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ARTICLE INFO ABSTRACT

Editor: Bernd Nowack

Micro and nanoplastics are ubiquitous and can lead to adverse biological effects in exposed organisms. Organ-
isms can also be co-exposed to plastics along with synthetic chemicals. In this work, using the NRC Zebrafish
Embryo Toxicity test, we evaluated the potential toxicity of different sized plastic particles, along with the effects
of combining them with the known toxicants, triphenyl phosphate, tetrabromobisphenol A and fluoxetine.
Following chemical/plastic exposure, morphological abnormalities and behaviour were recorded, along with the
chemical uptake of the toxicants by the larvae. The PS sphere particles used (0.42, 2.25 and 8.87 pm) exhibited
no significant effects on larvae at the environmental concentrations tested (0.05-50 pg/mL) including no changes
in larval behavioural activities. However, the presence of the micro/nanoplastic particles did increase the overt
toxicity of the chemicals by changing their ECso. Additionally, for all three chemicals, some plastic sizes
decreased larval behaviour during the baseline or first light-dark period. Plastic particles did not modify the
chemical uptake by the larvae. This suggests that enhanced toxicity caused by the plastics is not linked to changes
in chemical uptake, metabolism, or excretion as hypothesized. Additional studies are necessary to better un-
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derstand the role of plastic particles in a multiple stressor environment.

1. Introduction

Plastic pollution is recognized as a worldwide environmental issue
with small plastic particles, i.e. microplastics (< 5000 pm) and nano-
plastics (< 1 pm), being found in all ecosystems on Earth (Gigault et al.,
2018; Rochman and Hoellein, 2020). The increase in plastic production
since the 1950's (Geyer et al., 2017); along with recent modelling
studies; indicate the plastic quantities entering aquatic ecosystems will
continue to increase in the decades to come (Borrelle et al., 2020; Leb-
reton et al., 2019; Lebreton et al., 2018). In freshwater environments,
plastic concentrations found are usually in the 1-10 particles/L
(Morales-Espinoza et al., 2025) range while in contaminated area; such
as the Pearl River in China; concentrations can be as high as 1000 par-
ticles/L (Wang et al., 2025).

Aquatic organisms, including fish, are known to ingest plastic par-
ticles both in the laboratory (Thornton Hampton et al., 2022) and in the
wild (Gall and Thompson, 2015). Once ingested; microplastics can cause
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harm via abrasion; a false sense of satiation; growth reduction; and is-
sues with enzyme production or nutrient dilution (Wright et al., 2013).
For nanoplastics; once ingested; they can translocate into other organs;
as demonstrated using fish in vitro systems (Clark et al., 2023; Vagner
et al., 2022). The presence of nanoplastics in most organs of fish leads to
various deleterious effects such as altered behaviour including reduced
locomotion, vascular malformation and oxidative stress (Dai et al.,
2023; Levesque et al., 2025; Santos et al., 2024). Zebrafish (Danio rerio)
are widely used as a model for human diseases (Lam and Peterson, 2019)
and environmental toxicology (Pereira et al., 2019) and are one of the
main models used to study micro and nanoplastics (Bhagat et al., 2020).

In the environment, plastic particles are not the only anthropogenic
pollutant present. Other contaminants such as persistent organic pol-
lutants, pesticides, drugs and heavy metals co-occur with plastics in
aquatic ecosystems. Due to the high surface area and hydrophobic na-
ture of plastic particles, they are able to adsorb and act as carriers of
pollutants present in their surroundings (Bakir et al., 2014; Rochman
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et al., 2013). When ingested by organisms, contaminated plastic can
either act as a vector or a cleaning agent (Koelmans et al., 2016; Liu
et al., 2022) dependant on both the plastic type and chemical studied.
Furthermore, like in the environment, i.e. a multiple stressor scenario,
plastics and other pollutants can either have synergistic (Qiao et al.,
2019); antagonistic (Oliveira et al, 2018) or additive -effects
(Guilhermino et al., 2018; Ma et al.,, 2016) on aquatic organisms,
including fish. In order to further understand the interactions between
nanoplastics and microplastics with other pollutants in aquatic ecosys-
tems as an environmental impact assessment, it is necessary to continue
studying their interactive effects on organisms.

Using larval zebrafish as a model, this study tested the hypothesis
that plastic particles tested would change the toxicity profile of three
common organic pollutants found in the aquatic environment by
changing the uptake, excretion, or metabolism of these pollutants. To
test this hypothesis, tetrabromobisphenol A, triphenyl phosphate and
fluoxetine were chosen due to their widespread presence in the envi-
ronment and their potency to aquatic organisms (de Wit et al., 2010; Lai
et al., 2019; Mole and Brooks, 2019). In this work, we demonstrate that
while polystyrene particles affect the overt and behavioural toxicity of
the three chemicals, they do so in an uptake-independent manner.

2. Materials and methods
2.1. Materials and chemicals

Polystyrene particles were purchased from Spherotech (Lake Forest,
Illinois, USA) and suspensions were prepared at a concentration of 10%
w/v for 0.42 and 2.25 pm and 2.5% w/v for 8.87 pm particles. All in-
formation on particles size range, mean size and product number are
included in Table S1. 3,3,5,5-tetrabromobisphenol A (TBBPA), tri-
phenyl phosphate (TPP) and fluoxetine hydrochloride (FLU) used for
chemicals exposure were bought from Sigma-Aldrich (Oakville, Ontario,
Canada). Stock solutions for these suspensions were prepared in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Oakville, Ontario, Canada)
at 0.5% (v/v) and stored at 4 °C. Methanol (Optima™ LC/MS Grade),
used in chemicals extractions was purchased from Fisher Chemical
(Thermo Fisher Scientific, Waltham, MA, USA). Mobile phases used in
the LC-high-resolution mass spectrometry (LC-HRMS) were prepared
with deionized water obtained from a Milli-Q system and Optima LC/MS
grade acetonitrile (Fisher Chemical, Thermo Fisher Scientific, Waltham,
MS, USA). Product numbers for all chemicals listed here can be found in
Table S2.

