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HIGHLIGHTS GRAPHICAL ABSTRACT

e TP and leachate exposures caused mor-
tality and developmental abnormalities.

o TP leachate was the main driver of
toxicity for D. magna and larval
zebrafish.

o Exposure to nano TPs enhanced toxicity
in comparison to leachate alone.

Daphnia

ARTICLE INFO ABSTRACT

Keywords: Environmental sampling has documented a diversity of microplastics, including high levels of black rubber—
Microplastics generally identified as tire debris. Though organisms have been shown to ingest tire particles (TPs), past research
Nanoplastic focused on toxicity of leachate alone, overlooking potential effects of particles. To address these gaps, we
l;;i’ig:l]:m assessed the toxicity of micro (1-20 ym) and nano (<1 pym) TPs for two model organisms, embryonic Zebrafish
Daphnia Danio rerio and the crustacean Daphnia magna. To assess effects on development, Zebrafish embryos were exposed

Development to concentrations of TPs or leachate ranging from 0 to 3.0 x 10° particles/ml and 0-100% respectively (n = 4).
Greater mortality and sublethal malformations were observed following nano TP and leachate exposures as
compared to micro TPs. Unique abnormalities between the exposures indicates that there is both chemical and
particle-specific toxicity. We also observed D. magna mortality following a 48 h exposure of neonate to TPs or
leachate, ranging from 0 to 3.3 x 10° particles/ml and 0-100% respectively (n = 3). Though, particle-
enhancement of toxicity was observed for both Zebrafish and D. magna, overall sensitivity to TPs differed. It
is important to identify differential toxicities across species to achieve an understanding of the environmental
impacts of TPs and the chemicals they leach.

1. Introduction waste in the environment is a growing problem (Geyer et al., 2017).
Though plastic pollution is often discussed as a single entity, the cate-
Pollution of micro- and nanoplastics degraded from larger plastic gory of plastics actually encompasses many chemical compositions,
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colors, morphologies, additives, and sizes (Rochman et al., 2019). While
much of the literature investigates the effects of plastics on freshwater
organisms using only spherical polystyrene (PS) particles (Greven et al.,
2016; Lu et al., 2016; Nasser and Lynch, 2016; Brun et al., 2017; Cui
et al., 2017; Liu et al., 2018; Pitt et al., 2018b; Liu et al., 2019),
microplastics of differing shape, size, and morphology confer differing
toxicity (Lee et al., 2013; Frydkjeer et al., 2017; Gray and Weinstein,
2017; Choi et al., 2020; Stienbarger et al., 2021). Therefore, to fully
understand the effects of these plastic pollutants, it is important to
conduct research with particles representative of those in the environ-
ment. Microplastic abundance and type can vary in differing media
(Yonkos et al., 2014; Sutton et al., 2019; Wu et al., 2020). Additionally,
rivers are major conveyors of plastics into other environments. For
example, the Yangtze River in China has been reported to have 4137
plastic particles per cubic meter (Zhao et al., 2014). Overall, environ-
mental sampling has shown fibers to be the most abundant microplastic
morphology, with fragments as second most common (Sutton et al.,
2019; Okoffo et al., 2021).

One of the most commonly found microplastics in environmental
samples are black rubber, generally identified as tire debris or tire
particles (TP) (Werbowski et al., 2021). In fact, some have asserted that
tire wear particles and other tire-related debris is one of, if not the
largest source of terrestrial microplastics in marine environments
(Sherrington, 2016; Boucher and Friot, 2017). Such particles originate
from friction of tires on roadways and flow into the environment from a
variety of sources including wastewater (Sugiura et al., 2021), road/-
stormwater runoff (Ziajahromi et al., 2020; Werbowski et al., 2021), and
atmospheric deposition (Kukutschova et al., 2011). It has been esti-
mated that 1524,740 metric tons of tire wear particles flow into the
environment from the US each year (Kole et al., 2017). Estimated
emission per capita for other countries (e.g. China, India, Japan, Nor-
way, Sweden, and Denmark) range from 0.23 and 1.9 kg/yr (Kole et al.,
2017). TPs are composed of a variety of materials including synthetic
rubber (e.g. styrene butadiene styrene), filling agents, oils, vulcanization
agents, and other additives (Eisentraut et al., 2018). Both the particles
themselves, as well as chemicals they leach, may have detrimental ef-
fects on aquatic organisms they come in contact with (Wik and Dave,
2006; LaPlaca and van den Hurk, 2020).

The majority of tire-toxicity studies have focused on toxicity asso-
ciated with the leachate component. It has been shown that exposure to
TP leachate can cause mortality in freshwater organisms (Gualtieri et al.,
2005); however, toxicity decreases when assessed with exposures of
sediment elutriate (Marwood et al., 2011). One of the most commonly
identified components of TP leachate is high levels of zinc (Zn) (Gual-
tieri et al., 2005), a heavy metal known to be toxic to aquatic organisms
(Attar and Maly, 1982). In fact, it is estimated that up to 36% of Zn
released into the atmosphere comes from TPs (Councell et al., 2004). TP
leachate has also been shown to contain polycyclic aromatic hydrocar-
bons (PAHs) (LaPlaca and van den Hurk, 2020). Studies have found that
fish take up elevated levels of PAHs released from TPs (Stephensen et al.,
2003; LaPlaca and van den Hurk, 2020). Furthermore, components in
tire leachate have been very recently linked to mortality in Coho salmon
(Tian et al., 2021).

