞𝑡𝑡(𝐷𝐷)
∗ = �𝐶𝐶(𝑡𝑡) −  𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐(𝑡𝑡)�𝑉𝑉/𝑚𝑚                        (S2) 62 

where, 63 
- q(t) is the amount of pharmaceutical adsorbed/desorbed onto/from the microplastic (µg mg-1) at 64 

sampling time t 65 
- Cctrl(t) is the control solution concentration of the pharmaceutical (µg mL-1) at the sampling time 66 

t as determined by HPLC-PDA 67 
- C(t) is the sample solution concentration of the pharmaceutical (µg mL-1) at the sampling time t 68 

as determined by HPLC-PDA 69 
- m is the mass of plastic added to the Erlenmeyer flask (g) 70 
- V is the total volume of solution (L) in the Erlenmeyer flask 71 

 72 
Note: * Negative values were assigned a zero value. 73 
 74 

The percentage of pharmaceutical adsorbed at a specific sample time point (t) onto the 75 

microplastic was calculated using equation S3: 76 

%𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝑡𝑡) = ((𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐(𝑡𝑡) − 𝐶𝐶(𝑡𝑡))𝑥𝑥100)/𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐(𝑡𝑡)                                                (S3) 77 

where,  78 
- %Adsorbed(t) is the percent of pharmaceutical adsorbed onto the microplastic at sampling time 79 

t 80 
 81 

The amount of pharmaceutical adsorbed and desorbed per unit mass of microplastic (µg mg-82 

1) at equilibrium, was estimated using equation S4: 83 

 84 

𝑞𝑞𝑒𝑒 = �𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐(24 ℎ) − 𝐶𝐶𝑒𝑒�𝑉𝑉/𝑚𝑚                        (S4) 85 

 86 
where, 87 

- qe is the amount of pharmaceutical adsorbed/desorbed onto/from the microplastic (µg mg-1) at 88 
sampling time 24 h 89 

- Cctrl(24h) is the control solution concentration of the pharmaceutical (µg mL-1) at the sampling 90 
time 24 h as determined by HPLC-PDA 91 



- Ce is the sample solution concentration of the pharmaceutical (µg mL-1) at equilibrium which 92 
consisted of the sampling time 24 h as determined by HPLC-PDA 93 

- m is the mass of plastic added to the Erlenmeyer flask (mg) 94 
- V is the total volume of solution (mL) in the Erlenmeyer flask 95 

 96 

The kinetics experiments were conducted with an initial fluoxetine concentration of 5 µg mL-1, 97 

the experimental data were fitted to two widely accepted kinetic models: the pseudo-first 98 

order and pseudo-second order models (Table S1).  99 

 100 

Table S1: Kinetic models applied to the experimental data of fluoxetine with virgin and artificially aged 101 
particles of PP, PA, and PVC. 102 