2.2. Particle characterization

Particle characterization was done as described in Levesque et al.
(2025). Briefly, Dynamic Light Scattering (DLS) was used to determine
the average particle size and the zeta potential of samples, typically 100
X diluted in Millipore® water using a Zetasizer Nano-ZS (Malvern In-
struments, Malvern, UK). The DLS analyses were done in triplicate and
the average was reported (Table S3) and were used to estimate indi-
vidual particle mass and the number of particles per unit volume
equivalent to each exposure concentration (Table S4).

Scanning electron microscopy (SEM) analysis was performed on a
Hitachi S-3000 N SEM (Hitachi Scientific Instruments, Japan) using
secondary electron detector operating in high vacuum mode at 0° angle,
5-15 kV accelerating voltage and a 5-20 mm working distance
depending on the sample size. Prior to SEM analysis, 20 pL aliquots of as-
received samples were carefully deposited on a carbon double-side Pelco
12 mm diameter tabs (Ted Pella Inc.) and dried under vacuum. Finally,
the samples were sputtered with gold for 120 s using Cressington Model
108 Sputter Coater (Ted Pella Inc.) in order to prevent charging effects
and improve the resolution.

Particles sizes were measured using SEM images (Fig. S1) using GIMP
2.0 (version 2.10.32) to assess the size of the particles (Table S5 and
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Fig. S2) and estimate their mass and number per unit volume equivalent
to each exposure concentrations (Table S6).

To determine the plastic polymer of the used suspension using
Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR), all
plastic particle solutions were vortexed immediately before sampling
the suspensions. 20 pL ofsuspension was sampled three times. Each
suspension sample was placed on a previously Milli-Q water washed
aluminium foil. The aluminium foils were placed in a clean glass Petri
dish and dried in a 120 °C oven (Isotemp 500, Thermo Fisher Scientific,
Waltham, MA, USA) for 48 h to remove all water that would interfere
with the infrared spectra. A Nicolet iS10 (Thermo Fisher Scientific,
Waltham, MA, USA), equipped with a Smart iTX accessory and diamond
crystal were used for all ATR-FTIR sample analyses. 32 scans were
performed with 4 cm ! resolution per sample. Milli-Q water was used to
rinse the diamond ATR crystal then wiped with a Kimwipe before
recording the background. A background was recorded and subtracted
immediately before recording each sample spectra. No additional
background correction was performed. Infrared spectra of 0.42 pm, 2.25
pm, and 8.87 pm PS suspensions (Fig. S3 and Table S7) all appeared very
similar to each other. Every spectrum, including their replicates,
matched nearly perfectly with polystyrene in the Thermo Scientific™
OMNIC™ Specta Software library. Every sample spectrum recorded was
consistent with amorphous polystyrene. There was no noticeable surface
oxidation or unusual surface chemistry on the polystyrene particles.

2.3. Zebrafish husbandry

Zebrafish (Danio rerio) were housed as per Levesque et al. (2025); in
accordance with the Canadian Council on Animal Care guidelines
(Canadian Council on Animal Care, 2020) and standard animal care
protocols and were bred onsite. The AB/Tubingen zebrafish adults were
housed in a recirculating Tecniplast aquatic system (West Chester,
Pennsylvania, USA). The system maintained a constant temperature of
28.5 £ 1 °C and pH of 7.0-7.5 while the room had a 14:10 h light:dark
cycle. Following breeding of adult zebrafish, embryos were collected
and incubated (Fisherbrand Isotemp Model 146E, Fisher Scientific, New
Hampshire, USA) in E3 (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,-
2H50, 0.33 mM MgSO4-7H50) media at 28.5 °C until experimentation.
At 6 hpf (hours post fertilization), embryos were used for experimen-
tation in Zebrafish Embryo Toxicity (ZET) assays.

2.4. Zebrafish Embryo Toxicity (ZET) Assay

For the single substance exposures, fertilized zebrafish embryos were
collected at 6 + 0.5 hpf and were individually transferred in 270 pL of
HEPES-buffered E3 (HE3) media (5 mM NacCl, 0.17 mM KCI, 0.33 mM
CaClp-2H50, 0.33 mM MgSO4-7H20, 10 mM HEPES, pH 7.2) to wells of
a flat-bottomed 96-square well polystyrene plate (Cytiva, Vancouver,
British Colombia, Canada). Larvae were then inoculated with the sub-
stance of interest, here either plastics particles or chemicals, to a final
volume of 300 pL of HE3. Final concentrations used for nanoplastics and
microplastics ranged from 0.005 to 50 mg/L (0.005 to 50 ppm). These
concentrations of micro-nanoplastics are in line with environmental
concentrations (up to 563 pg/L in Swedish streams) (Materi¢ et al.,
2022) with the three highest concentrations being above environmental
concentrations. A recent work converting data units from particles/L to
mg/L (Zhang et al., 2025) demonstrated that very polluted areas could
be contaminated by concentrations in the order of magnitude of 1000
mg/L and below. Modelling work demonstrated that if a “business-as-
usual” scenario continues; plastic entering the environment will
continue to increase (Lau et al., 2020). Here the three highest concen-
trations while not detected to date in the environment, could represent
level of exposures in the next decades. Additionally, higher levels were
used here to observe some effects of the plastic particles and understand
their contribution to the observed toxicity. Chemical concentrations
used for FLU ranged from 1.4 to 43.4 uM, for TBBPA ranged from 0.1 to
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7.5 pM and for TPP ranged from 0.05 to 50 pM. Concentrations used for
the chemicals here are above environmental concentrations and were
used to detect effects.

For the mix substances (plastic+chemical) exposures, embryos were
collected and added to the 96-well plate in the same way as the single
substance exposure. Here, plastic concentration was kept constant at 50
mg/L while the concentrations of the chemicals were the same as
described above.

