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ABSTRACT

To better understand nanoplastic effects, the potential for surface functionalisation and
dissolve organic matter eco-corona formation to modify the mechanisms of action and toxicity
of different nanoplastics needs to be established. Here we assess how different surface
charge modifying functionalisation (postive (+ve) aminated; neutral unfunctionalised; negative
(-ve) carboxylated) altered the toxicity of 50-nm and 60-nm polystyrene nanoplastics to the
nematode Caenorhabditis elegans. Potency for effects on survival, growth and reproduction
reduced in the order +ve aminated > neutral unfunctionalised >> —ve carboxylated with toxicity
>60 fold higher for the +ve than -ve charged forms. Toxicokinetic-toxicodynamic modelling
(DEBtox) showed that the charge related potency was primarily linked to differences in effect
thresholds and dose associated damage parameters, rather than to toxicokinetics parameters.
This suggests that surface functionalisation may change the nature of nanoplastic interactions
with membrane and organelles leading to variations in toxicity. Eco-corona formation reduced
the toxicity of all nanoplastics indicating that organic molecule associations may passivate
surfaces. Between particles, eco-corona interactions resulting in more equivalent effects,
however, even despite these changes, the order of potency of the charged forms was retained.

These results have important implications for the development of future grouping approaches.

Keywords: Nanoplastic, Surface charge, Physiological mode of action, Toxicodynamics, Eco-

corona
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INTRODUCTION

The environmental fate and toxicity of polymeric nanomaterials (particle with dimension <100
nm, also termed “nanoplastics”) is of increasing interest given their emerging use in products
and processes (see '). Added to this primary nanoplastics load is a theorised as increasing,
but as yet poorly characterised, environmental burden arising from fragmentation of larger
plastics?3. With increasing recognition of the potential load of nanoplastics reaching the
environment, there is a need to understand the drivers of any toxicity resulting from exposures

to these materials*®.

Previous work has shown that nanoplastics can be accumulated in the intestine® and other
tissues of exposed organisms’-2. Nanoplastic exposure has been shown to affect survival,
growth and reproduction (e.g. °), with effects linked to mechanisms associated with oxidative
stress, such as genotoxicity, cell membrane damage, mitochondrial damage, different
epigenetic effects (e.g. microRNA expression) and changes in insulin signalling and energy
metabolism'®-4. A critical finding in nanotoxicology has been the role that surface properties
can play in determining effects'>-'8, For example in C. elegans, bioaccumulation and mortality
following exposure to positive (+ve) CeO» nanoparticles was greater than for neutral or

negative (-ve) forms'®. Similarly, Bozich et al.?° found +ve gold nanoparticles toxicity was an
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order of magnitude greater than for —ve forms in Daphnia magna. Higher toxicity of +ve, than

neutral or -ve nanoparticles, is further supported by studies in bacteria'® and zooplankton?'.

Greater toxicity of +ve (e.g. aminated) nanoparticles has been linked to their potential for
stronger interactions with -ve cell surfaces??. Evidence has been found that surface charge
can change nanoplastic toxicokinetics (TK) resulting in differences in tissue localisation?324,
However, whether these effects are alone enough drive variations in toxicity, or whether
surface charge may also alter mechanisms of action leading to differences in toxicodynamics
(TD), is currently not known. In species where full life-cycle testing is possible, such as the
nematode C. elegans, analysis of time series effects on life-cycle traits can be used to
parameterised dynamic energy budget theory based TK/TD (DEBtox) models 2526, These
TK/TD approaches can be used to determine whether differently charged nanoplastics exert
toxicity through the same or different of four physiological modes of action (pMoAs) namely: i)

assimilation, ii) increase in maintenance, ii) growth or iv) reproduction costs?’.

As for other nanomaterials, nanoplastics can be transformed through the association of
dissolved organic molecules with the particle surface to form an “eco-corona”. Eco-corona
formation has been found to alter the bioavailability and toxicity of nanomaterials?'28. Further,
because the eco-corona can overcoat, or even partially or completely replace, the engineered
coating?®, the presence of adsorbed organic molecules has the potential to reduce the
variation between charged forms in their environmental behaviour, bioavailability and
toxicity'”, including for nanoplastics3°. However, the extent to which eco-corona formation may

modify the mode of action, and resulting toxicity of nanoplastics is not established.

To evaluate the potency and identify the pMoA and TK/TD parameters of differently charged
polystyrene nanoplastics, we here conducted partial and full life-cycle toxicity tests with C.
elegans. DEBtox modelling was used to identify the pMoA and associated TK/TD traits for the
life-cycle data. Our hypothesis was that nanoplastic surface charge would influence the TK

4
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rates, but not PMoA or the TD parameters. This assumption being because the surface charge
may affect cell surface interactions, but not the intracellular fate after internalisation. To further
assess the relevance of nanoplastic surface charge for toxicity under more realistic
environmental media exposure conditions, we next investigated how the presence of
dissolved organic matter species altered the toxicity of the differently charged particles in a
soil pore water extract. Our hypothesis was the formation of a surface eco-corona composed
from the dissolved organic molecules present would reduce dissimilarities in the toxicity of

differently charged nanoplastics in this more realistic exposure setting.