Kinetics model Equation Linear form Plot 

Pseudo first order 𝐴𝐴𝑞𝑞𝑑𝑑
𝐴𝐴𝑑𝑑

= 𝐾𝐾1(𝑞𝑞𝑒𝑒 −  𝑞𝑞𝑡𝑡) log(𝑞𝑞𝑒𝑒 −  𝑞𝑞𝑡𝑡) = log 𝑞𝑞𝑒𝑒 −  
𝐾𝐾1

2.303
𝑑𝑑 log(𝑞𝑞𝑒𝑒 −  𝑞𝑞𝑡𝑡) 𝑣𝑣𝐴𝐴 𝑑𝑑 

Pseudo second order 𝐴𝐴𝑞𝑞𝑑𝑑
𝐴𝐴𝑑𝑑

= 𝐾𝐾2(𝑞𝑞𝑒𝑒 −  𝑞𝑞𝑡𝑡)2 
1
𝑞𝑞𝑡𝑡

=
1

𝐾𝐾2𝑞𝑞𝑒𝑒2
+  

1
𝑞𝑞𝑒𝑒
𝑑𝑑 

𝑑𝑑
𝑞𝑞𝑡𝑡

 𝑣𝑣𝐴𝐴 𝑑𝑑 

Interparticle diffusion 𝑞𝑞𝑑𝑑 =  𝐾𝐾𝑖𝑖𝑑𝑑1/2 + 𝐶𝐶 - 𝑞𝑞𝑡𝑡𝑣𝑣𝐴𝐴 𝑑𝑑0.5 

 103 

where,  104 
- qe is the amount of compound adsorbed per mass of adsorbent at equilibrium (µg mg-1) 105 
- qt is the amount of compound adsorbed per mass of adsorbent at time t (µg mg-1) 106 
- K1, K2, and Ki are the first order (L g-1), second order (L g-1), and intraparticle diffusion (µg g-1 107 

h-1/2) constant, respectively 108 
 109 

Adsorption/desorption isotherm models applied to the experimental data of fluoxetine with 110 

the virgin and artificially aged particles of PP, PA, and PVC are presented in the Table S2.  111 

 112 

 113 

Table S2: Adsorption isotherm models applied to the experimental data of virgin and artificially aged 114 
PP, PA, and PVC in contact with five different concentrations of fluoxetine (1-15 µg mL-1). 115 

Adsorption isotherm Equation Linear form Plot 
Freundlich model 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒𝑛𝑛 ; 𝑛𝑛 =  1

𝑛𝑛𝐹𝐹
 log 𝑞𝑞𝑒𝑒 = log𝐾𝐾𝐹𝐹 + 𝑛𝑛 log𝐶𝐶𝑒𝑒 log 𝑞𝑞𝑒𝑒  𝑣𝑣𝐴𝐴 log𝐶𝐶𝑒𝑒 

Langmuir model 𝑞𝑞𝑒𝑒 =  𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1+ 𝛼𝛼𝑙𝑙𝐶𝐶𝑒𝑒

 ; 𝑄𝑄𝑂𝑂 =  𝐾𝐾𝐿𝐿
𝛼𝛼𝐿𝐿

 𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

=  
𝛼𝛼𝐿𝐿
𝐾𝐾𝐿𝐿
𝐶𝐶𝑒𝑒 +  

1
𝐾𝐾𝐿𝐿

 
𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

 𝑣𝑣𝐴𝐴 𝐶𝐶𝑒𝑒 

Linear model 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑝𝑝𝐶𝐶𝑒𝑒 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑝𝑝+ 𝐶𝐶𝑒𝑒 𝑞𝑞𝑒𝑒  𝑣𝑣𝐴𝐴 𝐶𝐶𝑒𝑒 
 116 

where,  117 
- qe is the amount of compound adsorbed per mass of adsorbent at equilibrium (µg mg-1) 118 
- Ce is the residual adsorbate concentration in the solution at equilibrium (µg mL-1) determined 119 

by HPLC-PDA 120 
- KF and nF are the Freundlich constant (L g-1) and exponent, respectively 121 



- Q0 is the maximum adsorption capacity (µg mg-1) 122 
- αL is energy of adsorption (L g-1) 123 
- KL is Langmuir constant (L g-1) 124 
- Kp is Partition constant (L g-1) 125 

 126 

 127 

Student’s t-test was carried out to perform significance testing (Microsoft Excel). For all 128 

statistical tests, a significance level of 5% was set. A Pearson correlation matrix was 129 

performed to evaluate a correlation between variables of this study (Microsoft Excel; Table 130 

S3). A correlation coefficient (r) greater than 0.7 was considered a strong positive 131 

association, while a r lower than -0.7 was considered a strong negative association.  132 

 133 

S1.3 Ecotoxicity test experimental design 134 

To evaluate whether fluoxetine-loaded microplastics can act as a vector for fluoxetine into 135 

the food web, an ecotoxicity experiment with Daphnia magna neonates was performed using 136 

a Daphtoxkit F (Microbiotest, BE). The experimental media consisted of artificial freshwater 137 