For both exposure scenarios, after chemical addition, plates were
sealed with ThermoSeal RTS clear-transparent film (Excel Scientific,
Victorville, CA, USA) to prevent evaporation and incubated at 28.5 +
0.5 °C in a 14:10 light: dark cycle (light intensity 3-5 umol/m?%/s). In
each plates, twelve larvae were exposed per concentration of micro-
plastic/chemical/mixture along with twelve negative control larvae
(HE3 only for plastic exposure and 0.5% DMSO when chemicals pre-
sent). Exposures were done in triplicate. Larvae were scored visually
using an inverted microscope (Invitrogen EVOS XL Core Imaging Sys-
tem, Thermo Fisher Scientific, Waltham, Massachusetts, USA) at 72, 96,
and 120 + 0.5 hpf for mortality and phenotypic malformations. Larvae
were classified as dead, if there was no observable heartbeat.

2.5. Behavioural analysis

To study sub-phenotypic response using the behavioural assay,
larvae were exposed to either individual chemical/plastic exposure or a
mixture (plastic+chemical) exposure based on the calculated Effect
Concentration 20% (ECyg) for the single chemical exposure scenario
(FLU ECgo = 7.2 pM; TBBPA ECyo = 2 pM; TPP ECyo = 1.5 pM). Single
plastic exposures were conducted as described in section 2.4. For single
chemical exposure, the calculated ECyo was considered as the highest
concentration used for this assay. Chemical concentrations used for FLU
ranged from 0.003 to 7.2 uM, for TBBPA ranged from 0.01 to 2 pM and
for TPP ranged from 0.005 to 1.5 pM. For the mixed substance (plas-
tic+chemical) exposures, embryos were collected and added to the 96-
well plate in the same way as the single substance exposure. Here,
plastic concentration was kept constant at 50 mg/L while the concen-
trations of the chemicals were the same as described before. Incubation
protocol is the same as described before in section 2.4.

At 120 hpf plates were placed into a Noldus Daniovision Behavioural
Tracking instrument (Noldus, Leesburg, VA, USA) without the trans-
parent film. Movement of larvae was recorded for 1 h, during which
larvae were exposed to 30 min of light (15 pmol/m?/s) followed by three
5 min alternating dark and light periods. Larvae were kept at a constant
temperature of 28.5 °C throughout the assay. After behavioural
tracking, larvae were scored for mortality and phenotypic malforma-
tions using an inverted microscope (Invitrogen EVOS XL Core Imaging
System, Thermo Fisher Scientific, Massachusetts, USA).

Larvae scored as affected (dead or phenotypically malformed) were
removed from downstream behavioural analysis. For any exposure
concentration to be included in the behavioural analysis, at least 12
phenotypically normal larvae are required across all three plates
replicates.

2.6. Toxico-kinetics assay

This assay was based on the work by Achenbach et al. (2022). Mo-
lecular uptake was based on using the ZET assay with larvae exposed
from 6 to 120 hpf. Larvae were exposed to both single chemical exposure
and mix (plastic+chemical) exposures based on the calculated ECy( for
the single chemical exposure scenario (FLU ECy = 7.2 pM; TBBPA ECyp
= 2 pM; TPP ECy = 1.5 pM). Exposure conditions were identical as
described in section 2.4. At specific timepoints (0, 18, 66 and 114 h
corresponding to 6, 24, 72 and 120 hpf), 20 viable (<18h absence of
coagulation, >66h presence of heartbeat) embryo-larvae were removed
using a transfer pipette from each well and placed into a 74 mm Netwell
(Corning, Glendale, Arizona, USA) sitting in a flat-bottomed 12-well
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plate (Thermo Fisher Scientific, Massachusetts, USA). Embryo-larvae
were then washed consecutively five times in 4 mL of carrier media
(0.5% DMSO in HE3) on ice. Finally, embryo-larvae were immersed in 4
mL of ice-cold Reverse-Osmosis (RO) water before being transferred to a
lysing tube (Lysing Matrix D, MP Biomedicals, Solon, Ohio, USA). Re-
sidual water was removed using a micropipette fitted with a gel-loading
tip. The lysing tube was then immediately placed on dry-ice before being
stored at —80 °C before further extraction. For the time 0 h exposure
samples, the embryos were washed and placed in the lysing tubes
immediately after addition of the tested substances then placed on dry
ice and stored in the —80 °C before further extraction. After sampling the
larvae, 1 mL of media from the exposure was pipetted into 2 mL glass
amber vials, put on ice and transferred at —80 °C before further
extraction. A media-only control experiment was performed in parallel
and consisted of identical exposure conditions without larvae added.
These media-only plates were then sealed and incubated as described in
section 2.4. At the specific timepoint for which larvae were removed,
media from the media-only plates were sampled and triplicates 1 mL
samples were obtained by collecting 200 pL of media in 5 wells and
placed in 2 mL glass amber vials. Media-only samples were placed on ice
before being transferred at —80 °C before further extraction. Percent
recovery experiments were performed in which carrier control treated
embryos/larvae were collected as described above and before placing
the lysing tube on dry-ice, a known concentration of the chemical was
added to the tube to create a percent recovery control sample. These
samples were also created in triplicate. After adding the chemical, lysing
tubes were placed on dry ice before being transferred at —80 °C before
further extraction.

For the extraction of the chemicals from the embryos-larvae and
percent recovery samples, 1 mL of Reserpine (Thermo Fisher Scientific,
Waltham, MA, USA) at 0.1 pg/mL in LC-MS grade methanol was added
to the lysing tubes. Embryo-larval tissue in the solvent were disrupted
using a FastPrep 24 instrument (MP Biomedicals, Solon, Ohio, USA) for
40 s at a speed of 6.0 m/s. The methanol lysate was then recovered using
a gel loading tip and placed in a 2 mL LC amber vial. The glass vial
containing the lysate was then centrifuged at 500g for 30 min at 4 °C
(Allegra 25R, Beckman Coulter, Mississauga, Ontario, Canada). The
supernatant was transferred to a 2 mL glass amber vial containing a 125
pL glass insert and stored at —20 °C prior to LC-HRMS analysis. In the
case of mixture exposures containing plastic particles, an extra step was
added after centrifugation to remove plastic particles. Supernatant were
added in centrifugal filter (pore size 0.22 pm, PVDF membrane, 0.5 mL —
MilliporeSigma, Oakville, Ontario, Canada) and centrifuged at 1500g for
4 min (IEC Micromax microcentrifuge, Thermo Fisher Scientific, Mas-
sachusetts, USA). The filtered solution was then added to a 2 mL glass
amber vial containing a 125 pL glass insert and stored at —20 °C prior to
LC-HRMS analysis. For the extraction of chemicals from the media and
media-only samples, collected samples were freeze-dried. Freeze-drying
occurred at a shelf temperature of —20 °C for 48 h (VirTis Genesis 25 XL,
ATS Scientific Products, Warminster, Pennsylvania, USA). After freeze
drying, 1 mL of Reserpine at 0.1 pg/mL in LC-MS grade methanol was
added and the samples were sonicated (FS20, Fisher Scientific, Whitby,
Ontario, Canada) for 30 min in a water bath before being stored at
—20 °C for further LC-HRMS analysis. In the case of mixture exposure
containing plastic particles, the same additional step of centrifugal
filtration was added.