Though much research has focused on leachate, a few studies have
investigated the toxicity of the TPs themselves. A variety of organisms
will internalize micro TPs, including Gammarus pulex (Redondo-Hasse-
lerharm et al., 2018), Hyalella azteca (Khan et al., 2019), Mysid sp. (Halle
et al., 2020; Siddiqui et al., in review), Menidia beryllina [40], Fundulus
heteroclitus (LaPlaca and van den Hurk, 2020), and Pimephales promelas
(LaPlaca and van den Hurk, 2020). It should be noted that most of those
exposures used micro TPs larger than the 20 pym maximum size used
during this present study. Exposure to micro TPs increased mortality and
affected reproduction in H. Azteca (Khan et al., 2019). Interestingly,
Panko et al. (2013) found minimal effects to freshwater organisms,
Ceriodaphnia dubia, P. promelas, Chironomus dilutus, and H. azteca, when
TP exposures were done using spiked sediment. They hypothesized that
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the pH of the sediment decreased leaching, thereby decreasing observed
toxicity as well (Panko et al., 2013). Overall, little research is available
about the toxicity of TPs themselves and thus far, toxicity of nano TPs in
freshwater model organisms has not been investigated or demonstrated.

Micro and nanoplastic research has primarily focused on marine
environments (Blettler et al., 2018; Blettler and Wantzen, 2019); how-
ever, because freshwater environments are known to accumulate and
convey tire wear particles (Wagner et al., 2018), it is important to
consider how toxicity may differ for freshwater organisms. Model or-
ganisms, Danio rerio (Zebrafish) and Daphnia magna (crustacean) are
ideal for this type of toxicity assessment. Guidelines from the EPA, as
well as international standards exist for toxicity testing (Weber, 1991;
OECD, 2004; Busquet et al., 2013). The variable toxicity demonstrated
for TP leachate in the literature (Gualtieri et al., 2005) highlights the
importance of assessing particle and leachate toxicity separately in more
than one species. Additionally, investigation of effects on development
of Zebrafish and mortality of D. magna using established assays allows
for future comparisons to other toxicants, as well as ease of use in risk
assessment.

In the present study, we assessed the toxicity of micro and nano-sized
TPs, and additionally TP leachate to Zebrafish and daphnids using
standard laboratory methods. It is important to evaluate toxicity using a
range of particle sizes in addition to the leachate component, in an effort
to separate attribution of toxicity to the chemical and physical constit-
uents. Very little data exists on the actual quantity of TPs in the envi-
ronment. Estimates for micro-sized TPs range from 0.03 to 59 mg/L in
surface waters (Wik and Dave, 2009) and up to 12 mg/g dry weight in
river sediments (Baensch-Baltruschat et al., 2020). However, these es-
timates are constrained by sampling technology or use of chemical
markers, and likely underestimate the true quantity of TPs in the envi-
ronment. Additionally, no method exists for measuring or estimating
nano TPs, or nanoplastics of any kind, in the environment. Thus, envi-
ronmentally relevant levels of nano TPs, or tire leachate derived
chemicals, are impossible to know using current technology. As TPs
continue to accumulate in aquatic environments, identifying levels at
which these pollutants become toxic remains a valuable area of study
with potential policy implications. Therefore, these model organisms
were exposed to high concentrations of TPs and TP leachate in their
early life stages to construct concentration-response curves and identify
concentrations at which TPs and their leachate become toxic. This
knowledge is crucial for the creation of risk assessments. This is some of
the first research to investigate the effects of nano TPs on Zebrafish and
D. magna and to evaluate the effect of TP size on toxicity.

2. Materials and methods
2.1. Tire particle and leachate preparation and characterization

A new, undriven, standard passenger car tire (Caldera Confidence C3
with DOT quality grades of Treadwear 480, Traction A and Temperature
A) was used to generate the TPs and leachate for these experiments. This
specific tire was picked to be as representative as possible; however, it
should be mentioned that all tires differ from each other in composition
and materials leached (Wik and Dave, 2006). Slices were taken from just
the tread of the tires with a stainless steel blade. Slices were cut into 2-4
mm pieces. These were further reduced in size using liquid nitrogen
cryomilling (Retsch CryoMill, Haan, Germany). After milling, 3.25 g of
milled particles were suspended in 300 ml of liquid containing 50 mg/L
of natural riverine organic matter (Suwanee River NOM, International
Humic Susbstances Society) prepared in particle free water. This NOM
was used throughout the experiments to minimize aggregation and keep
the particles in suspension (Grillo et al., 2015). Glass beads were added
to the TP suspensions and they were autoclaved, cooled and then rotated
on a shaker table to further decrease the size of the particles. After 72 h,
the glass beads were removed. The suspension was passed through a 20
um sieve and then a 1 um filter (Adantec mixed cellulose filter) to get a
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suspension of TPs less than 1 um. The 1 um filters were then backflushed
with fresh particle free water to get a solution of micro TPs between 1
and 20 um. Particle counts were taken for the micro fraction using a flow
cytometer (Accuri C6 Flow Cytometer, BD Biosciences, San Jose, CA)
calibrated with size standards whereas the nano fraction was analyzed
for particle hydrodynamic diameter and particle concentration using
Nanoparticle Tracking Analysis (NTA version 3.4) on a NanoSight
NS500 instrument (Malvern Instruments, Westborough, MA) equipped
with a 405 nm laser. Dynamic light scattering (DLS) was used to further
confirm particle hydrodynamic diameter and to measure the zeta po-
tential for nano TPs using a Malvern Zetasizer Nano (Malvern In-
struments Ltd., Worcestershire, UK) (Fig. S3 and S4). Measurements
were done in triplicate. The particle counts of these stock solutions were
used as the maximum exposure concentrations along with decreasing
concentrations for dose-response creation from both Zebrafish and
D. magna assays. The nano fraction was further filtered using a 0.02 pm
filter (Whatman Anotop), to remove the nano TPs, leaving behind the
leachate. This un-diluted leachate stock solution was used for the 100%
leachate exposure.

