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Abstract

Micro- and nanoplastics derived from environmental degradation of larger plastic debris can be
ingested and accumulated in aquatic organisms, raising increasing global ecological concerns.
Toxicology studies on aquatic organisms predominantly use commercial formulations of micro- and
nano-sized polystyrene particles as model plastics. However, many of these commercially available
formulations contain different preservatives, antimicrobials, or surfactants such as sodium azide,
Tween' 20, and sodium dodecyl sulfate, which may introduce artifacts in toxicity assessments. In this
study, we carried out acute toxicity tests on Daphnia magna, using commercial 20 nm and 200 nm
polystyrene nanoparticles (PS-NPs) containing 2 mM sodium azide as an antimicrobial preservative.
The acute toxicity of non-dialyzed PS-NPs, dialyzed PS-NPs, and sodium azide alone was compared.
The results reveal that the acute toxicity of the complete commercial formulation of PS-NPs was
mainly associated with sodium azide and not the particles themselves. The dialyzed PS-NPs did not
cause mortality but significantly disrupted the swimming behavior of D. magna. As commercial PS-
NPs are commonly and increasingly used in plastic toxicity assessments, these results highlight the

importance of considering the impacts of the suspension matrix.

Keywords: plastic, polystyrene, Daphnia magna, risk assessment, additive, ecotoxicity



INTRODUCTION

The ubiquitous presence of microplastics (MPs) in natural waters is a global concern.! Moreover, the
likely presence of nanoplastics (NPs) that are too small to be seen with the naked eye, difficult to detect
and to quantify is also of growing scientific interest.”® Recent studies show that MPs are bioavailable
to vertebrate and invertebrate aquatic organisms.*” For example, Farrel and Nelson found MPs in the
stomachs, gills, and ovaries of crabs after feeding them with mussels that had been earlier fed with
MPs.® However, despite the prevalence of MPs and (likely) NPs in the aquatic environment, there is

limited information available about the potential health impacts following ingestion.”!!

Daphnia magna is a non-selective feeder'? and dominant in freshwaters in nearly all continents and
climate zones around the world. It has been widely used to investigate the toxicity of nanomaterials
such as CuO, TiO,, fullerene, ZnO, and AL,O5'*", as it is one of the freshwater species recommended
for toxicity studies by the U.S. Environmental Protection Agency (EPA).?° Hence, it is an ideal model
organism to test the toxicity of MPs and NPs upon ingestion. The effects of the uptake of MPs and
NPs on D. magna have been fairly well documented.'?** Polystyrene (PS) is the most common type
of plastic used in D. magna toxicity assessments because of its commercial availability in the nano size
range. However, suspensions of commercial polystyrene particles contain various preservatives or
surfactants such as sodium azide, Tween’ 20, sodium dodecyl sulfate (SDS), etc. These particles have
been used in previous toxicity or exposure studies without conducting adequate control experiments

2L 2530 which can be toxic to different organisms at low

to assess the effects of the additives,
concentrations.’** Surprisingly, only few researchers washed the PS-NPs to eliminate the preservatives

before their use in toxicity experiments (Table S1).2> 3%



Although commercial formulations of PS-NPs have been shown to cause mortality upon short-term
exposure,* ¥ it is unknown whether the same effect would be observed for PS-NPs in the absence of
the preservatives. This study aims to investigate the effect of the presence of sodium azide (a common
additive in commercial formulations of PS) on the acute toxicity of PS-NPs to D. magna neonates.
The acute toxicities of commercial PS-NPs containing sodium azide, sodium azide alone, and dialyzed
PS-NPs in which the sodium azide was removed were compared to identify the causative agent of the

observed effects. Furthermore, a swimming assay was conducted to assess the sublethal behavioral

effects of the dialyzed PS-NDPs.

MATERIALS AND METHODS

Polystyrene Nanoparticles (PS-NPs)

Yellow-green fluorescently labeled carboxylated PS-NPs (20 nm, 505 nm excitation, 515 nm emission)
and blue fluorescently labeled carboxylated PS-NPs (200 nm, 365 nm excitation, 415 nm emission)
purchased from ThermoFisher were used for this study. These particles are widely used in plastic
ecotoxicity studies for their ease of detection.!>?*”* The commercial PS-NP stock suspensions were

supplied in deionized water containing 2 mM sodium azide.