MATERIALS AND METHODS

Nanoplastics

Six spherical polystyrene nanoplastics were tested for toxicity to the nematode C. elegans.
These were three 50-nm yellow-green fluorescently labelled particle that were immediately
available and later three 60-nm unlabelled nanoplastics (all Magsphere, Pasadena, USA)
(Table 1). These particles have been used in previous nanotoxicology studies, which have
demonstrated their chemical properties and charge3'-32, with the positive and negative charge
status supported by our zeta potential measurements (Table 1). An initial set of experiments
was conducted with the 50-nm set. This set was immediately available for experimental use
for our study, but carried a fluorescent label. During the time these experiments were being
conducted, a second set of differently charged nanopolystyrene particles became available
through the same supplier. A second set of tests using this 60-nm set were, therefore,
conducted to confirm the observations made relating to charge effects to cross-validate the
responses seen. For each particle size set, one unfunctionalised (“50PSF°” and “60PS°”), one
aminated (“50AMF*” and “60AM*”) and one carboxylated (“50CAF~” and “60CA™) giving,
respectively, neutral, +ve and -ve surface charges were tested for toxicity. The particles, thus,
represent two independent sets of differently charged nanoplastics of different size, but with

the same set of surface functionalisation. Transmission electron microscopy (TEM) size data

5
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was provided by the supplier (Table 1). To confirm size and charge status, the hydrodynamic
diameter and zeta potential of each nanoplastic were measured using dynamic light scattering
(DLS) (Zetasizer Nano ZS, Malvern Panalytical) in exposure media without the E. coli bacteria

present which can compromise assessment in C. elegans test systems.

Table 1: Nanoplastic physicochemical properties: mean manufacturer stated transmission
electron microscopy diameter £ SD (nm), for manufacturer certificate of assurance.

Measured DLS hydrodynamic diameter + SD (nm) and zeta potential £ SD, n=3.

TEM size (nm) DLS Z-Average (nm) Zeta potential
*SD +SD *SD
50PSF° 50 + 12 51.8+0.3 -22.3+29.4
50AMF* 50+ 10 51.0+x04 +38.6 + 18.4
50CAF- 497 50.8 £ 0.3 -59.4 +17.8
60PS? 64 +18 69.3+0.8 -37.0+14.0
60AM* 619 59.8 + 0.6 +51.8+17.0
60CA* 63 + 20 64.9+0.7 -49.0 £ 11.1

Exposure media and nematode toxicity assays

All experiments were carried out with C. elegans wild-type strain N2 initial obtained from the
C. elegans Genetics Centre (Minneapolis, USA). All nematodes used were reared from this
ancestral line in cultures maintained at 20°C on nematode growth medium plates and ad

libitum fed the uracil-deficient Escherichia coli strain OP50 (C. elegans Genetics Centre)®.

Partial and full life-cycle exposures in SSPW and LUFA2.2 pore water
Partial life-cycle toxicity tests were conducted with the 50-nm nanoplastic set in a simulated
soil pore water (SSPW) media (composition following the recipe of Tyne et al.** prepared

without Fe and fulvic acid (and so in the absence of intentionally added dissolved organic
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ligands). The SSPW was supplemented with 2 mg/L cholesterol (Sigma Chemicals) to ensure
normal nematode growth, development and reproduction and Escherichia coli strain OP50 (at
a standard density of O.D. 0.12/day consistent with previous studies®®) added as a food
source. For all tests, nematode eggs were initially obtained by bleaching®. These age
synchronised eggs were immediately exposed to the nanoplastics in a series of concentrations
range of 0, 1, 2.8, 7.1, 18.8 and 50 mg/L in a fully randomised design in 12 well plates (Greiner
Bio One, Stonehouse, UK), with 1 mL SSPW and 5 replicates for each tested concentration
at 20°C for exposures in constant dark. Initially approximately 50 eggs were transferred into
each well and after 72 h two randomly selected adults were transferred to fresh medium for a
further 72 h to track growth and lay eggs (total exposure time 144 h). The two individuals
transferred after 72 h were photographed using a VC.3036 HD-Ultra Microscope Camera
(PeplerOptics, Knutsford, UK) mounted on a Nikon SMZ 800 microscope (Nikon Corporation,
Tokyo, Japan). The volumetric length (cubic root of body volume) of each individual was
calculated using a cylinder with rounded ends as approximation of the nematode shape,
volumetric length= ((*A2)/(8*1)), where | = length [um], A = area [um2]. Produced juveniles
and eggs were stained at the end of the experiment with a 1% Rose Bengal solution (Sigma
Chemicals, Pool, UK) for 40 min and subsequently killed by heating to 55°C for 1 h for

counting.