(AFW), which was prepared with ultrapure water (18.2 MΩ) and the addition of CaCl2.2H2O 138 

(294 mg L-1), MgSO4.7H2O (123.25 mg L-1), NaHCO3 (64.75 mg L-1), and KCl (5.75 mg L-1) 139 

according to the kit manual. The pH of the media was determined as 8. The media was 140 

constantly sparged with sterile air for 15 min before use for both hatching the dormant eggs 141 

and to prepare the solutions used in this experiment. The ephippia were poured into a 142 

microsieve, rinsed with tap water, and transferred to a petri dish with 15 mL pre-aerated 143 

AFW. The covered petri dish was incubated for 72 h at 20 °C under continuous illumination 144 

of approximately 6,000 lux (Figure S1). To assure the light intensity, the cool white 145 

florescence lamp irradiation was measured using a StellarNet spectrometer (BLACK-Comet 146 

C-RS-50 model, USA, Figure S2).  147 

 148 



 149 
Figure S1: Hatching procedure for the Daphtoxkit (A) vial containing ephippia, (B) pouring ephippia 150 
into the microsieve, (C) rinsing the ephippia with tap water, (D) ephippia in 15 mL pre-aerated artificial 151 
freshwater pH 8, (E) hatching the ephippia for 72 h at 20 °C under 6,000 lux.  152 
 153 
 154 

 155 
Figure S2: Light spectrum and intensity of the light measured by the StellarNet which the D. magna 156 
ephippia were exposed to for 72 h at 20 °C during the hatching process.  157 
 158 

Two hours prior to collecting the neonates for the experiment, a suspension of spirulina was 159 

poured into the hatching petri dish (Figure S3 and Figure S4). This food uptake provides the 160 

neonates with an energetic reserve and precludes mortality by starvation (which would bias 161 

the test results) during the subsequent 48 h test exposure during which the organisms are 162 

not fed.  163 



 164 
Figure S3: Pre-feeding of the D. magna neonates, which consisted of a vial containing spirulina 165 
powder provided by Daphtoxkit that was dissolved in the media and poured into the hatching dish two 166 
hours prior to collecting the neonates. 167 
 168 

 169 
Figure S4: Hatched petri dish after 2 h pre-feeding with spirulina power. The arrows point to the 170 
neonates, the hatched ephippia, and the spirulina power (green). The blurriness of neonates was 171 
caused by the motility of the organisms.  172 
  173 

A polystyrene (PS) multiwell plate was provided by the supplier as a neonate incubator. 174 

However, as demonstrated by this study, fluoxetine can adsorb onto the surface of plastics, 175 

which can interfere with the fluoxetine concentrations throughout the experiment. For each 176 

treatment, instead of using a PS multiwell plate, the experimental incubator consisted of four 177 

20 mL glass vials, grouped in a 400 mL beaker covered with a PS petri dish lid to avoid cross 178 

contamination of potential volatile compounds during the experiment (Figure 5.6) and to limit 179 

evaporation. 180 



 181 
Figure S5: Adapted incubator used for each treatment consisting of four 20 mL vials grouped in a 400 182 
mL beaker covered with a polystyrene petri dish.   183 
 184 
 185 

S1.4 Visualisation of the neonates and capture of images  186 

A dissecting microscope (HWF 15x, Vickers instruments, UK) was used to facilitate:  187 

(1) transfer the neonates from the hatching petri dish to the rinse vial;  188 

(2) transfer the neonates from the rinse vial to the four experimental vials; and  189 

(3) counting the number of dead neonates after 24 h and 48 h exposure to the treatments 190 

(Figure S7).  191 

 192 

The neonates which were not able to swim after gentle agitation of the liquid for 15 seconds 193 

were considered immobilized, even if they could still move their antennae. To avoid repetition 194 

and extended phrases, both immobilised and dead neonates will be considered ‘dead’ in this 195 

chapter.  196 

 197 



  198 
Figure S6: Transfer of D. magna neonates to rinsing vials using a dissection microscope (left) and an 199 
image of a neonate at magnification 15x (right).   200 
 201 