TPs were further characterized using scanning electron microscopy
(SEM) (Fig. 1). A drop of each size range sample was placedona 5 x 5
mm silicon wafer (Ted Pella Inc. Prod No. 16008) mounted to an
aluminum specimen mount (Ted Pella Inc. Prod No. 16111). Samples
were then placed on a hot plate set at 35 °C for approximately 1 h to dry.
All samples were then coated with a layer of gold-palladium using a
Cressington 108auto sputter coater (Cressington Scientific Instruments,
Watford, UK) to prevent sample charging and improve signal-to-noise
ratio during imaging. Random images of the polydisperse microplastic
particle samples were taken with a FEI Quanta 600 F environmental
scanning electron microscope (FEI Company, Hillsboro, Oregon, USA) at
5 kV beam voltage. The FEI Quanta 600 F is housed in the Oregon State
University Electron Microscopy Facility (Corvallis, Oregon, USA).

2.2. Zebrafish assay

TPs were prepared in 0.2 pm filtered fish water (FW) supplemented
with 50 mg/L NOM and fractioned as described above. Oregon State
University’s Sinnhuber Aquatic Research Laboratory (SARL) maintains
wild-type tropical 5D Zebrafish (Danio rerio) in a water flow-through
system under standard laboratory conditions (Westerfield, 2000).
Following a group spawn, embryos were collected and staged to ensure
that they were all at the same stage of development. When they reach
8 h post-fertilization (hpf), the embryos were added to 200 pl of treat-
ment solution in clear, untreated, flat bottom 96-well plates (Falcon
351172). These treatments consisted of suspensions of micro-sized
(1-20 pm), nano-sized (<1 pm), or leachate from TP in FW and
50 mg/L NOM. Concentrations for micro TP exposures ranged from

HFW [spot| WD
n| 2.5 |10.7 mm

5um
OSU Quanta 600 - FEI
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1.0 x 10%-1.29 x 10° particles / ml (approximately 0.63-81.18 mg/L)
and concentrations for nano TP exposures ranged from 5.0 x 10° -
3.6 x 10° particles / ml (four plate replicates, n = 32 per concentra-
tion). The same initial weight of milled tire was suspended in FW for
each replicate and the maximum concentrations of micro and nano TPs
reflected the maximum number of particles in those size ranges created
from the suspension of that initial mass of tire. For this reason, higher
maximum concentrations of nano TP exposures were obtained than
micro TP exposures. Exposures of TP leachate ranged from 10% to 100%
(four plate replicates, n = 32 per concentration). Treatment solutions
were made by diluting stock solutions of TP in FW.

Following addition of the embryos, the 96-well plates were covered
and incubated at 26.9 °C under a 14:10 h light-dark cycle. The embryos,
and later larval fish, were assessed at two time points (24 and 120 hpf)
using a dissecting microscope. At 24 hpf, embryos were observed for
mortality, developmental progression, and the presence of spontaneous
movement. They were again observed at 120 hpf when they were
assessed for a series of endpoints including: abnormalities of the body
axis, brain, eye, caudal fin, pectoral fin, jaw, otic, pigment, snout, trunk,
circulation and somites; as well as, edema of the yolk sack and peri-
cardium, and changes in behavioral response to touch (Truong et al.,
2011). All experiments were performed in compliance with national
care and use guidelines and approved by the Institutional Animal Care
and Use Committee (IACUC) at Oregon State University (protocol
number #5114).

At the end of the exposure, a subsample of fish were preserved in
paraformaldehyde for imaging. The larval Zebrafish were cleared using
a protocol adapted for larval organisms with CUBIC™ clearing reagents
(Susaki et al., 2015; Ohnuma et al., 2017). This clearing procedure
removed dark pigmentation from the Zebrafish tissue, allowing us to
clearly image micro-sized TPs within the fish. Samples were removed
from the fixative and incubated first in phosphate-buffered saline (PBS)
for 30 min, and then in CUBIC-L at 37 °C for seven days. They were then
once again incubated in PBS for an additional 30 min and then in
CUBIC-R + at 37 °C for an additional seven days to clear the remaining
tissue. Cleared fish were imaged on an SZX10 Stereomicroscope
(Olympus, Tokyo Japan).

2.3. Daphnia assay

TPs were prepared in 0.2 um filtered Daphnia water supplemented
with 50 mg/L NOM and fractioned as described above. D. magna
(Ward’s Science, Rochester, NY) were cultured in moderately hard water
prepared with 192 mg/L NaHCOs3, 201 mg/L CaSO4 * 2 H0, 120 mg/L
MgSO4, 8 mg/L KCl and 0.002 mg/L NaySeOs in reverse osmosis water
and fed dried spirulina algae in addition to fermented Daphnia chow
(Carolina Biologic Supply, Burlington, NC) and yeast under a 14/10

spot| WD
n| 2.5 [10.5 mm

Fig. 1. Scanning Electron Microscopy (SEM) images of (A) micro (1-20 um) and (B) nano (<1 um) TWPs. Measurements verifying TWP size-ranges shown in

red lettering.



B. Cunningham et al.

light-dark cycle provided by full spectrum lights. The water quality
parameters were measured to ensure that the Daphnia water was:
7.6-8.4 pH, 550-600 pS/cm conductivity, 70-100 mg/L alkalinity, and
160-180 mg/L hardness. Neonatal D. magna (<24 h) were collected and
exposed to TP suspensions in both size classes across a range of particle
concentrations (1.3 x10° to 8.59 x10° micro particles/ml,
8.18-54.05 mg/L, and 2.5 x107 to 2.5 x10° nano particles/ml). Expo-
sures were conducted with individual neonate D. magna placed in 5 ml
of exposure solution within a 10 ml glass beaker. Each exposure con-
centration had 5 replicate beakers, resulting in 5 individual neonate
exposures per concentration. Three experimental replicates were con-
ducted for an n = 15 for each exposure concentration. D. magna were
exposed for 48 h and the number of immobile and surviving neonates at
each concentration was recorded at 24 and 48 h (Weber, 1991; Guil-
hermino et al., 2000; OECD, 2004). At the end of the exposure, a sub-
sample of D. magna were preserved in 2% paraformaldehyde for imaging
on an SZX10 Stereomicroscope (Olympus, Tokyo Japan).