To exclude the possibility that any observed nanoplastic toxicity was caused by the presence
of surfactants, synthesis residues or other contamination in the supplied stock dispersions,
additional exposures were carried out with the dispersion medium alone after the particles
were removed. These additional assays were conducted at a concentrations of dispersion
medium to that equivalent which caused no effect and full reproduction knock-down for each
nanoplastic in partial and full life-cycle tests for each of the 50-nm and 60-nm nanopolystyrene
sets respectively. Samples of the supernatant free of particles were prepared by Amicon Ultra-
4 10 kDa ultrafiltration (Millipore) of the nanoplastic dispersion. Experiments were conducted
following the same protocol as used for the partial life-cycle exposures described above.
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To investigate the pMoA and associated TK/TD parameters for the differently charged
nanoplastics, life-cycle toxicity tests were carried out also in the SSPW medium. For the 50-
nm nanoplastic set, age synchronised eggs were first obtained by bleaching and immediately
exposed to different concentrations (2-200 mg/L) of each charge variant nanoplastic. All
exposures were carried out in a fully randomised design in 12 well plates (Greiner Bio One)
with 1 ml exposure medium per well, two individuals per well and 5 replicates for each of a
series of tested concentrations ranging from 1-50 mg/L for the 50 nm —ve and neutral particles
and from 1-200 mg/L for the remaining particles. These concentration ranges were selected
to ensure a sufficient number of sublethal treatments to provide data for effect modelling in all
cases. The nematodes were transferred into fresh medium at 3 day intervals during the
juvenile growth phase and then daily during the egg laying period (Day 3 to Day 8) in order to
allow reproduction to be assessed daily as needed as input data for DEBtox modelling.
Survival was checked daily and growth assessed by photographing individuals in the exposure
wells daily up to 10 days after the start of the exposure using a VC.3036 HD-Ultra Microscope
Camera (PeplerOptics, Knutsford, UK) mounted on a Nikon SMZ 800 microscope. To measure
reproduction, after adults were removed each day, the juveniles and eggs were stained and
killed as described above. Brood-size for each individual was given as the sum of offspring
produced over all days. To confirm our observation of surface change effects on responses
over time, a second set of full life-cycle tests were conducted with the larger 60-nm nanoplastic
set. The tests were conducted in the SSPW medium, but in this case randomised in 6 well
plates with 2 mL medium and 1 adults per well. Analysis for these two independent
experiments was used to verify identified charge effects on life-cycle traits and pMoA and

TK/TD parameters through DEBtox modelling.

To assess eco-corona formation effects on differently charged nanopolystyrene toxicity, an
additional set of partial life-cycle toxicity tests was conducted under more realistic conditions
in an extracted soil pore water containing natural dissolved carbon species that could attach

8
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to the particle surfaces. The soil used for pore water preparation was the well characterised
standard soil LUFA2.2 (LUFA Speyer, Germany), a loamy sand with an organic carbon content
of 1.7%, a pHcaci2 of 5.6 and a water holding capacity (WHC) of 42 mL/100 g. To collect the
pore water extract, the soil was wetted to 50% water holding capacity with deionised water for
24 h after which the water content then increased to 100% WHC for an additional 24 h. Pore
water from the saturated soil was extracted by 0.2 ym vacuum filtration using a surfactant free
Rapid Flow cellulose membrane filter (Nalgene Inc, Rochester, USA). Both SSPW and
LUFAZ2.2 pore water were supplemented with 2 mg/L cholesterol (Sigma Chemicals) and food
source Escherichia coli strain OP50 (at O.D. 0.12/day). The toxicity of the different surface
charge nanoplastics in the extracted LUFA2.2 pore water was assessed for both the 50-nm
fluorescent nanoplastic (50PSF°, 50AMF*, 50CAF-) and 60-nm nanoplastic (60PS°, 60AM*,
60CA") sets. Studies were conducted using the same partial life-cycle test method detailed

above for the 50-nm particle SSPW experiments.

Toxicity data analysis and DEBtox modelling

The partial life-cycle toxicity test data was analysed for concentration-response relationships
in Systat Sigmaplot 13.0 using a 3-parameter logistic regression to estimate median effect
concentration (ECso), upper asymptote, and slope parameters for each nanoplastic and test
media combination. Concentration—response curves for the differently charged nanoplastics
were compared using the F test®” to investigate differences in fitted relationships for each
functionalised nanoplastic pair, a p<0.05 indicating a significant difference in response

between the two differently charged forms.