 202 
After assessing the toxic response of the D. magna neonates after 48 h exposure, at least 203 

three organisms from different vials were collected using a Pasteur pipette and placed in a 204 

well plate (Thermofisher scientific, UK) to take the photographs (Figure S8). After placing the 205 

neonate in the well plate, the maximum possible amount of water was removed to immobilise 206 

the individual neonate prior to taking the photograph. From the three individuals, one was 207 

randomly selected as a representative for each of the treatments. The pictures of the D. 208 

magna neonates were taken using a stereo microscope (S1503 model, Sunny Instruments, 209 

Singapore) with a coupled camera (YenCam 16, Yenmay, China). 210 

  211 
Figure S7: Well plate (left) used to take the micrograph of the neonates after 48 h exposure to the 212 
experimental treatments. A single individual was placed in each well to take the micrograph (right). A 213 



black background was used for improved contrast with the white/clear microplastics ingested by the 214 
neonates. Magnification 10x (right).  215 
 216 

S1.5 Adsorption / desorption experimental design  217 

 218 
Figure S8: Adsorption / desorption experimental design of fluoxetine in contact with polypropylene (PP), 219 
polyamide (PA) and polyvinyl chloride (PVC). 220 
 221 
 222 
S2 Results 223 

As expected, neither microplastics nor any particles were observed in the guts of the 224 

organisms from the protocol control (media only) or from the fluoxetine control (Figure S8). 225 

Furthermore, after the 48 h of experiment, there were no remnants of spirulina in the gut of 226 

the neonates.  227 

 228 



 229 
Figure S9: D. magna neonates after 48 h in the media only (left) and in a solution containing 230 
fluoxetine at 1 µg mL-1 (right). The arrows point to the empty gut of the neonates. Magnification 45x. 231 
 232 
 233 

 234 
Figure S10: Comparison between the amount adsorbed at equilibrium (qe) onto microplastics and the 235 
concentration desorbed at equilibrium (Ce) from the microplastics at the five different fluoxetine initial 236 
concentrations (PP: 15-100 µg mL-1; PA and PVC: 1-15 µg mL-1). n=3, errors bars = 1 SD. Note: PP 237 
was not considered for the evaluation of the correlation between adsorption vs desorption since no 238 
desorption was observed.  239 

 240 
Table S3: Comparison between the fluoxetine concentration detected in the fluoxetine-loaded 241 
treatments of the toxicity tests with the predicted concentration considering the amount adsorbed onto 242 
microplastics was fully desorbed.   243 

Condition of 
plastic Plastic 

Plastic 
concentration 

(g L-1) 

Average 
amount 

adsorbed 
onto 

microplastics 
(µg mg-1) 

Average 
predicted 

concentratio
n in solution 

if 100% 
desorbed  
(ug mL-1) 

Average 
concentration 

detected in 
solution  
(ug mL-1) 

 Detected/ 
Predicted 

(%) 

Virgin PP 
50 37.20 1.86 0.34 18% 

100 37.20 3.72 0.41 11% 

Aged PP 
50 35.36 1.77 0.22 12% 

100 35.36 3.54 0.33 9% 



Virgin PA 
50 3.46 0.17 0.13 74% 

100 3.46 0.35 0.20 56% 

Aged PA 
50 4.53 0.23 0.11 47% 

100 4.53 0.45 0.15 34% 

Virgin PVC 
50 3.28 0.16 0.07 45% 

100 3.28 0.33 0.08 25% 

Aged PVC 
50 4.00 0.20 0.06 28% 

100 4.00 0.40 0.07 19% 
 244 
 245 

Table S4: Summary of the adsorption and desorption parameters of the pseudo first order and second 246 
order models. Desorption data was not obtained for PP as explained in the manuscript. 247 