2.4. Data analysis

All statistical analyses were performed using RStudio Version
1.0.153 (RStudio, Boston, MA, USA). Fisher’s exact test was used to
compare specific developmental endpoints between treatment and
controls in the embryonic Zebrafish assay. Due to the multiple com-
parisons of the Fisher’s exact test, significant occurrence of a measured
endpoint was based on a Bonferroni adjusted p-value < 0.0045. Analysis
of variance (ANOVA) was used to evaluate differences in normal
development for Zebrafish and was considered statistically significant at
p < 0.05. All response curves were constructed, and ECsy and LCsg
values were calculated using the DRC (Analysis of Dose-Response
Curves) package (Ritz et al., 2015).

3. Results
3.1. Tire particle characterization

Size distributions for the micro and nano TPs show that on average
the diameter of the particles were 1.8 &+ 1 um on the flow cytometer and
202 + 77 nm on the NanoSight respectively (Fig. S1 and S2). DLS
analysis of the nano TPs showed that the particles were highly stable
with a zeta potential of — 31.2 + 6.11 mV (Fig. S3). Additionally, the
size distribution of the nano TPs on the DLS, was 257.7 + 143.9 nm with
a low polydispersity index of 0.263 (Fig. S4). SEM was used to verify the
size and characterize the morphology of TPs in both the micro and nano
size ranges. Measurements showed that particle size ranges were as
expected, with micro TPs being between 1 and 20 pm (Fig. 1A) and nano
TPs being less than one micron (Fig. 1B). Though both micro and nano
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TPs are generated in the same process as fragments, the micro TPs tend
to have more jagged edges, with the particles rounding out as they get
down in the nano range.

3.2. Zebrdfish toxicity

For both the particle and leachate exposures, increasing concentra-
tion significantly decreased the number of normal fish at 120 hpf
(ANOVA, p < 0.05)(Fig. 2). The nano TP exposure had an ECsgg
=9.99 x 10® particles/ml and the leachate exposure had an ECsy of
88.65%. An ECsgq value could not be calculated for the micro TP expo-
sure because over 75% of the Zebrafish developed normally to the 120
hpf timepoint, even following the highest exposure of 1.29 x 10° par-
ticles/ml. The only abnormality that was shared by all three treatments
(micro TP, nano TP and leachate) was a lack of spontaneous movement
(SM) (Fig. 3). The number of fish not showing at 24 hpf increased in a
dose-dependent manner along with the concentration of the TP or
leachate (Fig. 4). ECsq values of 5.53 x 108 and 2.19 x 10° particles/ml
and 68.19% were calculated for the nano TPs, micro TPs, and leachate,
respectively. Additionally, a couple of similar malformations were
observed in both the nano TP and the leachate exposures. A significant
number of developing Zebrafish exposed to high concentrations of nano
TPs and leachate showed a lack of touch response (TR) and the devel-
opment of pericardial edema (PE) at 120 hpf. The occurrence of PE.

had ECso values of 8.05 x 10® nano TP/ml and 84.1% leachate
(Figs. 5F and 6C). ECsq values could not be calculated for the lack of TR,
which did not follow a traditional sigmoidal curve (Figs. 5E and 6D).
These abnormalities were not seen in those exposed to micro TPs
(Fig. 3).

Zebrafish in TP leachate of 80% and above developed several unique
abnormalities including malformed jaws, snouts, and eyes, as well as
yolk sac edemas (Fig. 5). ECsq values for the malformed eye and yolk sac
edema were 73.03% and 78.33% leachate respectively. The jaw and
snout malformations did not follow sigmoidal curve and, consequently,
ECsq values could not be calculated for them. At 100% leachate expo-
sure, an average of 40% of the Zebrafish displayed malformed jaws and
snouts. Interestingly, though leachate exposures showed the highest
diversity of abnormalities and, unlike the nano TP exposures, neither
significant hatching delays nor mortality were observed.

Particle specific effects were observed in the micro and nano TP
exposures that were not seen in fish exposed solely to leachate. The
abnormalities unique to Zebrafish exposed to nano TPs included axis
malformations and hatching delay (Fig. 3). Additionally, there was a
significant increase in total mortality. Though the average mortality of
the highest exposure concentration was only 45%, a predicted LCso of
nano TPs is 4.72 x 10'° particles/ml. ECsy values of 9.35 x 108 and
1.02 x 10° particles/ml were calculated for hatch delay and axis
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Fig. 2. Concentration-response curves for overall toxicity at 120 hpf following zebrafish exposure to (A) TWPs and (B) leachate. The shaded area is the 95%

confidence interval for the fitted curve.
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Fig. 3. Heatmaps detailing zebrafish exposure concentrations for (A) TWP micro-size, (B) nano-size and (C) leachate, at which a significantly larger amount (in
hashed blue boxes) of zebrafish displayed that measured endpoint, compared to control zebrafish. Solid red boxes indicate no significant response. Significant
occurrence of measured endpoint (Yes) based on Bonferroni adjusted p-value < 0.0045.
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Fig. 4. Concentration-response curves for lack of spontaneous movement at 120 hpf following zebrafish exposure to (A) TWPs and (B) leachate. The shaded area is

the 95% confidence interval for the fitted curve.