The size of the particles was confirmed using Dynamic Light Scattering (DLS) (Zetasizer NanoZS,
Malvern Instruments). The DLS measurements were performed in triplicate, each containing 13 runs
of 10 s. Z-average (nm) and Polydispersity Index (PDI, dimensionless) were measured to verify the
size of the PS-NPs. In this study, a single batch of PS-NPs of each nominal size was used to complete

all experiments. To remove sodium azide, the stock suspension was dialyzed against deionized water



for 5 days using Spectra7 dialysis membranes, MWCO 1000. The water was exchanged every 3 h in
the first 12 h, and every 12 h for the remaining four days. The size of the particles before and after
dialysis was verified using DLS. Fluorescence measurements of the suspension before and after dialysis
were compared to confirm that the concentration did not significantly change as a result of dialysis
(Infinite 200 PRO microplate reader, Tecan). To confirm the removal of sodium azide during dialysis,
inductively coupled plasma - optical emission spectrometry (ICP-OES) (iCAP™ 7500 Dual View,
Thermo Scientific, UK) was used to measure the concentration of sodium ion in the non-dialyzed and
dialyzed PS-NP suspensions. Sodium ion concentrations were measured instead of azide due to the
methodological challenges in measuring the latter. The concentration of sodium in the final dialysis
wash water was also measured. The sodium concentrations are reported in Table S2. Sodium azide
powder (299.5%) and all other chemicals for the preparation of Moderately Hard Reconstituted Water

(MHRW) were purchased from Sigma-Aldrich.

Acute Toxicity Test

Daphnia magna used for this study was obtained from Environment and Climate Change Canada
(Montreal) and maintained under controlled conditions in the laboratory for more than 1 year in
MHRW at room temperature and a 16 h light, and 8 h dark cycle. They were fed daily with cultured
green algae (Chlamydomonas reinhardtii) grown in an algae growth incubator (INFORS HT -
Multitron Pro) following the method described by Le Faucheur ez /.>® The MHRW used for culturing
D. magna and for the toxicity assessments was prepared following the EPA guidelines for acute toxicity

studies.® Daphnia neonates (< 24 h old) were harvested and used for the acute toxicity tests.



A standard 48 h acute toxicity test was conducted in compliance with the OECD guidelines (OECD,
Test 202).” Daphnia neonates were exposed to 20 nm and 200 nm PS-NPs at a series of
concentrations (0.1, 1, 5, 10, 20, 50 and 100 ppm) and observed over 48 h. These concentrations
were chosen to cover a range where no acute effects were observed until mortality was observed based
on preliminary range finding tests. The concentrations are also within the range of previous
toxicological studies using PS-NPs. The 100 ppm concentration is equivalent to 1.15x10"
particles/mL and 1.7x10' particles/mL for the 20 nm and 200 nm PS-NPs, respectively. 20 mL of
PS-NP suspension in MHRW was prepared in 50 mL glass beakers. PS-NP suspensions were vortexed
immediately before use. Five neonates were exposed in each beaker, and all exposures were carried out

in triplicate. The animals were observed for mortality after 24 h and 48 h.

Three independent exposures were carried out with different objectives. The first investigated the effect
of non-dialyzed 20 nm and 200 nm PS-NPs (containing 2 mM sodium azide) on Daphnia neonates,
the second studied the effect of dialyzed 20 nm and 200 nm PS-NPs particles, and the third, the effect
of sodium azide alone. The concentrations of sodium azide in the third exposure were the same as in

the first exposure. Triplicated MHRW controls were carried out alongside each exposure.

Swimming Assay

After 48 h exposure, the swimming behavior of the animals exposed to 100 ppm dialyzed PS-NPs as
well as control conditions was observed by microscopy (10x magnification, stereomicroscope, Fisher
Scientific). The swimming behavior of neonates exposed to non-dialyzed PS-NPs could not be assessed

as all neonates were dead at 100 ppm. The animals were placed individually in glass bottom culture



dishes (14 mm diameter, Matsunami Glass, VWR) filled with 1 mL MHRW. The light source from
the microscope was placed directly above the glass bottom culture dish. The neonates were allowed to
adapt to the lighting environment for 3 min before the recordings were started. For each neonate, a
recording of 60 s was made. Ten animals were randomly selected and recorded for each treatment.
The video recordings were analyzed with Kinovea software (https://www.kinovea.org/). The
swimming of the neonates over the 60 s period was traced and the total distance covered was recorded.
Comparisons between means of swimming distance among the experimental groups were achieved by
one-way analysis of variance (ANOVA) followed by the post-hoc Tukey's multiple comparison test.