2.7. Liquid chromatography-high resolution mass spectrometry analysis

LC-HRMS was performed on an UltiMate™ 3000 LC pump coupled to
a Q Exactive™ Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), equipped with HESI-II probe for electrospray
ionization. Separation was performed on a Waters Acquity UPLC BEH-
C18 column (2.1x100mm, 1.7 pm, Waters, Milford, MS, USA) using a
mobile phase of (A) 0.1% formic acid in water and (B) 0.1% formic acid
in acetonitrile. TPP was eluted with a linear gradient of 40% to 100% B
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Fig. 1. Concentration response curve of affected (affected+dead) zebrafish larvae (n = 36 for each mix for each chemical) based on the chemical concentration used
(M) for each chemical tested (FLU: fluoxetine; TBBPA: tetrabromobisphenol A; TPP: triphenyl phosphate) using the ZET assay for different timepoints (expressed in
hours post-fertilization (hpf)). The different colors and point shapes indicate the size of the nanoplastic particles mixed with the tested chemical. Concentration
response curves were created using the ‘drc’ package in R (Ritz et al., 2016) and the model used to create the curve was a two-parameter log-logistic function. TBBPA
values at 72 hpf are not presented as the LL.2 model presented a significant lack of fit test meaning that the model used did not fit the data properly.

in 4 min, held for 3.3 min, before returning to initial condition. FLU was
eluted with a gradient of 20% to 100% B in 7.3 min and was held for 2
min, while TBBPA was eluted with a gradient of 5% to 100% B in 4 min
and was held for 3.3 min. The LC flow rate was kept at 400 uL/min while
the column temperature was set at 30 °C. Optimized MS parameters
including a sheath gas flow rate of 50, auxiliary gas flow rate of 10, spray
voltage of 3.0 kV, capillary temperature of 350 °C and heater temper-
ature of 250 °C. For FLU, capillary and heater temperature were set to
300 °C. Positive polarity scans were acquired for TPP and FLU, while
negative polarity scans for TBBPA, both acquired at 3 Hz (70,000 in-
strument resolution), automatic gain control (AGC) target of 1e6, with
mass range scanned from m/z 90-1000. Data acquisition was carried out
using Xcalibur 4.4 (Thermo Fisher Scientific, Waltham, MA, USA).
Peak area of TPP, FLU and TBBPA and their metabolites were
extracted from the MS full scan data, with 5 ppm mass windows centered
around these accurate masses, to calculate their concentrations using
external calibrations. Metabolites monitored included hydroxylated
triphenyl phosphate for TPP, nor-fluoxetine for FLU, while glucuronide
and sulfate conjugation were observed for TBBPA. Standard dilutions
were prepared using the corresponding standards, either in methanol for
the media samples or in larval matrix to account for the matrix effect.
The linearity ranged from 0.01 to 5 pM for TPP, 0.005 to 0.5 pg/mL for

FLU while 0.05 to 5 uM for TBBPA. Two analytical replicates were made
and their average values were reported.

2.8. Statistical analysis

All statistical analyses were performed using R statistical software
version 4.3.0 (R Core Team, 2023). Phenotypic toxicity of the chemical
exposure or mix (chemical+plastic) was assessed by calculating the
Effective Concentration 50% (ECsg) corresponding to a concentration
that killed or affected 50% of the larval zebrafish for each timepoint.
Concentration-response curves were fitted using the ‘drc’ package in R
(Ritz et al., 2016). More specifically; two-parameters log-logistic models
using the ‘drm’ function with the LL.2 model type were fitted. LL.2
models were compared to other models (LL.3 and LL.4) and using
‘mselect’ function the model with the smaller Akaike Information Cri-
terion (AIC) was selected. Additionally; the lack of fit tests were done
using the function ‘modelFit’ to check the model for lack of fit against a
more general model; an ANOVA. ECs values were calculated using the
‘ED’ function of the ‘drc’ package for the model created with ‘drm’
function. For each timepoint/mixture; ECso values were compared using
‘compParm’ function. While fitting the data to the LL.2 model; TBBPA
dataset at 72 hpf did not meet the criteria for fitting using the lack of fit



L. Hermabessiere et al.

Table 1
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: Calculated Effective Concentration (affected + dead) 50% (ECso) in pM for the ZET assay for each chemical (FLU: fluoxetine; TBBPA: tetrabromobisphenol A; TPP:
triphenyl phosphate) at different timepoints (in hours post-fertilization (hpf)) (n = 36 for each mix for each chemical). For each chemical alone and mixed with plastic,
ECso values were calculated using the ‘drc’ package in R (Ritz et al., 2016) and curves were created using a two-parameter log-logistic function. Comparison of the
different ECs values for each chemical and timepoint were done using the ‘compParm’ function of the ‘drc’ package. Values represent ECs, value with 95% confidence
intervals in brackets. Superscript letters represent a statistical difference of ECsq value at a p-value<0.05 using the ‘compParm’ function of the ‘drc’ package. Similar
superscript letter between exposures indicate no significant differences. TBBPA values at 72 hpf are not presented as the LL.2 model presented a significant lack of fit

test meaning that the model used did not fit the data properly.