malformation, respectively (Fig. 6). Both delay, as well as the absence of
hatching by 120 hpf, were common in the highest exposure of nano TPs.
The least number of malformations were observed following exposure to
the micro-sized TPs. In fact, significant abnormalities were only
observed at 24 hpf. As mentioned above, Zebrafish exposed to 1.5 x 10°
particles/ml and above lacked SM, and those exposed to 3.0 x 10° and
3.94 x 10° particles/ml showed significant delays in developmental
progression. However, these delays were only observed in a maximum of
37.5% of fish (Fig. 7). This was the only exposure that showed delayed
development at the 24 hpf time point, and by 120 hpf, the micro TP
exposed Zebrafish had developed normally. Micro TP exposed Zebrafish
internalized TPs (Fig. 8A,B). Internalization was sporadic, with Zebra-
fish containing no particles, 1-3 particles, or many (<5) particles
(Fig. 8). This is likely because at this age the Zebrafish larvae are not
actively feeding but simply engaging in mouth gaping which allows for
incidental uptake.

3.3. Daphnia toxicity

All exposures, particles and leachate, caused mortality in the
D. magna after 48 h (Fig. 9). LCsq values of 3.07x10% and 4.76x10°
particles/ml and 20.50% were calculated for the nano TPs, micro TPs,
and leachate respectively (Fig. 9). Using the calculated leachate equiv-
alency in the nano TP exposures, calculated as the percent dilution of the
nano TP stock solution for each of the nano exposure concentrations, we
find an LCsp of 8.34%. A small, but insignificant amount of immobility
was also observed at the 24 and 48 h time points. Unlike the Zebrafish,

the micro TPs had a higher toxicity than the nano TPs. Additionally, it
appears that the toxicity can be mainly attributed to released leachate
and not a particle specific effect. The presence of the nano TPs may have
enhanced the toxicity of the leachate. Images of the D. magna exposed to
micro TPs showed that their guts were filled with TPs (Fig. 8C,D). Even
at the lowest exposures, 1.3x10° and 2.5x10° particles/ml, the D. magna
readily ingested the micro TPs. However, though they were seen to have
a gut full of particles, these D. magna were alive and mobile after 48 h of
exposure.

4. Discussion
4.1. Impacts on movement

4.1.1. Spontaneous movement inhibition

Both particle and leachate exposures had some concentration at
which SM was impaired. SM is an involuntary coiling contraction that
developing Zebrafish exhibit between 17 and 30 hpf (Kimmel et al.,
1995; Saint-Amant and Drapeau, 1998). This effect has been linked to
nervous system development and a lack of the behavior could indicate
neurological problems (Jin et al., 2009). Decreased or missing SM has
also been seen following exposure to high concentrations of propranolol
(Fraysse et al., 2006), difenoconazole (Mu et al., 2013), bisphenol F (Mu
et al., 2019), cyhalofop-butyl (Xia et al., 2017), phthalates (Qian et al.,
2020), and sulfonamides (Lin et al., 2013). Alterations in swimming
behavior has also been noted in larval and adult zebrafish exposed to
other microplastics (Chen et al., 2017a; Mak et al., 2019; Qiang and
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Fig. 5. Concentration-response curves for (A) yolk sac edema, (B) eye, (C) snout, (D) jaw, (E) touch response, and (F) pericardial edema at 120 hpf following
zebrafish exposure to leachate. The shaded area is the 95% confidence interval for the fitted curve.

Cheng, 2019; Santos et al., 2021). Similarly, Coho salmon exposed to
6PPD-quinone, derived from tire rubber, exhibited changes in swim-
ming behavior (Tian et al., 2021). Fraysse et al. (2006) found that even
at the highest exposure concentration, 108 pM propranolol, a small
amount of fish still had SM. In contrast, this study’s highest exposures to
TPs or leachate showed SM was impaired in an average of 59% of the
fish. Exposures to high levels of acetamiprid have also been shown to
entirely eliminate SM (Ma et al., 2019). In the past, effects of compounds
on SM has been attributed to interaction with ion channels '°, and in-
hibition of spinal (Qian et al., 2020) and motor neuron (Mu et al., 2019)
development. For example, decreased SM following exposure to
phthalates was linked to spinal defects (Qian et al., 2020). However,
because only the nano TP-exposed embryos showed significant increases
in axis malformations, the decrease in SM this study observed likely has
a different mechanism. Furthermore, alterations in SM has also been
linked to hatch delay (Mu et al., 2019), but again, the nano-TP exposures
were the only ones to see significant hatching delays. This is similar to

other studies which have noted that the SM endpoint is more sensitive
than hatch delay (Lin et al., 2013; Qian et al., 2020). It is clear that TP
and leachate exposure has impacts on the embryonic Zebrafish nervous
system. Exposure of zebrafish to highway runoff containing heavy
metals (e.g. zinc) and PAHs decreases SM (Wu et al., 2014). However,
additional research is needed to identify other chemicals released from
tires that may contribute to this effect. It is possible that chemicals in the
leachate, which may also be released by the micro/nano TPs, limit the
spread of action potential in the motor neurons. However, additional
research is necessary to identify the exact cause of the SM inhibition.