DEBtox modelling was conducted using the latest variant model of Jager® based on the
DEBkiss model, which is a well-established approach for the analysis of life-cycle toxicity test
data. The model follows a TK/TD formulation explicitly taking damage into consideration as in
the General Unified Threshold model for Survival (GUTS)%. This formulation of DEBtox is
available as a package of the Build Your Own Model (BYOM) modelling platform coded in

9
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Matlab (debtox.info/byom.html). As suggested by Jager3®, we first fitted the control treatment,
and once calibrated kept the non-toxicological parameters fixed to fit the toxicological
parameters for the different nanoplastic effect data-sets. The growth of C. elegans is often
described with initial food limitation?64°, however, as growth monitoring started one day after
hatching this early stage food limitation could not be assessed. Therefore, we assumed Van
Bertalanffy growth started one day after hatching as in Cedergreen et al.*', which indeed well
described growth in the control condition. The reproductive behaviour of C. elegans stops
rather abruptly when the stored sperm cells runs out (sperm production stops when egg
production commences, which usually happened when approximately 300 offspring have
been produced). Therefore, we only used reproduction data up to t = 6 days to avoid this
complexity arising due to sperm limitation. The DEBtox model was used to identify the best
fitting primary pMoA or combination for each functionalised nanoplastic from four possibilities:
i) assimilation, ii) increase in maintenance, ii) growth or iv) reproduction costs. We tried the
different pMoA combinations and selected the best fit based on the relative goodness-of fit

with the minimal log-likelihood.

RESULTS AND DISCUSSION

Tests for effects of dispersion medium on nematode reproduction

Previous studies have shown that apparent toxic effects initially assigned to micro- and
nanoplastics can instead be attributed to the presence of additives (e.g. the antimicrobial
sodium azide) and toxic synthesis residues in carrier solutions*2. To exclude this possibility,
we specifically procured sodium azide free nanoplastics and conducted exposure to
nanoplastic free supernatants (Figure 1). These supernatant exposures did not show any clear
knock-down for reproduction (maximum difference from the control for any of the tested
supernatants for the 50-nm set, 21.2 juveniles, Hedge corrected effect size = 0.54; and 60-nm
set, 0 vs 2 mg/L 60AM, 40 juveniles, Hedges' G effect size 0.797). Overall the results indicate
that any strong knock-down effects of the tested nanoplastics can be attributed primarily to

10
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the presence of the nanoplastics themselves in all cases and not to other chemicals present

in the supplied stock dispersions.

Dot e bt

100
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i:zw”u}

50

Number of offspring/individual
Number of offspring/individual

SSPW 10 mg/L 25 mg/L 2.5 mg/L 7.5 mg/L 200 mg/L

SSPW 31 mg/L 200 mg/L 2 mg/L 5mg/L 31 mg/L 200 mg/L
control 50PSFO S0AMF + S0CAF - e/ o &/ e/ e/ &/

Treatment control 60P5 0 60AM + 60CA -
Treatment

Figure 1. Test for the effect of the different dispersion media after removal of nanoplastic
particles from medium; these where dosed at concentrations, estimated from the main toxicity
test, which if containing the associated nanoplastic would have caused no effect or full knock-
down of nematode reproduction A) supernatants from the 50-nm fluorescent nanoplastics, B)
supernatants from the 60-nm unlabelled nanoplastics; values are means with standard

deviation based on 5 replicates.

Toxicity tests comparing charged nanopolystyrene toxicity in SSPW

An initial set of short-term toxicity tests were conducted for the differently charge nanoplastics
in the fulvic acid free SSPW. These tests indicated significantly higher toxicity for both
reproduction and growth (expressed as body length) for the +ve than the neutral or -ve forms
(F-test for comparison of concentration response relationships, p<0.001 in all cases) (Figure
2, Table S1). The neutral nanoplastics also showed higher toxicity than the -ve particles, which
showed minimal toxicity even at the highest tested concentration of 200 mg/L. Of the two
endpoints, reproduction was more sensitive than growth. For reproduction, the ECso for the

50AMF* nanoplastics of 2.6 mg/L was 6 fold lower than that for the neutral particles (ECso 18.1

11
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m/L) and >75 fold lower than for the 50CAF- nanoplastics (Figure 2A). For effects on growth,
while ECso were higher than for reproduction, the order of potency was retained with the
50AMF* (15.2 + 1.3 mg/L) > 50PSF° (40 + 2.1 mg/L) >> 50CAF- (>200 mg/L) (Figure 2B). The
higher toxicity of the +ve nanoplastics was confirmed using the reproductive broodsize data
from the full life-cycles experiments conducted in SSPW for the 60-nm particle (see Table S1
for full set of endpoint effects concentrations). These reproductive ECso £ SE values indicated
potency ordered as 60AM* (3.2 £ 0.3 mg/L) > 60PS° (53.5 + 5.2 mg/L) >> 60CA" (>200 mg/L).

The maximum fold difference in toxicity for the +ve and neutral nanoplastics was >62.5 fold.