ZET ECso (uM)

72 hpf

96 hpf 120 hpf

FLU alone 45.70 (39.14-52.25) ?
FLU x PS 0.42 pm 33.09 (30.73-35.44) °
FLU x PS 2.25 pm 33.96 (28.86-39.06) °
FLU x PS 8.87 pm 30.46

TBBPA alone

TBBPA x PS 0.42 ym
TBBPA x PS 2.25 pm
TBBPA x PS 8.87 pm
TPP alone

TPP x PS 0.42 pm
TPP x PS 2.25 ym
TPP x PS 8.87 pm

8.92(-9.12-26.95) *
11.38 (3.40-19.36) *
10.55 (6.07-15.04) *
3.11(-1.98-8.19) *

21.47 (20.38-22.57) ? 15.75 (4.23-24.16) *
15.94 (14.62-17.25) © 14.69

16.23 (15.21-17.24) © 10.80 (10.03-11.58) 2
19.84 (18.50-21.19) 9.54 (8.77-10.32) ®
2.63 (2.56-2.70) 2 2.79 (2.69-2.89) 2
2.85 (2.77-2.93) © 2.93 (2.85-3.02) Z
2.90 (2.82-2.98) © 3.01 (2.91-3.11)
2.16 (1.76-2.57) > ¢ 2.48 (2.42-2.55) ©
10.00 (9.21-10.79) * 2.65 (0.35-4.96) 2
11.96 (79.07—32.;38) ab 5.73 (4.44-7.03) ®
3.34 (2.17-4.51) 1.45 (1.24-1.66) ®
3.43 (~12.47-19.33) > ® 1.23 (1.06-1.39) @

test and data are not presented. Phenotypic toxicity data for the plastic
alone was assessed by Kruskal-Wallis test as the conditions for normality
were not met. Kruskal-Wallis test were done followed by post-hoc tests
with Bonferroni correction using the ‘agricolae’ package (De Mendi-
buru, 2017). For behaviour data; they did not meet normality assump-
tion to perform 2-ways ANOVA and instead; the Aligned Rank
Transform (‘ARTool’ package) was used as a non parametric equivalent
to the 2-ways ANOVA and post-hoc tests were done with the same
package using the ‘art.con’ function with Holm correction (Kay et al.,
2025). For plastic alone behaviour data; differences were explored with
Kruskal-Wallis test were done followed by post-hoc tests with Bonferroni
correction using the ‘agricolae’ package (De Mendiburu, 2017) as con-
dition for normality were not met. For toxico-kinetics data; normality
was not met and non parametric analysis were done. For the behaviour
data; the Aligned Rank Transform (‘ARTool’ package) was used as a non
parametric equivalent to the 2-ways ANOVA and post-hoc tests were
done with the same package using the ‘art.con’ function with Holm
correction (Kay et al., 2025). For toxico-kinetics data for the chemical
metabolites; the Aligned Rank Transform test was not meeting condi-
tions to be used due to the large presence of zeros. Instead; non-
parametric Kruskal Wallis were used to explore for difference in me-
tabolites concentration in the larvae; media and media only at each
timepoint depending on exposure mix. If significant; a post hoc test
using the Fisher's least significant difference (LSD) criterion and Bon-
ferroni correction was applied using the ‘agricolae’ package (1.3-5) (De
Mendiburu, 2017).

All figures were created using the R package ‘ggplot2’ (3.5.5)
(Wickham, 2016), and superscript letters for significant differences were
manually added using the software GIMP (version 2.10.8). Significant
differences were considered when the p-value was below 0.05. Results
are expressed as mean + 2 x standard error of the mean, unless stated
otherwise.

3. Results and discussion
3.1. Phenotypic toxicity

The different plastic sizes (0.42, 2.25 and 8.87 pm) tested in this
work at environmentally relevant concentrations and higher had limited
effects on the larval zebrafish only. At 96 hpf, larvae exposed to 50 mg/L
of the 2.25 pm PS microplastics were significantly more affected than
the control (p < 0.05) and to the larvae exposed to 1 and 10 mg/L of
2.25 pm PS (Fig. S4). Consequently, for the remainder of this work, as
limited effects of the different plastic tested were observed on the

phenotypic and behavioural toxicity, the highest concentration (50 mg/
L) was used to assess whether there are interactions between the poly-
styrene particles and the chemicals tested.

When combined with fluoxetine (FLU), the different plastic sizes
enhanced the toxicity of FLU in comparison to FLU alone for each
timepoint (Fig. 1 and Table 1). For TBBPA, the presence of plastic par-
ticles significantly changed the ECs at all timepoints. In comparison to
FLU, plastic particles either increased or decreased the TBBPA ECsq
(Table 1 and Fig. 1). While the addition of plastics did not affect the TPP
ECsq values at 72 hpf, they had opposing, size dependent effects at 96
hpf (PS 2.25 pm decreased significantly the ECs¢) and at 120 hpf
(Table 1 and Fig. 1).

3.2. Behavioural effects

For behavioural toxicity with plastic only, no significant effects
(Kruskal-Wallis, p > 0.05) on zebrafish behaviour was noted when the
larvae were exposed to any of the plastics tested herein (Fig. S5).

For the behavioural assay, the Aligned Rank Transform test detected
a significant difference (ART, p < 0.05 — Table S8) between exposure
concentrations of FLU used for both the initial behaviour in the light
phase, along with the first Light-Dark transition, (Fig. 2 and Fig. S6). Co-
exposure of FLU with the different plastic sizes had a significant impact
on the distance travelled (Fig. 2). Larvae exposed to FLU and 0.42 pm PS
spheres travelled less than all the other plastic + FLU combinations (ART
post-hoc, p < 0.05). Additionally, fish exposed to FLU +2.25 pm PS
spheres travelled significantly less than fish exposed to FLU +8.87 pm PS
spheres (ART post-hoc, p < 0.05).

With respect to behaviour, TBBPA had no effects (Fig. S7 and
Table S9) in the mean distance travelled between the different concen-
trations tested in either the baseline and the first Light-Dark transition
(ART, p > 0.05 - Fig. 2). Co-exposure with plastics did however result in
behavioural differences. During the baseline period, larvae exposed to
TBBPA with 0.42 and 2.25 pm PS spheres travelled significantly less
than larvae exposed to TBBPA (ART post-hoc, p < 0.05). Similarly,
during the first Light-Dark transition, larvae exposed to TBBPA in
combination with 0.42 and 8.87 pm PS spheres also travelled signifi-
cantly less than larvae exposed to TBBPA alone (p < 0.05 - Fig. 2).
Overall, plastic particles combined with TBBPA reduced distance trav-
elled by the larvae.