4.1.2. Touch response inhibition

Another behavioral response shared by Zebrafish embryos exposed
to both leachate and nano TPs, though not micro TPs, was a lack of
response to touch at 120 hpf. One of the earliest behaviors that Zebrafish
develop is movement in response to touch, starting around 21 hpf
(Drapeau et al., 2002). Yet, following exposure to high concentrations of
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confidence interval for the fitted curve.

either the leachate or nano TPs, Zebrafish no longer exhibited this
response. As with SM above, the disappearance of a response to touch
likely indicates impairment of neurological development and the central
nervous system (Zhao et al., 2019). Several genes have been identified
that are associated with the reduced TR phenotype in Zebrafish (Drap-
eau et al., 2002). The TR is an early expression of the startle response
seen in mature Zebrafish (Eaton et al., 2001). Therefore, the inhibition
of this necessary response from exposure to TPs and leachate would be
expected to decrease fitness. Ma et al. (2019) found that for exposure to
acetamiprid TR was a less sensitive endpoint than SM. This makes sense
within the context of this study’s TP exposures as well. We expect the
nano TP exposure to release similar amounts of chemicals to the leachate
exposures; however, due to a lower surface area to volume ratio, we
expect the micro TPs to release less. If this effect is in response to a
chemical mechanism and not a physical effect from the particles, that
would explain why we see the lack of SM in all exposures, but the lack of
TR only in the nano TP and leachate exposures.
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Fig. 8. Cleared Zebrafish (D. rerio) larvae image at 6.3X for (A) control and (B) exposures of 1.0 x 106 particles/ml micro TWP. Internalized TWPs are circled in
orange. Daphnia (D. magna) image at 3.2X for (C) control and (D) exposures of 1.3 x 105 particles/ml micro TWP.

(4. ~
o (&)

Percent Mortality

N
[$,]

3e+07 1e+08 3e+08 1e+09 3e+09

Concentration (particles/ml)

100

a ~
o w

Percent Mortality

N
o

2e+05 3e+05 5e+05
Concentration (particles/ml)

Percent Mortality

Percent Mortality

~
(&)

[,
o

25

10 30
Concentration (%)

100

~
(&)

o
o

N
(&}

10 30
Concentration (%)

100

Fig. 9. Concentration-response curves for Daphnia magna 48 h mortality after exposure to A) nano TWPs, B) leachate from nano TWPs matched to A, C) micro TWPs,
and D) leachate. The shaded area is the 95% confidence interval for the fitted curve.

4.2. Pericardial edema

The second significant abnormality shared by embryonic Zebrafish
exposed to either nano TPs or leachate was PE, or fluid accumulating in
the pericardial space. This too is likely attributed to chemicals in the

leachate fraction of the exposure. PE is a common abnormality in fish
exposed to PAHs (Incardona et al., 2004), a compound found in the
leachate of TPs and other tire-debris (LaPlaca and van den Hurk, 2020).
Additionally, the tissue of fish exposed to TP leachate has been found to
have elevated levels of PAHs (Stephensen et al., 2003; LaPlaca and van
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den Hurk, 2020). Furthermore, PE has been observed in Zebrafish
exposed to untreated road runoff (McIntyre et al., 2014), likely con-
taining tire debris. The toxicity of urban runoff is generally attributed to
the PAHs it contains (McIntyre et al., 2014; Wu et al., 2014). Exposure to
PAHSs causes heart defects in other fish as well (Fallahtafti et al., 2012;
Incardona et al., 2012). It is unknown if PAHs are the sole contributor to
the emergence of PE in the TP leachate exposed Zebrafish. For example,
metals (Fraysse et al., 2006; Kim et al., 2019) and nano metals including
ZnO (Bai et al., 2010) and Ag (Asharani et al., 2008; Cunningham et al.,
2021) have also been shown to cause PE. Other nano and microplastics
cause PE (Malafaia et al., 2020; Sokmen et al., 2020) as well, and
nanoplastics have been found to enter the pericardium (Veneman et al.,
2017; Pitt et al., 2018a). Therefore, though less likely, the nano TPs
themselves could also play a role in triggering PE.

4.3. Leachate specific effects

TP Leachate was found to be toxic to developing Zebrafish. This is in
line with the literature which shows that leachate and individual
chemicals found in leachate are toxic to fish (Day et al., 1993; Chibwe
et al., 2021; Tian et al., 2021). Embryonic Zebrafish exposed only to TP
leachate displayed developmental abnormalities unique from those of
the particle exposures including malformed eyes, snout, and jaw, as well
as yolk sac edema. When Chibwe et al. (2021) exposed Fathead Min-
nows to TP leachate they also observed malformed jaws and eyes. The
toxicity in their leachate was mainly associated with the benzothiazoles
and aryl-amines in the mixture. Furthermore, Zebrafish exposed to un-
treated road runoff were found to develop unusually small eyes (McIn-
tyre et al., 2014). Certain responses such as hatch delay (Chibwe et al.,
2021) and increased mortality (Day et al., 1993) have been documented
in other studies, but were not observed in this study’s leachate-only
exposures. The likely reason for this is that commercial tire, and there-
fore leachate, composition varies greatly. Additionally, the conditions
during the leachate extraction (e.g. pH and temperature) have been
shown to alter leachate composition and toxicity (Gualtieri et al., 2005;
Marwood et al., 2011). Because of this, the differences in toxicity is not
surprising. A full understanding of every component of a study’s
leachate would be necessary to explain the observed differences in
toxicity.

Similar abnormalities to those observed in our leachate exposures
have been reported in Zebrafish exposed to a variety of chemicals. For
example, ethanol exposure results in shortened snouts, abnormal eyes,
and yolk sac edema (Reimers et al., 2006). Dioxins have also been shown
to cause yolk sac edema in developing Zebrafish and this has been
attributed to the alteration of the permeability of water barriers (Hill
et al., 2004). Similarly, atractylodin and f-eudesmol not only induced
yolk sac edema, but jaw malformations as well (Tshering et al., 2021).
Additionally, it is known that PAHs, a common component of TP
leachate and road runoff, result in Zebrafish with yolk sac edema (Phi-
libert et al., 2016), and smaller jaws (Incardona et al., 2012) and eyes
(Incardona et al., 2004). Incardona et al. (2004) found that the cranio-
facial defects that accompanied PAH exposure were downstream effects
of heart failure. Therefore, these defects that emerged following TP
leachate exposure may also be related to the significant occurrence of
PE, discussed above.