Adsorption 
Kinetics model Plastic Parameters 

Pseudo first order k1 (h-1) qe (µg mg-1) R2 
  PPVIRGIN 0.0561 1.88 0.9095 
  PPAGED 0.0367 2.03 0.7049 
  PAVIRGIN 0.0529 0.59 0.8785 
  PAAGED 0.0313 0.51 0.7894 
  PVCVIRGIN 0.008 0.09 0.06867 
  PVCAGED 0.0051 0.05 0.01391 
Pseudo second order k2 (mg µg-1 h-1) qe (µg mg-1) R2 
  PPVIRGIN 0.0215 21.86 1 
  PPAGED 0.0166 21.63 0.9999 
  PAVIRGIN 0.0432 1.21 0.9992 
  PAAGED 0.0815 1.49 0.9995 
  PVCVIRGIN 6.6316 1.54 0.9999 

  PVCAGED -2.0863 1.83 0.9998 
Desorption 

Kinetics model Plastic Parameters 
Pseudo first order k1 (h-1) qe (µg mg-1) R2 
  PAVIRGIN -0.0071 0.024 0.01023 
  PAAGED -0.0044 0.031 0.00917 
  PVCVIRGIN -0.0058 0.045 0.08023 
  PVCAGED -0.0153 0.021 0.2023 
Pseudo second order k2 (mg µg-1 h-1) qe (µg mg-1) R2 
  PAVIRGIN -1.2940 0.17 0.9981 
  PAAGED -1.3345 0.08 0.9948 
  PVCVIRGIN -1.6178 0.18 0.9993 

  PVCAGED -1.5758 0.10 0.9952 
 248 

 249 



 250 

 251 

 252 

 253 

 254 



Table S5: Pearson correlation matrix of density of the microplastics compared to size of the microplastics, the plastic concentration, the amount of fluoxetine 255 
adsorbed onto the microplastics, the amount of fluoxetine desorbed from the microplastics, the mortality of the neonates after 24 and 48 h. A correlation 256 
coefficient (r) can vary between -1 (negative association) and 1 (positive association). The correlation coefficient (r) can vary between -1 (negative 257 
association) and 1 (positive association). A coefficient of < -0.7 (■, red), was considered a strong the negative association, meanwhile a coefficient of > 0.7 (■, 258 
green) was considered a strong positive association.  259 

  Density D50 SPSA SBET Tg XC ζ CI Adsorption (qt) Desorption (qt) 
Density 1          
D50 -0.12 1         
SPSA 0.55 -0.37 1        
SBET -0.84 -0.34 -0.27 1       
Tg 0.83 0.34 0.28 -1.00 1      
XC -0.97 -0.04 -0.47 0.94 -0.93 1     
ζ -0.61 0.13 -0.91 0.34 -0.34 0.53 1    
CI -0.87 -0.08 -0.64 0.85 -0.87 0.89 0.60 1   
Adsorption (qt) -0.86 -0.29 -0.31 1.00 -1.00 0.95 0.37 0.88 1  
Desorption (qt) 0.79 0.18 0.44 -0.90 0.89 -0.88 -0.51 -0.75 -0.90 1 

 260 
Table S6: Summary of the adsorption and desorption parameters of the linear, Freundlich, and Langmuir models. The parameters include the partition 261 
coefficient (Kp), Freundlich coefficient (KF), Freundlich exponent (1/n), Langmuir coefficient (KL), energy of adsorption (αL), maximum adsorption capacity (Q0), 262 
and the correlation coefficient (R2). 263 

Isotherm model Plastic 
Adsorption Desorption 
Parameters Parameters 

Linear   Kp (L g-1)     R2 Kp (L g-1)     R2 
  PPVIRGIN 11.93     0.7838         
  PPAGED 10.02     0.9033         

  PAVIRGIN 0.19     0.9897 -0.03     0.9981 

  PAAGED 0.8     0.9853 -0.03     0.9933 
  PVCVIRGIN 0.72     0.8909 -0.03     0.9926 

  PVCAGED 1.03     0.7113 -0.04     0.9943 
Freundlich   KF (L g-1) n   R2 KF (L g-1) n   R2 
  PPVIRGIN 13.15 0.4319   0.9386         