TPP alone induced limited behavioural effects, as hypoactivity was
only seen at 0.1 pM in the 1st LD phase (ART post-hoc, p < 0.05 - Fig. S8
and Table S10). During the baseline period, all co-exposure of TPP and
PS 8.87 um and 0.42um resulted in hypoactivity compared to controls,
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Fig. 2. Mean distance travelled (+ 2 x standard error of the mean) by zebrafish (n = 30-36 fish per concentration per chemical) following exposure to different
concentrations (in pM) of chemicals (FLU: fluoxetine; TBBPA: tetrabromobisphenol A; TPP: triphenyl phosphate) with or without PS spheres of 0.42, 2.25 or 8.87 pm
at 120 h post-fertilization during the Baseline and first Light-Dark transition of the behavioural assay.
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Fig. 3. Mean concentration (uM) (£ 2 x standard error of the mean) of different chemicals ((FLU: fluoxetine; TBBPA: tetrabromobisphenol A; TPP: triphenyl
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whereas conversely TPP with PS 2.25 pum resulted in hypoactivity (ART
post-hoc, p < 0.05 - Fig. 2).

3.3. Chemical uptake

The uptake analysis found that the internal chemical concentrations
of FLU, TBBPA and TPP in the larvae with or without plastics, were
significantly different depending on the exposure timepoint (ART post-
hoc, p < 0.05 - Fig. 3). As larval concentrations of each chemical
increased over time, so too did the presence of metabolites, which may
lead to the detoxification of the different chemicals (Fig. 4).

Free chemical concentrations in the media changed when poly-
styrene particles were added for FLU while no or limited changes were
observed for TBBPA or TPP (Fig. 3). This demonstrates, in the case of
TBBPA and TPP, that plastic had a limited impact on adsorbing the
pollutants and/or modulating the exposure scenario for the zebrafish.

For FLU, in the media containing the larvae, the concentration of the
chemical also decreased over time (Fig. 3). More interestingly, the
addition of plastics of different sizes had a significant impact on the
concentration of FLU in the media containing larvae at the different
timepoints. At 18 h after exposure, FLU alone in the media was signifi-
cantly lower (ART post-hoc, p < 0.05 — Table S11) than the co-exposure
with plastics. At 66 h after exposure, FLU concentration in the media
was significantly lower (ART post-hoc, p < 0.05) when combined with
PS 0.42 pm in comparison with the rest of the mixtures. Additionally, at
66 h after exposure, FLU concentration was significantly higher in the
mixture FLU+8.87 in comparison with FLU+2.25 or FLU alone. The
concentration of FLU in the media, at 114 h after exposure, was
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significantly higher (ART post-hoc, p < 0.05) in the exposure FLU+2.25
in comparison with the other exposures. After 114 h of exposure, the
FLU metabolite, Norfluoxetine, was found in the media containing
larvae with no significant differences depending on the exposures
(Kruskal-Wallis, p > 0.05), while in the media only, no metabolites were
found over the entire assay period (Fig. 4) indicating that the metabolite
production is due to the presence of zebrafish larvae. For FLU, the in-
ternal larval concentration increased significantly over time and reached
a peak at 114 h after exposure (ART post-hoc, p < 0.05 — Fig. 3,
Table S11). The presence of plastic had no effects on the uptake of the
FLU by the larvae (ART post-hoc, p > 0.05). Norfluoxetine was first
detected at 66 h after the start of the exposure and this metabolite
concentration peaked at 144 h after exposure (Fig. 4). Here, the different
exposures had no significant impact on the internal concentration of the
metabolite (Kruskal-Wallis, p > 0.05). In the media only samples, con-
centrations of FLU remained stable over time, with only the concen-
tration of FLU at 66 h after exposure being significantly different (ART
post-hoc, p < 0.05) from other time-point (Fig. 3). The addition of plastic
to FLU in the media only changed the kinetics of the chemical. Except at
0 h after exposure, significant differences between the mixtures on the
concentration of FLU in the media only were found at 18, 66 and 114 h
after exposure (ART Tool, p < 0.05 - Fig. 3). Overall, some changes were
found when plastics were added for FLU media and media only con-
centrations, however, such changes may not seem to explain differences
in toxicity seen previously.

The concentration of TBBPA in the media decreased significantly
over time (ART post-hoc, p < 0.05 — Table S12) and this rate was not
affected by the plastic particles (Fig. 3). In addition, the TBBPA
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Fig. 4. Mean concentration (in peak area/mL) (+ 2 x standard error of the mean) of the different chemicals metabolites (Norfluoxetine; TBBPA-Gluc: tetra-
bromobisphenol A- glucuronide; TBBPA-SO3: tetrabromobisphenol A-sulfate; TBBPA-SO5-Gluc: tetrabromobisphenol A- sulfate-glucuronide; triphenyl phosphate
oxidized) over the exposure time in the larvae (top panels), media (middle panels) and the media only (bottom panels) samples depending on the chemical and plastic
mix with different PS spheres sizes (0.42, 2.25 and 8.87 pm). Each line color and point shape represent a different mix (Chemical+plastic).
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metabolites were detected in the media starting at 18 h after exposure
and peaking after 66 h indicating that larvae excreted the TBBPA me-
tabolites in their surrounding media (Fig. 4) with no differences in
metabolite production/excretion depending on the exposures (Kruskal-
Wallis, p < 0.05). For TBBPA in larvae samples, its concentration peaked
at 18 h after exposure and decreased to non-detectable levels by the end
of the exposure at 114 h (Fig. 3). Here, no significant differences in
TBBPA + plastic mixtures were found at any of the timepoints, indi-
cating that plastic had no effects on TBBPA uptake and depuration by the
zebrafish (Fig. 3, Table S11). TBBPA metabolites were detected in the
larvae as early as 18 h after the exposure but peaked after 66 h of
exposure (Fig. 4) with no significant differences in their concentration at
the different timepoint expect for TBBPA-glucuronide (TBBPA-Gluc) +
8.87 at 18 h being different from the other exposures (Kruskal-Wallis, p
= 0.03). These metabolites include a TBBPA-sulfate (TBBPA-SO3), a
TBBPA-Gluc and a TBBPA-sulfate-glucuronide (TBBPA-SO3-Gluc). In the
absence of larvae (media only) TBBPA decreased slightly over time (ART
post-hoc, p < 0.05) between the initial concentration at 0 h, 66 h and
114 h Again, addition of plastic particles did not substantially affect
TBBPA concentrations in the media only samples, with the only signif-
icantly difference (ART post-hoc, p < 0.05) between mixtures found at
18 h between TBBPA alone and TBBPA+0.42 (Fig. 3), indicating limited
effects of the plastic on the concentration of TBBPA in the media only
samples. In the media only, very low concentration of TBBPA-SO3-Gluc
were found after 114 h of exposure, indicating that some abiotic trans-
formation of TBBPA may be happening in the media without larvae
(Fig. 4).