B
A —o— 50pSF? —o— 50PsF°
150 ——#—~S0AMF* 150 ——&—— S0AMF

— sk SOCAF 3k SOCAF
[e) =
= o
£ O [ dx x X g g =
S woe ===z 7 1L £ 100
=] o
= N 3 ; -_%
= \ L3 -
oo
c i o
= 9 | sopsr-18.1+NC §\ B 0 sopse-40+21 \
2 SOAMF*=2.0+03 '\ G S0AMF* =152 + 1.3 *
= — AN L
S S0CAF =>200 ¥ S0CAF = >200 N

0 0 lea

0 1 10 100 1000 0 1 10 100 1000

Nanoplastic concentration [mg/L]

Figure 2: A. Offspring per individual after 6 days and B. volumetric length at 72 h as % of
control after exposure to 50PSF° (open circle, solid line), 50AMF* (closed diamond, dashed
line) and 50CAF- (asterisks, dotted line) in SSPW, point are averages + SD from n=5
replicates, line is 3-parameter log logistic regression fitted; stated values are ECso (+SE) in

mg/L, NC = confidence intervals not calculable.

The higher toxicity of the +ve 50AMF* and 60AM* than their size matched neutral 50PSF° and
60PS° nanoplastics supports observations from previous studies with different charged
nanomaterials that have indicated a greater effect from particles with a positive surface charge
e.g.21434445  Although additionally studies have also shown greater effects of negatively
charged than neutral nanoparticles “6. Reviewing the role of charge in cell surfaces and other

biological interactions, Forest and Pourchez'® concluded there was evidence of preferential
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binding of +ve nanoparticles due to electrostatic interactions with the predominantly -ve cell
membrane surface. This potential increase in nanoplastic-biomembrane interaction strength
points to a difference in TK mechanisms leading to higher uptake as a major driver of the
increased +ve nanoplastic potency. However, Forest and Pourchez'® suggested that
attributing this higher +ve particle toxicity to surface interactions alone may be too simplistic.
In particular, the formation of a surface protein corona may modify both surface charge and
other surface properties, such as the ability of particle surface to be recognised by cells or the
nature of steric interaction, so affecting the nature of cell surface contacts and, hence, the

nature and strength of nano-bio interactions.

Using the same nanoplastics as tested here, Loos et al*® also found higher toxicity for the
aminated than carboxylated forms. In this study, the higher +ve nanoplastic toxicity was
attributed not only to higher cell surface interactions, but also to the formation of holes in
biological membranes and to associated lysosomal swelling and rupture through continuous
activation of the lysosomal proton pump. An interaction of aminated nanoplastics with
lysosomes have also been found in in vivo in sea urchin embryo exposures*’ that may further
be linked to the increased activity of stress signalling pathways*é. The charge related organelle
effects indicate that, as well as potentially modifying TK through changing cell surface
interactions to alter cellular uptake, charge status may also affect TD effects by inducing

different cellular damage pathways.

A higher toxicity of positively charged nanomaterials was also found by Hanna et al.®.
However, these authors attributed this greater toxicity to the positively charged particles
agglomerating the E. coli bacterial food source, leading to reduced feeding and resulting
effects on growth and reproduction, rather than through a direct “toxic” effect. In our test
system, we cannot exclude that such a bacterial food interaction may play some part in the
greater effects observed for the positively charged particles. However, there are a few key
differences between our study and that of Hanna et al 35 that may limit the contribution of this
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agglomeration interaction to observed effects. First, the two study were conducted in different
test media. Thus, Hanna et al.3® conducted their test in relatively high ionic strength M9 buffer,
a test solution in which nanomaterials themselves have been found to readily agglomerate. In
contrast, in our study, SSPW was used as test media. This solution has been specifically
designed to better reflect soil pore water conditions and has a lower reduce ionic strength than
M9-buffer, leading to reduced agglomeration potential for nanomaterials and potentially
heteroaggregates of and with bacteria?®. Secondly, the means by which particle surface was
charged differ significantly between the two studies. In Hanna et al.®® the key finding of a
positive charge effect on E. coli aggregation to affect feeding related to observations for Au
nanoparticles. These materials were differently charged as a result of the addition of different
surface coatings. For the nanopolystyrenes tested here, charge was conveyed by different
functionalisation of the polymer surface groups. Coatings as used by Hanna et al.3® can
dissociate from particle surfaces where they may directly interact with the bacteria present,
including by acting as a food source. The strongly attached surface functional groups on our
polystyrene particles on the other hand has no such known direct interactions with bacteria.
To confirm the extent of agglomeration caused for bacteria by the addition of the different
charged nanopolystyrenes in our test system, we looked for the presence of bacterial
aggregates in the exposure media at the exposure concentrations closest to reproductive ECso
for each particle (Fig. S3). In exposure wells, limited presence of bacterial aggregates was
found in the 60AM, but were not observed in other treatment. Hence, based on these
differences and observations including limited observed bacterial aggregations, we concluded
that a charge effect on bacteria reducing feeding may not be the primary driver of the observed
different in responses to nanopolystyrene exposures. To further explore the observed effects
responses and associated energetic causes, we, therefore, proceeded to life-cycle testing and

DEBtox analysis.