  PPAGED 13.18 0.4513   0.9670         
  PAVIRGIN 0.60 0.8516   0.9979 0.35 1.1218   0.9940 

  PAAGED 0.87 1.077   0.9866 0.33 1.264   0.9846 

  PVCVIRGIN 1.31 0.5271   0.9833 0.35 1.235   0.9962 
  PVCAGED 2.57 0.4759   0.9068 0.36 1.765   0.9786 
Langmuir   KL (L g-1) αL (L g-1) Q0 (µg mg-1) R2 KL (L g-1) αL (L g-1) Q0 (µg mg-1) R2 
  PPVIRGIN 25.85 0.02566 38.97 0.9983         
  PPAGED 25.50 0.02508 39.87 0.9801         
  PAVIRGIN 0.68 0.088 7.67 0.9854 0.24 -0.258 -0.92 0.7268 
  PAAGED 0.83 -0.024 -34.17 0.07533 0.2 -0.377 -0.52 0.6600 
  PVCVIRGIN 3.04 0.739 3.48 0.9935 0.23 -0.304 -0.75 0.6574 

  PVCAGED 6.69 1.996 3.35 0.9990 0.05 -0.843 -0.06 0.4447 
 264 

Table S7: Pearson correlation matrix of density of the microplastics compared to size of the microplastics, the plastic concentration, the amount of fluoxetine 265 
adsorbed onto the microplastics, the amount of fluoxetine desorbed from the microplastics, the mortality of the neonates after 24 and 48 h. A correlation 266 
coefficient (r) can vary between -1 (negative association) and 1 (positive association). The correlation coefficient (r) can vary between -1 (negative 267 
association) and 1 (positive association). A coefficient of < -0.7 (■, red), was considered a strong the negative association, meanwhile a coefficient of > 0.7 (■, 268 
green) was considered a strong positive association.  269 

  Density Size Plastic concentration Amount adsorbed Amount desorbed Mortality (24 h) Mortality (48 h) 
Density 1.00       
Size 0.01 1.00      
Plastic concentration 0.49 0.12 1.00     
Amount adsorbed -0.24 -0.16 -0.09 1.00    
Amount desorbed  -0.84 -0.20 -0.61 0.33 1.00   
Mortality (24 h) -0.39 -0.41 -0.50 -0.02 0.62 1.00  
Mortality (48 h) 0.08 -0.27 -0.21 -0.16 0.20 0.40 1.00 

 270 


	MOURA 2025 Toxic effects of fluoxetine (VOR)
	coversheet_template
	MOURA 2025 Toxic effects of fluoxetine (VOR)
	Toxic effects of fluoxetine-loaded onto virgin or aged polypropylene, polyamide and polyvinyl chloride microparticles on Da ...
	1 Introduction
	2 Materials and methods
	2.1 Microplastics
	2.2 Chemicals
	2.3 Toxicity test organisms and test parameters
	2.4 Experimental design of the toxicity test
	2.5 Adsorption/desorption kinetics and isotherm of fluoxetine on/from virgin and aged polypropylene, polyamide, and polyvin ...

	3 Results and discussion
	3.1 Effect of fluoxetine-loaded microplastics on the survival of D. magna neonates
	3.2 Evaluation of the survival rates of D. magna neonates in the controls
	3.3 Adsorption/desorption of fluoxetine onto/from microplastics

	4 Conclusions
	Environmental implication
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References



	MOURA 2025 Toxic effects of fluoxetine (AAM)
	coversheet_template
	MOURA 2025 Toxic effects of fluoxetine (SUPP MATS)
	S1.1 Quantification of fluoxetine in the solution
	S1.2 Data analysis
	S1.4 Visualisation of the neonates and capture of images
	S1.5 Adsorption / desorption experimental design