The level of significance was set at p < 0.05.

Accumulation of PS-NPs

After the video recording, Daphnia neonates were returned into the same 50 mL glass beakers
containing the PS-NPs for 1 h before being observed by fluorescence microscopy (IX71, Olympus) at
100x magnification to verify the accumulation of PS-NPs. This 1 h waiting period was to ensure that

the animals were not stressed before imaging.

RESULTS AND DISCUSSION

PS-NP Characterization

The DLS sizes of the 20 nm and 200 nm PS-NPs were 33+8 nm and 26319 nm, respectively. This
suggests that a fraction of the particle population aggregated when initially suspended in the MHRW.
Hereafter, we continue to refer to the particle suspensions by their nominal sizes. DLS measurements

were also conducted 48 h after the suspensions were prepared to verify whether the particles aggregate



over the period of exposure. The sizes of the 20 nm and 200 nm PS-NPs were 38+16 nm and 278+7
nm, respectively after the 48 h period (Figure S1 in Supporting Information). This indicates that the
particles remain mostly well dispersed over the 48 h exposure period. In addition, the total fluorescence
of the PS-NP suspensions was similar before and after dialysis (Figure S2), showing that most of the
particles were not lost as a result of dialysis. No sodium ion was detected in the dialyzed PS-NP

suspensions (Table S2).

Mortality Assessment

Exposure to non-dialyzed PS-NPs (i.e., containing sodium azide) caused mortality starting from 10
ppm and reached 100% at 100 ppm for both 20 nm and 200 nm PS-NPs (Figure 1). The results
showed significant mortality after 48 h exposure for both 20 nm and 200 nm PS-NPs with LC50 of
15.7 ppm (equivalent to 3.0 x 10" particles/mL) and 30.4 ppm (equivalent to 1.6 x 10'° particles/mL),
respectively (Fig. 1c, d). Mortality was also observed for neonates exposed to sodium azide at the same
concentration as that present in the non-dialyzed PS-NPs with LC50 of 13.4 ppm (Fig. le). The
mortality observed for sodium azide alone was very similar to that observed for the 20 nm PS-NPs at
all concentrations and slightly different for the 200 nm PS-NPs between 5 ppm and 20 ppm (Figure
1). In contrast, dialyzed PS-NPs caused no mortality at all concentrations for both 20 nm and 200
nm PS-NPs (Figure 1). This agrees with some earlier studies exposing aquatic organisms to dialyzed
PS-NPs.?>% For instance, Mattsson ez 2/** observed no mortality of D. magna exposed to dialyzed PS-
NPs up to 24 h. Similarly, Cole and Galloway* did not observe any mortality when dialyzed PS-NPs

were fed to Pacific oyster larvae. The observed survival of D. magna neonates upon exposure to dialyzed



PS-NPs contradicts the results of Mattsson e /% and Aljaibachi and Callaghan®* who reported
mortality when Daphnia was exposed to PS-NPs. In Aljaibachi and Callaghan’s study*, adult Daphnia
were fed with 146 ppm MPs and mortality was observed within 72 h. However, the particles were not
dialyzed but were rather used as purchased. Mattsson ez al.?” reported mortality when Daphnia was
exposed to 75 ppm 52 nm PS-NPs for 24 h, but it is important to note that the particles used for the
study were dialyzed for 24 h only, which is far shorter than the 5 days of dialysis used in the present

study.

Swimming Behavior of Daphnia Neonates

To reveal the sublethal effects of PS-NPs, the swimming behavior of the neonates after exposure to
dialyzed PS-NPs as well as control neonates was assessed. The dialyzed 20 nm and 200 nm PS-NPs
showed no acute toxicity at 100 ppm but significantly affected the swimming behavior of Daphnia
when compared to the control neonates. The swimming behavior of neonates exposed to non-dialyzed
PS-NPs could not be assessed as all neonates were dead at this concentration. As shown in Figure 2,
the swimming activity was low for the control neonates, but significantly higher for the neonates
exposed to dialyzed PS-NPs. Neonates exposed to PS-NPs swam up to 40 cm in one min while the
neonates from the control experiments barely moved up to 10 cm during the same time period. For
the 200 nm PS-NPs, the animals demonstrated more activity during the 1 min period than the 20 nm
PS-NPs suggesting that particle size can be an important factor for the toxicity of PS-NPs as suggested
carlier by Mattsson et al.’” Daphnia exhibiting a hyperactive swimming behavior and demonstrating