Life-cycle exposures and DEBtox modelling for pMOA and TK/TD parameter identification
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Full life-cycle tests data for the 50-nm and 60-nm charged particle sets in SPPW was used as
input to DEBtox models to calculate TK/TD traits. The full life-cycle toxicity tests supported
observations in short-term bioassays for the 50-nm nanoplastics in SSPW that potency of the
charge variants increased in the order +ve > neutral >> -ve (Figure S1, S2). The order of
toxicity and the magnitude of differences for each endpoint were consistent between 50-nm
and 60-nm sized sets (Figure 3 A-F, S1, S2). The charge effect on toxicity can be seen most
clearly for effects on reproduction, which was the most sensitive parameter consistent with
other life-cycle toxicity studies in C. elegans?6595!. Thus, the -ve particle had no effect on
reproduction up to the highest tested concentration; the neutral particle had effects on
reproduction at treatments of 18.8 mg/L and higher and the +ve particles at 2.7 mg/L and
above. Effects seen on survival and growth all supported the greater toxicity of the +ve
compared to the neutral particles (Figure 3 A-F), the only exception being the slightly greater
effects of the 50PSF° than 50AMF* particles on survival, the reason for this difference being
currently unclear (Figure 3 A,B). The concentration dependent effects on all traits were largely
conserved between the similarly charged 50-nm and 60-nm nanoplastics. The similarity of the
observed effects confirm the repeatability of the charge effect, even in nanoplastics that differ

in size, albeit only by a relatively small extent.
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Figure 3. Observed (points) and simulated (lines) effect of A) 50-nm nanopolystyrene
unfunctionalised particle (neutral), B) 50-nm aminated (+ve) nanopolystyrene particles, C) 50-
nm carboxylated (-ve) nanopolystyrene particles, D) 60-nm polystyrene unfunctionalised
(neutral) nanopolystyrene particles, E) 60-nm aminated (+ve) nanopolystyrene particles, and
F) 60-nm carboxylated (-ve) nanopolystyrene particles on the life-cycle of C. elegans from
DEBtox models fitted simultaneously for all nanoplastic types; for A) the best fit was with the
physiological modes of action (pMoAs): growth and reproduction; for B), D) and E), the best
fit was with the pMoAs: assimilation, growth and reproduction; for F) the best fit was with the

pMoA: reproduction.

The life-cycle data was used for DEBtox modelling to estimate a series of TK and TD trait
related parameters including the pMoA. Modelling of the underlying pMoAs showed that for
the most toxic +ve nanoplastics in both sizes, the effects seen were in both cases best
explained by a combined mechanism of reduced assimilation and increased costs for growth
and reproduction (see Table S2 for goodness-of fit of the different pMoA models). For the two
neutral particles, the 60PS° particles had effects that were also best described by effects on
assimilation and costs for growth and reproduction. For the 50PSF° nanoplastics, the model
did not support an effect on assimilation, but did for effects on costs for growth and
reproduction, indicating that effects seen may not simply be related to the mechanisms of
particle ingestion reducing food intake seen in previous work®2. This suggests that while all
the tested polystyrene nanoplastics all affected costs for growth and reproduction, the neutral
smaller sized polystyrene nanoplastics had a more limited effect on feeding and the resulting
assimilation of energy from food compared to the larger particles. For the two -ve nanoplastics,
the low level of observed toxicity meant that DEBtox model could only be fitted for the 50CAF-
form. The best fitting pMoA for this particle was an effect only on costs for reproduction (Table

S2).

The effects of nanoplastic exposure on assimilation of energy from food that were indicated
for the 50AMF*, 60AM* and 60AMC variants535* could be attributable to the presence of

nanoplastics reducing the nutrition value of the diet, especially if they are ingested alongside
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the larger bacteria , thus, diluting the food source (as observed in other species, e.g.%, but not
to our knowledge in C. elegans). Food dilution would, however, affect all our treatments in the
same way and so would be unlikely to cause the different observed between the differently
changed particles. Alternative to food dilution, the effects indicated on assimilation could result
instead from direct effects on feeding rate%, or instead through impacts on cellular energy
mechanisms through, for example, mitochondrial toxicity?8. Micro- and nanoplastics exposures
have previously been linked to increased cellular oxidative stress, including in nematodes'®'4,
that has been linked to effects on metabolism (isocitrate dehydrogenase and lactate
dehydrogenase activity)*® and depolarization of mitochondrial and cell membrane, chlorophyll
and population growth™. Further studies would be needed to address the basis of the effects.
Indeed, exposure effects on assimilation are not uniquely found for plastics, as this pMoA has
been widely attributed for a range of inorganic and organic chemicals. For example, the effects
of cadmium exposure on assimilation life-cycle tests have been found from DEBtox modelling
in both C. elegans and the collembolan Folsomia candida?®5"% and for uranium in C. elegans

58 59 indicating this as a common and conserved mechanism of effect.