In the media containing larvae, the concentration of TPP alone
decreased over time (ART post-hoc, p < 0.05, Table S13) (Fig. 3). The
presence of plastics with TPP had limited influence on its concentration
in the media containing larvae (Fig. 3). In the media containing larvae,
the TPP metabolite, TPP-O, was also detected after 114 h of exposure
(Fig. 4) with no differences between exposures (Kruskal-Wallis, p >
0.05). The larval concentration of TPP increased over time and peaked at
66 h after the start of the exposure and then decreased to close to a zero
concentration at 114 h after exposure (Fig. 3). As the with the previous
chemicals, the addition of plastic particles produced only limited
changes in larval TPP concentration. TPP exposed with PS 8.87 yum
showed an increased uptake at 18 h after exposure (ART post-hoc, p <
0.05; Fig. 3). In addition, oxidized TPP (TPP-O) (Fig. 4) was detected in
the larvae at 66 h after exposure and its concentration increased until
114 h for all exposure treatments (Fig. 4) with no significant differences
in its concentration between exposures (Kruskal-Wallis, p > 0.05). For
the media only, TPP alone significantly decreased over time and the
TPP-O metabolite was not detected in the media (ART, p < 0.05) (Figs. 3
& 4). As TPP concentration decreased in the media without larvae to a
lesser extent in comparison with the media in the presence of larvae, it
can be hypothesized that the loss in the media is due to both abiotic loss
as well as uptake by the larvae (Fig. 3). The presence of plastics and their
different sizes did not influence the media concentration of TPP in the
absence of larvae (ART, p > 0.05).

4. Discussion

The limited effects of the PS particles alone (Fig. S3 and Fig. S4) are
supported by the literature. It has been reported that nanoplastics of 100
to 450 nm had no impact on zebrafish embryo development at con-
centrations from 20 to 100 mg/L, while nanoplastics of 30 nm had ef-
fects at the higher concentration (100 mg/L) (Chantho et al., 2024). PS
nano and microspheres of various sizes had significant effects on
zebrafish phenotypic and behaviour toxicity at higher concentrations
(100 or 200 mg/L) (Levesque et al., 2025). These studies, taken together
with this work, demonstrate that spherical nano and microplastics only
induce negative effects at high (i.e. above environmental) concentra-
tions and that the size can impact toxicity.

The goal of the present study was to determine whether plastic
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particles of different sizes would modulate the toxicity of three common
organic pollutants when co-added. Changes in the EC5¢ and behaviour
were observed in all three chemicals when co-exposed with plastics,
however, the effects were variable; each particle size behaved uniquely,
with no trends apparent based on increasing or decreasing size. This
demonstrates that these types of particles cannot be considered a
monolith, and that predictions of the effects they may cause cannot
easily be made based solely on the physical properties. In effect, this
work demonstrates the importance of testing multiple sizes of particles
so that conclusions are not drawn erroneously using only one type as a
representative.

The additive toxicity of FLU and polystyrene particles has been
previously reported. When larvae were co-exposed to the same sized
nanoplastics 0.42 pm at concentrations of 25 and 100 nanoplastics/L
(~0.005 mg/L) and FLU (0.029 and 0.12 nM) the authors also demon-
strated that nanoplastics increased the effects of FLU, similar to the
findings of the current study (Orozco-Hernandez et al., 2025). In
contrast however; those authors reported deleterious effects of low
concentrations of nanoplastic alone; which was only observed here at
higher concentrations. The source of this difference remains unknown.
The mechanism of additive toxicity of TBBPA and plastic particles has
been previously examined (Yu et al., 2020). Adult zebrafish exposed to a
combination of polyethylene particles at 0.5 and 5 mg/L and TBBPA at
300 pg/L (0.55 pM) for 14 days with an additional 7 days depuration
phase increased oxidative stress by modulating the activity of antioxi-
dant enzymes. Even after the 7-days depuration phase; fish exposed to
the combination of plastic and TBBPA still showed a higher level of
oxidative stress (Yu et al., 2020). In agreement with that study; our study
also demonstrated an effect when TBBPA is co-exposed with plastic
particles; as measured through decreased locomotion. Previously pub-
lished work aligns with the findings presented above concerning TPP.
Indeed; TPP was shown to be adsorbed on PS particles with higher af-
finity for nano-sized particles in comparison with micro-sized particles
and it increased toxicity of TPP on HepG2cells (Huang et al., 2024). This
could explain why we found effects only with smaller particles (PS 0.42
and 2.25 pm) for the phenotypic toxicity. An additional study of adult
zebrafish exposure to TPP at 80 pg/L (0.24 pM) and PS particles of 46 nm
and 5.8 ym at 2 mg/L found that plastic particles did not change the
lethal dose (LDsg) of TPP (He et al., 2021) which is different from the
results found in the present work. Here the difference in the concen-
tration used and the size of the plastic particles could explain such
contradictory results as well as the fact that we used larvae zebrafish
while He et al. (2021) used adult zebrafish.