4.4. Nano TP specific effects

High concentrations of nano TPs resulted in toxic effects that were
not observed in the leachate and micro TP exposures. These included
mortality, hatching delay, and axis malformations. Mortality and
delayed hatching have both been observed in fish exposed to TP leachate
(Day et al., 1993; Chibwe et al., 2021) and road runoff (McIntyre et al.,
2014). Though these effects were not observed in our leachate-only
exposures, others have found that the presence of TPs enhances
toxicity in comparison to leachate alone (Halle et al., 2020; Chibwe
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et al., 2021). This may be why the nano TP exposure, which includes
exposure to leachate that the nano particles release throughout the
experiment, was the only one to have significant mortality. Though no
other data has been published on exposure of Zebrafish to TPs them-
selves, and not leachate, TPs have been found to induce mortality in
freshwater amphipod Hyalella azteca (Khan et al., 2019; Halle et al.,
2021). Untreated highway runoff, which likely contains TPs, causes
mortality in Zebrafish (McIntyre et al., 2014; Young et al., 2018).
Exposure to PAHs, a common tire component, can also be lethal to
developing Zebrafish (Incardona et al., 2004). Nanoplastics have also
been shown to facilitate the uptake of PAHs into embryonic Zebrafish
(Zhang and Goss, 2020). Other materials found in tires that have been
shown to cause mortality in Zebrafish include carbon black (Kim et al.,
2019), copper (Zhang et al., 2012), and cadmium (Al-Sawafi et al.,
2017).

The inhibition of SM, as was observed in nano TP-exposed Zebrafish,
has previously been linked to hatching delays (Lin et al., 2013; Xia et al.,
2017; Qian et al., 2020). Nanoplastics have been shown to enter the
Zebrafish chorion (Lee et al., 2019), which could contribute to hatching
delay. Additionally, Zn, a common component in tire material, is known
to interfere with the enzymes involved in fish hatching (Jezierska et al.,
2009). The hatch delay in nano-exposed fish may also be linked to the
significant increase in axis malformations, as these malformations are
often seen together (Asharani et al., 2011; Saili et al., 2012; Huang et al.,
2021). The physical constrain of the chorion on the developing fish
could cause axis curvature. Additionally, chemicals leached from the
nano TPs during treatment likely play a role in the defects observed.
Spinal defects are common in Zebrafish exposed to phthalates (Zhou
et al, 2019; Qian et al, 2020) through the alteration of
spine-development gene expression (Qian et al., 2020). Exposure to
perfluorooctanesulphonicacid (PFOS) (Huang et al., 2010) and bisphe-
nol F (Mu et al., 2019) have both been shown to cause hatching inhi-
bition and spinal deformities. However, physical aspects of the TP
themselves likely also contribute to the toxicity. Nanoplastics have been
shown to accumulate in the spinal cord (Lee et al., 2019), and may affect
the development of that area. Additionally, exposure to nano- and
microplastics can cause axis curvature as well (Malafaia et al., 2020;
Sokmen et al., 2020).

4.5. Micro TP specific effects

The only impact exclusively observed in micro TP exposures was a
delay in development at 24 hpf. The pores of the Zebrafish chorion are
0.5-0.7 ym in diameter (Rawson et al., 2000) and microplastics have
been shown to accumulate on the chorion (Qiang and Cheng, 2019;
Duan et al., 2020). The micro TPs in our experiment were between 1 and
20 um and much too large to pass through the chorion pores. Because
the chorion pores are necessary for transport of oxygen, nutrients, and
waste (Cheng et al., 2007), blockage of them could limit oxygen and
ionic exchange, or damage the chorion. However, this would be ex-
pected to result in premature hatching. Zebrafish exposed to poly-
ethylene microplastics, which were seen to coat the chorion, induced
early hatching (Malafaia et al., 2020). Additionally, fish eggs in low
oxygen conditions hatch prematurely (Alderdice et al., 1958). Early
hatching was not observed in this experiment, thus blockage of the
chorion pores is unlikely to have caused the developmental delays.
Further research is necessary to understand the mechanism through
which micro TPs delayed Zebrafish development.

By the 120 hpf time point, Zebrafish exposed to micro TPs had
hatched and developed normally. There are many aspects of the micro
TPs that likely contribute to their lower toxicity. Though a lower particle
count was used for micro TP exposures, the mass of tire in the micro
exposures was larger than that in the nano exposures. However, due to
their larger size, and therefore smaller surface-area-to-volume ratio, the
micro particles likely leached less into the exposure water than the nano
TPs. A lower level of accompanying leachate would explain the minimal
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toxicity observed. For example, research has shown that in soil, TPs
release less leachate, due to lower pH, and the resulting elucidate is less
toxic (Marwood et al., 2011; Panko et al., 2013). Additionally, though
they were internalized by the hatched Zebrafish, it appeared the micro
TPs were quickly passed through the gut and easily removed from the
body. In contrast, nanoplastics are more likely to remain in an organism
for longer period of time (Yoo et al., 2021) and have the potential to
translocate to other tissues and organs (Pitt et al., 2018a). This may be
why we saw particle specific effects from the nano TPs that were not
found in the micro, or even leachate, exposures.