Although the DEBtox modelling suggested common nanoplastic effect on assimilation and
costs for reproduction and growth, the DEBtox TK/TD parameters can be further used to
assess the detailed nature and strength of these toxicological effects (Table 2). Consistent
with our hypothesis, these differed between the tested nanoplastics. The dominant rate
constant ‘kq’ governs the time needed for the damage density to reach steady state with the
external concentration, it is the mathematically equivalent to the elimination rate ‘ks’ in the
previous DEBtox model structure®®. The DEBtox model considers that individuals have a
threshold of the damage level for the budget energy ‘zy’ and for survival ‘zs". Once those values
are exceeded, the effects are proportional to the values of the damage above the thresholds
multiplied by an effect strength on energy-budget ‘by’ and on survival ‘bs’. This is the equivalent

of the no effect concentration (NEC) and the killing rate in previous DEBtox model. The effect
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strength for energy-budget (by) and for survival (bs) provides an indication of the damage

associated with the a given internal exposure for the energy budget and survival, respectively.

Table 2. Parameters values of the DEBtox model used for the models fitted for the charge

variant 50-nm fluorescent and 60-nm polystyrene nanoplastic sets

Parameter Description Value Value Unit
(symbol) 50-nm (95% Cl) 60-nm (95% CI)

Parameters fitted to the control treatment

Lo Body length at start 0.29 0.31 mm
experiment

Lp Body length at puberty 0.59 0.63 mm
Lm Maximum body length 1.29 1.24 mm

rs Von Bertalanffy growth rate 0.43 0.72 1d

Rm Maximum reproduction rate 69.3 52.3 eggs/d
F Scaled functional response 1 1 [-]

hb Background hazard rate 0.009 0.015 1d

Toxicological parameters polystyrene aminated (+ve)

kd Dominant rate constant 0.68 (0.59 - 1.17) 8.0(7.2-8.4) 1d

Zb Threshold energy budget 0.59 (0.29-1.11) 1.7(1.4-1.8) mg/L

bo Effect strength energy-budget 0.07 (0.05 - 0.27) 0.09 (0.08 - 0.1) L/mg

Zs Threshold survival 49.8 (8.6 - 49.9) 2.31(0-11) mg/L

bs Effect strength survival 6.0 (0.2-189.1) 0.008 (0.004 - L/mg/d
0.014)

Toxicological parameters for polystyrene unfunctionalised (neutral)

kd Dominant rate constant 100* (4.35 — 100%) 100* (2.9 — 100%) 1/d

Zb Threshold energy budget 14.0 (10.8 - 16.0) 1.4 (0-3.5) mg/L

bo Effect strength energy-budget 0.16 (0.11 - 0.25) 0.003 (0.003 - L/mg
0.004)

Zs Threshold survival 2.7 (0-14.24) 69.4 (0-123) mg/L

bs Effect strength survival 0.0017 (0.0006 - 0.0038) 0.0007 (0.0001 - L/mg/d
0.002)

Toxicological parameters for polystyrene carboxylated (-ve)

kd Dominant rate constant Cannot be estimated 0.008 (0.001* - 100*) 1/d

Zb Threshold energy budget >200 0.025 (0 - 4.979) mg/L

bo Effect strength energy-budget Cannot be estimated 0.36 (0.05 - 100%) L/mg

Zs Threshold survival >200 >200 mg/L

bs Effect strength survival Cannot be estimated Cannot be estimated L/mg/d

* Boundary of the parameter space explorer
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The few toxicological effects of the -ve nanoplastics make an analyses of the TK/TD parameter
values difficult due to the large confidence intervals estimated for the calculable values (Figure
3, Table 2). The DEBtox modelled values can, however, be compared between the +ve and
neutral nanoplastics (Table 2). The kq values for the nanoplastics decreased from the neutral
to +ve particles. Thus, the neutral particle showed a k4 of 100 (for both size, Table 2), which
was the boundary for the algorithm, indicating an infinite value, suggesting a very fast uptake
leading immediately to damage, compared to a slower uptake leading to damage for the +ve
particles. Hence, the TK parameters point to a more rapid effect for the neutral nanoplastic,
which is not consistent with the hypothesis that +ve charge enhanced interactions between
the nanoplastics and membrane surfaces or of greater potency driven by greater uptake for
the +ve forms. For the TD parameters, the thresholds for effect on energy budget are smaller
for the +ve than for the neutral particles for the 50-nm materials. For 60PS° the threshold for
energy budget (1.4) is close to those of 50AMF* and 60AM* (0.59 and 1.7 respectively), but
these particles show a smaller b, value (0.003) than either charged particle (0.07 and 0.09
respectively). The values suggest that once the effect threshold is exceeded, the +ve particles
exert greater toxicity relative to their exposure concentration. DEBtox modelling, thus,
suggests a greater potential for damage associated with the +ve nanoplastics as the major
driver for their greater observed potency. Taken together the DEBtox pMoA model fits and
parameter values suggest that exposure to different surface functionalised nanoplastics has
an effect on life-cycle traits governed through effects on assimilation as well as direct toxicity
for growth and reproduction (potentially through germline effects according to*). The +ve
surface charge means that these effects to occur at lower internal thresholds and/or greater
toxicity for endpoint based for the same extent of accumulation. This greater impact may be
related to the potential of charge properties to cause greater disruption and damage,
potentially through their ability to interact with, and potentially traverse, cell members to reach
internal structures. Further studies with other different functionally charge particles are,
however, needed to confirm these patterns of charge related response.
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Effects of organic matter eco-corona formation on relative toxicity of charged nanoplastics