In the present work, it was also hypothesized that changes in toxicity
would be the consequence of changes in the uptake, metabolism or
excretion of these pollutants by the larvae when plastic particles are
present. Indeed, as the concentrations of adsorbed pollutants on
microplastics or nanoplastics can be higher than those in the ambient
water (Wright et al., 2013); it can be hypothesized that plastic particles
could increase the toxicity of other pollutants in organisms by increasing
their bioavailability or bioaccumulation (Ma et al., 2016). However; in
our present work; with the exception of TPP + 2.25 pm at 18 h; no
significant differences of uptake were observed for the chemicals when
plastic was added to a mixture in comparison to the chemicals alone.
Here; for the three selected chemicals; FLU; TBBPA and TPP; there was
no effect on the uptake by the fish or their levels in the media when
combined with the PS particles (0.42; 2.25 and 8.87 pm). Similar find-
ings were found by previous studies when FLU was combined with PS
0.42 um plastics (Orozco-Hernandez et al., 2025). Other work found that
adsorption of fluoxetine is limited on virgin PS particles for both small
(Dsp < 35 pm) and large particles (Dsg 95-157 pm) (Moura et al., 2024)
which could explain why we did not observe a significant difference of
the uptake between the mixtures tested (Fig. 3) as our particles were
smooth (Fig. S1) and not oxidized (Fig. S3). Additionally, metabolites
produced by the zebrafish and their concentrations in the larvae and the
media, showed no significant differences depending on the mixture
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used, with one exception (TBBPA-Gluc +8.87 versus other treatments at
18 h) indicating that in addition of no difference of uptake when plastic
are present in the mix, the latter also do not impact the metabolism of
the chemicals.

In studies using other chemicals, it was found that plastic particles
could change the chemicals uptake by organisms (Zhao et al., 2024;
Zhong et al., 2025). However, other works found similar lack of
increasing uptake when plastic were added in combination with chem-
icals (Beckingham and Ghosh, 2017; Frydkjeer et al., 2017). In those
works, it was found that particles made of polypropylene and poly-
ethylene, respectively, were not affecting chemical uptakes. Addition-
ally, similar to a previous study (Liu et al., 2022); we did not find that
plastic lowered the uptake of fluoxetine; tetrabromobisphenol A or tri-
phenyl phosphate. The differences between the studies can be due to a
number of factors; such as; the stage of development and the species
used; the concentration of both the plastic and the chemical used; as well
as the difference in the plastic used. Importantly; it was demonstrated
that different types of plastics and their characteristic can have an
impact on chemical adsorption (Okeke et al., 2024). Another factor that
may affect the uptake of chemicals by plastics could be the decay of the
plastics overtime as it was demonstrated that aging plastic can increase
the adsorption of TBBPA on plastic particles (Chang et al., 2023). In this
context; plastics directly sampled in the environment and/or weathered
in the laboratory are also of interest to test in this context as aged plastics
have been demonstrated to adsorb more chemicals than pristine ones
(Okeke et al., 2024). Additionally; the endpoint studied can have an
impact on the magnitude of effects that can be observed. In the present
study; we studied endpoints at the system model level. Studying lower
levels of organization; such as at the cellular or genetic level; may pro-
vide complimentary information with an integration of the findings
from each of the studies providing a better understanding of the mode of
action of the plastics; the chemicals and their combinations. In a recent
study regarding the effects of two different chemical (Resorcinol and
Raloxifene) on larval zebrafish; researchers found that using tran-
scriptomic analysis allowed for the detection of sub-phenotypic effects
at concentrations below the ECyy which would have allowed for the
detection of effects that we cannot observe using the present endpoints
(Morash et al., 2023). Further work testing the effects of the plastic
exposure on the transcriptomic profile of larvae is underway in order to
understand why a change in toxicity of the chemicals in the presence of
plastics was observed without a change in the uptake of the chemicals by
the zebrafish. It has been demonstrated that the micro or nanoplastics
have effects related to oxidative stress; apoptosis or neurotoxicity on
zebrafish larvae (Cao et al., 2024; Ding et al., 2023). Furthermore, co-
exposure of nanoplastics and pollutants found that co-exposure could
increase the risk of cardiotoxicity (Hu et al., 2024) and lead to higher
oxidative stress than exposure to the chemical or plastic alone (Barreto
et al., 2023). Finally; the important finding of the current study was that
different mixes of plastics and pollutants or the same plastic (size and
polymer) and pollutant (fluoxetine) studied in another work (Orozco-
Hernandez et al., 2025) can result in different outcomes. Consequently;
it seems difficult to imply that plastics change or not pollutant effects.
Thus; such generalization cannot be made as highlighted by this work
and others. Overall; in the environment; additional factors would likely
be involved in impacting stressors such as plastic particles and anthro-
pogenic pollutants. Studying a single stressor in the laboratory is not
reflective of current environmental conditions (Todgham and Stillman,
2013). With the widespread presence of plastic particles (Thanigaivel
et al., 2025); anthropogenic pollutants (Hader et al., 2020) and other
anthropogenic pressures such as climate change, it is very important for
future work to study these pressures in combination to understand the
impacts of those multiples stressors on ecosystem health including living
organisms.
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5. Conclusion

In the present study, we demonstrated that plastic particles of
different sizes can lead to a shift in the multi-faceted phenotypic effects
of chemicals on larval zebrafish. Not only does the presence of a plastic
affect the toxicity of fluoxetine, tetrabromobisphenol A and triphenyl
phosphate, but different plastic sizes also affected their respective ECsp.
Overall, this work demonstrated that it is important to study anthro-
pogenic pollution under a multiple stressor paradigm as multiple
stressors are occurring at the same time in the environment. This work
also validates the usefulness of the zebrafish as a model organism for
future work that can also consider testing chemicals with plastics from
multiple sources. The plastic spheres used in this study can be compared
to a vast array of different plastics found in the environment based on
plastic size, shape and polymer. Additionally, in order to more fully
understand how environmental chemicals, impact aquatic organisms,
and specifically what role plastics have in those processes future studies
could leverage more powerful tools, such as transcriptomic testing, to
study endpoints at lower, sub-phenotypic, exposure levels.
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