4.6. Daphnia toxicity

D. magna are a pelagic freshwater invertebrate that have limbs to find
and manipulate food particles (Fryer, 1991). They are primarily filter
feeders grazing on phytoplankton (Miner et al., 2012), but have also
been shown to lift material, such as detritus, accumulated on the benthos
(Fryer, 1991). After 48 h, D. magna mortality was observed in high
concentrations of both particle and leachate exposures. For the exposure
to leachate, mortality was observed even at the lowest leachate con-
centration of 25%. Tatarazako et al. (2007) report and ECy value of
16% leachate for D. magna. In contrast, Gualtieri et al. (2005) noted no
mortality of D. magna until exposure to 100% TP leachate, with their
next lowest exposure being 50%. The literature documents a wide range
of ECsg and LCsq values for exposure of D. magna to leachate (Wik and
Dave, 2006; Wik, 2007; Wik and Dave, 2009; Lu et al., 2021). As dis-
cussed above (Section 4.4), the composition and toxicity of tire leachate
varies greatly based on the conditions under which it was created (Wik
and Dave, 2005; Rhodes et al., 2012). For example, exposure of leachate
containing TPs to UV increases toxicity (Wik, 2007; Lu et al., 2021).
Additionally, variation in rubber formulation of different tires can result
in a 20-fold deviation in toxicity (Wik, 2007). Therefore, it is not sur-
prising that we observed mortality of D. magna at different leachate
concentrations than others. However, this continues to highlight the
importance of documentation in all aspects of leachate creation as well
as procedures that closely mimic environmental conditions. Wik (2007)
assessed the toxicity of leachates made from tires containing different
additives to identify the most toxic components. They found that
leachates containing antidegradents were the most toxic (Wik, 2007).
Moreover, the toxicity of leachate has been attributed to non-polar
organic compounds, such as PAHs (Wik and Dave, 2006), as well as
metals such as Zn (Rhodes et al., 2012).

Much less information exists on the effects of exposure to TPs
themselves, without the leachate. This current study found a dose-
dependent response for both the micro and nano sized TP exposures,
where mortality increased along with TP concentration. Additionally,
the micro TPs were readily ingested and could be seen in the gut starting
at 130,000 particles/ml. Though the particle number was lower in the
micro TP exposures, the mass of tires was higher. This could explain the
lower LCs value for the micro TP exposure in comparison to the nano
TP exposure. Likely the physical presence of the larger particles and
their accumulation in the gut has negative impacts. Wik and Dave
(2005) exposed D. Magna to grated tires, with clumps several millime-
ters in length. They used twelve different tires and found that 48-hr ECsg
values ranged from 0.0625 to 2.41 g/L TPs. The effects of micro TPs
have been assessed for other freshwater organisms. Similar to what we
observed in D. magna, Khan et al. (2019) found H. azteca indiscrimin-
ately take up TPs. However, they observed higher toxicity with a 48-hr
LCsq of 3426 + 172 particles/ml This could be attributed to differences
in the study organisms, including differences in where in the water
column they reside (benthic vs. pelagic), but is more likely due to the tire
selected, and method of particle creation. No other studies were found
on the toxicity of nano TPs. This is the first data to show that TPs of this
size are toxic.

The majority of the toxicity observed in all of the D. magna exposures
is likely due to the leachate fraction. Wik (2007) assessed the toxicity of
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leachates made from tires containing different additives to identify the
most toxic components. They found that leachates containing anti-
degradents were the most toxic (Wik, 2007). Generally, the toxicity of
leachate to D. magna has been attributed to organic compounds such as
PAHs (Wik and Dave, 2006), as well as Zn (Rhodes et al., 2012) (sum-
marized in Wik and Dave, 2009). However, there may be particle con-
tributions to the toxicity as well. As mentioned above, the micro TPs
may cause physical obstructions. Additionally, comparing the leachate
LCs0 (20.5%) and the LCsq calculated for the equivalent leachate that
would be in the nano TP exposures (8.34%), we find that the value is
slightly lower for the nano TPs. This is in line with particle-enhanced
toxicity that others have observed (Halle et al., 2020; Chibwe et al.,
2021). It is not fully understood how the presence of the particles en-
hances the toxicity of the leachate. It is possible that the internalized TPs
facilitate uptake of chemicals into additional areas of the organism’s
tissues, as demonstrated with other plastics(Chen et al., 2017b, Zhang
and Goss, 2020).

5. Conclusion

Recently, the pervasiveness of TPs in the environment, and especially
in water bodies, has been realized. The leachate produced from tires is
toxic under certain conditions; however, the particles have long been
ignored as potential toxicants themselves. This research demonstrates
the importance of investigating both the particle and leachate compo-
nents of the toxicity. Though the leachate was responsible for some
portion of the effects observed in both the Zebrafish and D. magna ex-
posures, we noted particle-specific effects that were not present in
leachate only exposures. Therefore, the TPs alone are not benign. This is
some of the first research to demonstrate that the toxicity of tires has
particle and size specific effects. Particularly, the nano TPs, which are
expected to release more leachate due to their high surface-area-to-
volume ratio, exhibited particle-enhanced toxicity. That is, greater
mortality and more severe effects were documented when nanoparticles
were present with leachate for both the D. magna and Zebrafish. Overall,
leachate is still one of the greatest contributors to the toxicity, which is
likely why we saw fewer effects in Zebrafish exposed to micro TPs alone.
As we hypothesized, the sensitivity of the different organisms to TPs and
leachate differed with both particles and leachate causing mortality in
D. magna, but only the nano TPs causing mortality in Zebrafish. More
research is needed on the mechanisms through which TPs result in
mortality and developmental abnormalities. Additionally, components
in the leachate need to be identified and investigated for their contri-
bution to the mixtures toxicity. This knowledge can be used to inform
policy and educate both the public and decision makers.
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Statement of Novelty

To our knowledge no paper has been published detailing the effects
of nano tire particles (TPs) on organisms. We are the first to show that
both micro and nano TPs have unique effects on the development of a
vertebrate model organisms, Zebrafish. Additionally, we generated
concentration-response curves for each of the endpoints observed. These
are necessary for the creation of accurate risk assessment for both TPs
and micro/nano plastics in general.

TPs and their leachate should be considered hazardous material
based on established physical and chemical dangers they pose to or-
ganisms as well as their persistence in the environment.
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