longer swimming distance within a given period of time are more likely to be exposed to predators,



and thus at higher ecological risk. It is interesting to note that the observed hyperactive swimming
behavior upon exposure to PS-NPs is similar to that noted with other nanomaterials such as nano-Ceo
and the hydrogenated Cg-HiCroH,? suggesting possible shared toxicity mechanisms of these
nanoparticles. Further studies are needed to investigate the molecular mechanisms of behavioral

toxicity of different nanoparticles.

Ingestion and Uptake into the Gastro-Intestinal Tract (GIT)

Fluorescence images of the neonates were taken after 48 h exposure to the PS-NPs to ascertain whether
the neonates ingested the dialyzed PS-NPs even though no mortality was observed. The images show
the uptake of both non-dialyzed and dialyzed PS-NPs in the gastrointestinal tract (GIT) of the animals
(Figure 3). The images of the neonates exposed to 100 ppm of 20 nm and 200 nm dialyzed PS-NPs
show significant uptake of the particles in the GIT without any visible damage. In contrast, neonates
exposed to the same concentration of non-dialyzed PS-NPs after 48 h show that the PS-NPs were not
only ingested, but there was also visible rupture of the GIT (Figure 3b and 3d). This indicates that the
dialyzed PS-NPs were ingested by the neonates and present in the GIT even though no mortality was
observed, and the visible rupture observed in the GIT of the neonates exposed to non-dialyzed PS-
NPs is likely linked to the sodium azide, which may explain the high mortality observed in the sodium

azide exposure.



In summary, this study is the first to show that the observed mortality of D. magna can be directly
attributed to a preservative (in this case, sodium azide) present in a PS-NP suspension. After the
removal of sodium azide by dialysis, the PS-NPs caused no mortality but significantly affected the
mobility of the neonates. Interestingly, of the studies conducted using commercial stock suspensions
of PS-NPs, a considerable number exhibit higher toxicity than those where the plastic particles were
washed (Table S1). Even though stabilizers are very useful in the preparation and preservation of
engineered nanoparticles, the presence of these stabilizers may be misleading and cause over- or
underestimation of particle toxicity,® and there is no exemption for commercial micro- and
nanoplastics. As the number of toxicology studies on micro- and nanoplastics continues to increase,
the results of this study call for a more careful assessment of the toxic effects of the additives in

commercial particle formulations.
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Figure Captions

Figure 1. The mean survival percentage of Daphnia neonates at 48 h after exposure to (a) 20 nm non-
dialyzed PS-NPs, equivalent concentration of sodium azide, and 20 nm dialyzed PS-NPs; (b) 200 nm
non-dialyzed PS-NPs, equivalent concentration of sodium azide and 200 nm dialyzed PS-NPs. Dose
response curves for (c) 20 nm non-dialyzed PS-NPs, (d) 200 nm non-dialyzed PS-NPs, and (e)

equivalent concentrations of sodium azide.

Figure 2. Representative swimming tracking of Daphnia neonates treated with dialyzed PS-NPs after
48 h exposure for (a) control (MHRW), (b) 100 ppm 20 nm PS-NPs, and (c) 100 ppm 200 nm PS-
NPs, respectively. (d) Average swimming distance of neonates after 48 h exposure for control, 100
ppm dialyzed 20 nm PS-NPs and 100 ppm dialyzed 200 nm PS-NPs. Asterisk indicates that the
measurement is statistically significantly different (p-value<0.05, one-way analysis of variance

(ANOVA) followed by the post-hoc Tukey's multiple comparison test) from the control (n=10).

Figure 3. Daphnia neonates imaged by fluorescence microscopy after 48 h exposure to 100 ppm PS-
NPs: (a) 20 nm dialyzed PS-NPs, (b) 20 nm non-dialyzed PS-NPs, (c) 200 nm dialyzed PS-NPs, and

(d) 200 nm non-dialyzed PS-NPs.
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