The studies in the SPPW were conducted in a medium that did not contain any added
dissolved humic or fulvic acids. Forest and Pourchez'® suggested the surface attachment of
proteins and other organic molecules can potentially modify the nature of nanomaterial
interactions with cell and organism surfaces. In natural soil and litter environments, exposure
to nanoplastics would normally take place in pore water in the presence of a complex mixture
of dissolved organic carbon species, such as humic and fulvic acid, carbohydrates, lipid
components, amino acids and larger biomolecules like DNA, peptides and proteins®’. These
organic molecules may interact with particle surface to form an “eco-corona” that may change
surface properties to affect organism interactions'”-62. While over the duration of the test
period, the presence of both the nematode itself and also the supplied bacterial food, will result
in an increase in the presence of small organic molecules in the test medium, the
concentrations and nature of dissolved organic molecules reached in the SSPW exposures
are unlikely to match those found in the soil solution environment in which meiofauna, such

as nematodes, would normal live.

To understand how exposure to a higher environmentally realistic concentration of dissolved
organic matter molecules may affect that nature of charge dependent toxicity of nanoplastics,
we repeated the toxicity testing for the 50-nm nanoplastic set in a LUFA2.2 soil pore water
extract. Exposures in pore water decreased the reproductive toxicity and growth inhibition
effects of all 50-nm particles compared to the SSPW tests (Figure 4 compared to Figure 2),
consistent with observations of other nanomaterials®®. For the aminated materials, the only
functionalised for which a logistic model could be fitted in both media, toxicity was reduced 37
fold for the 50AMF* and 13 fold for the 60AM* nanoplastics in LUFA2.2 pore water compared
to SSPW (n.b. 50PSF°, 50 CAF- reproduction ECso values >200 mg/L in all cases). Despite
the overall reduction in toxicity seen for both reproduction (Figure 4A) and growth (Figure 4B),
the 50AMF* retained increased potency to both measured endpoints in the LUFA2.2 pore
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water compared to 50PSF° and 50CAF- nanoplastics despite the potential interactions of the

dissolved organic substance present with the particle surfaces.
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Figure 4: A. Number of offspring produced per individual after 6 days and B. volumetric length
at 72h expressed as % of control after exposure to 50PSF° (open circle, solid line), 50AMF*
(closed diamond, dashed line) and 50CAF- (asterisks, dotted line) in LUFA2.2 pore water
extract, point are averages * SD from n=5 replicates, line is 3-parameter log logistic regression

fitted; stated values are ECso (£SE) in mg/L , NC = confidence intervals not calculable.

Previous work has investigated the interaction of organic molecules with the surfaces of
differently charged nanomaterials. In a study conducted with bottle and tap drinking and
untreated lake waters, chemistry parameters including natural organic matter concentrations
were found to affect the surface properties and aggregation dynamics of polystyrene
nanoplastics. Different drivers of aggregation were identified, with cation adsorption likely to
promote aggregation for -ve and organic matter for +ve nanoplastics®. The SSPW used is
designed to mimic the soil pore water cation composition*®. Hence, the major difference
between the two media is the presence of organic molecules in the extracted soil pore water.
Based on the effects of organic matter association being greater for the +ve nanoplastics®,
the exposure in the LUFA2.2 porewater would be expected to lead to greater agglomeration

of the 50AMF* and 60AM* materials compared to the neutral and -ve forms. This may be
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expected to lead to a greater reduction in +ve nanoplastic toxicity than that of the other forms.
However, the reduction found for the neutral nanoplastics also suggests that the association
of organic matter with the particle surface may also change interaction with nematodes that
reduces toxicity for these forms®565. Hence, a wider mechanism of adsorbed organic molecule
passivation of nanoplastic effects independent of any charge providing surface
functionalisation is indicated. The presence of organic matter in soil pore water extract, thus,
mitigates the toxicity of each nanoplastic or changes palatability, greatly reducing effect on
life-cycle traits of all charged forms. Hence, although strong charge effects leading to toxicity
may occur in classical laboratory tests systems which often lack the presence of added
dissolved organic matter, these differences may not be fully realised in nature as natural ligand
pacify surface to reduce the strength of cellular interactions. Such results will be important for
understanding the hazard of different nanoplastics forms under realistic exposure conditions

providing insights for grouping and risk assessment.
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SUPPORTING INFORMATION

ECso values for 50 nm and 60 nm polystyrene nanoplastics for reproduction, volumetric length
and lifespan in SSPW; DEBtox model fit statistics; life-cycle data for the effects of the 50 nm
and 60 nm nanopolystyrene sets and images of exposure media at approximate ECso

concentrations for reproduction illustrating absence of bacterial aggregates.
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