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There is a growing interest in the development of reliable analytical methods for characterizing tire and
road wear particles (TRWP). The current research extends the use of single particle analysis techniques
to various experimental biota samples. TRWP and cryogenically milled tire tread (CMTT) were
identified using a weight of evidence framework including density separation, optical microscopy, and
chemical mapping (scanning electron microscopy coupled with energy dispersive X-ray spectroscopy).
Our techniques successfully identified CMTT particles in laboratory earthworms exposed to soil spiked
with CMTT. A river biota sample (bivalves) collected from the Seine with no detectable TRWP was
spiked with road dust containing TRWP. Particle identification was performed after a biota digestion
protocol and density separation of particles>1.5 g/cm3 and <2.2 g/cm? which resulted in sufficient
TRWP for identification and characterization. The average TRWP particle size from the road dust
spiked biota sample was 126 pm by number and 220 pm by volume (range: 9 =572 pm). The size
distribution overlay of TRWP identified from spiked biota were consistent with TRWP identified from
the original road dust sample suggesting that the current method for biota digestion, dual density
separation, and TRWP characterization is feasible for similar samples.
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There is a growing interest in the development of reliable analytical methods for characterizing environmental
microplastic particles (MP), which are generally thermoplastic materials 1 um to 5 mm in size!. Tire and road
wear particles (TRWP), despite not conforming to the conventional definition of plastic materials, have been
prioritized for inclusion in MP environmental assessments®>~>. TRWP consist of tread rubber elastomers with
varying amounts of mineral encrustations from the pavement and other environmental sources®’. Transport of
TRWP in the air or via runoff to terrestrial and aquatic environments is possible®-1°.

The composition of tire tread includes styrene-butadiene rubber, butadiene rubber, natural rubber, sulfur-
and zinc-containing vulcanization agents, and filler materials that include carbon black, silica, and chalk”11:12,
Analytical methods for identification and characterization of individual TRWP in complex environmental
matrices are needed. Previous research has examined the physical and chemical properties of tread materials and
TRWP via numerous experimental techniques including mass- and microscopy-based analysis*®”12-32, For
example, recent studies have quantified the mass of TRWP in air, soil, freshwater, and sediment using pyrolysis-
gas chromatography-mass spectrometry (Py-GC-MS), however information on TRWP size distribution is
not possible using this mass analysis alone”!®?”-2°. Further research has characterized TRWP with various
techniques including size fractionation/mass techniques and tactile/optical identification?®*3-%. While there are
strengths and limitations with each method, the use of these techniques aid in the advancement of characterizing
TRWP in various environmental matrices.

Previous studies have provided some limited information regarding TRWP identification and size distribution
in biota samples. For example, Hart, et al.’” examined microplastic particles in dolphins (Tursiops truncatus) and
four species of prey fish including hardhead catfish (Ariopsis felis), pigfish (Orthopristis chrysoptera), pinfish
(Lagodon rhomboides), and Gulf toadfish (Opsanus beta) collected from Sarasota Bay (Florida). The authors
indicated that none of the gastric samples from dolphins contained particles suspected to be tire particles as
measured by physical attributes and optical properties including examination for particles (>35 um) that were
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black in color, cylindrical shape, had a rubbery surface texture, and maintained their shape when manipulated
with forceps®. The authors identified particles suspected to be tire tread particles (using the same physical
attributes and optical properties noted above) in 23.1 and 32% of prey fish muscle and gastrointestinal tract
tissue, respectively”’. However, no additional size distribution data was provided for the suspected tire tread
particles.

Parker et al.’® examined microplastic particles in five fish species from the Charleston Harbor estuary along
the southeastern Atlantic Ocean coast of the United States including Atlantic Menhaden, Spotted Seatrout, Spot,
Striped Mullet, and Bay Anchovy. While microplastics were observed in 99% of collected fish, suspected tire
wear particles were found in only 14% of individual fish across all five species®®. The suspected tire particles were
classified based on optical properties (dark in color/black) and physical characteristics (elongated or cylindrical
in shape, partially or entirely covered with road dust, rough surface texture and rubbery flexibility when
manipulated with forceps). The authors noted that one of the suspected tire particles was examined by Fourier-
transform infrared (FTIR) as the remaining five particles were too small to utilize FTIR®. The suspected tire
particle reportedly had a FTIR spectra indicative of carbon black (a common component in tires); however, it is
unclear whether the spectra resembled any polymer features of tread or whether the particle was mostly carbon
black which is not specific to tire tread origin®®. Nonetheless, this particle was classified as a suspected tire particle
highlighting some of the uncertainty with the optical and physical property analysis. In total, the suspected tire
wear particles accounted for 1.2% of total microplastics identified in the fish tissue®. The authors noted that
dimensions were measured for a subset of the microplastic particles (n=247); however, specific dimensions
for different types of microplastics including suspected tire particles were not reported. The authors indicated
that the targeted size of microplastics ranged from 63 pum to 5 mm based on isolation methods; however, the
measured range of microplastic size was from 43 pm to 11.3 mm in maximum dimension®.

We recently developed and utilized single particle analysis methods including a preparatory density separation
technique followed by optical imaging, scanning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDX), and additional chemical mapping techniques to identify and characterize individual
TRWP?. The single particle analysis methodology was then extended to TRWP identification and particle size
distribution determination in more complex environmental samples including road dust, tunnel dust, settling
pond sediment, and river sediment?»?. The present study extends the single particle analysis methods to
biota samples including laboratory earthworms as a well-known experimental model and an environmental
bivalve sample, highlighting the potential for broader environmental applications. Advancement in the study of
microplastic detection methods will aid in understanding the role of biota uptake and potential bioaccumulation
across different species of the trophic network. These results are expected to help advance the methods for
identification and characterizing TRWP and potentially other microplastics in various environmental matrices
including biota samples.

1.38

Materials and methods

Particle preparation and collection

Cryogenically milled tire tread (CMTT) particles were generated as described previously?*. Briefly, CMTT was
prepared using three tire types representative of key passenger car tire characteristics including tread with silica
and carbon black as primary fillers. A 2:1:1 ratio representing two parts of the carbon black tire tread for each
single part of the silica summer tire tread and the silica winter tire tread were utilized to generate CMTT.

The road dust sample was obtained from a vacuum assisted street sweeping car in Leipzig, Germany as
described previously?>?. Briefly, collection of road dust was performed during water spraying and sweeping
on the road surface. Before further analyses the sample was freeze dried and dry sieved to <500 um using a
vibratory sieve shaker (AS200, Retsch, Haan, Germany).

Earthworm sample

CMTT were mixed with milliQ water (100 g/L) for 24 h on a rotary shaker at 20 °C in darkness and were recovered
by filtration on a 0.45 um cellulose filter (Whatman"). CMTT were dried at 40 °C for 24 h and mixed with natural
soil (LUFA 2.2, Speyer, Germany). The sandy loam LUFA 2.2 soil (<2 mm) is a common standard and reference
soil collected in Germany and characterized with sand content of 81.3 +2.3%, 12.1+1.3% silt, 6.60+ 1.3% clay,
pH of 5.5+0.1, organic carbon content of 1.93 +0.2%, density of 1.13+0.045 g/ml, cation exchange capacity of
10.0£0.8 (100 cmol*/kg), and maximum water holding capacity of 45.2 +5.0 (g/100 g)***°. During the course of
the experiment, pH remained within the OECD guideline 222 recommended ranges (4.8-5.3)*%*1. The CMTT/
soil mixture (5% w/w CMTT) was utilized as a higher experimental particle/mass content and may represent
higher environmental concentrations observed near the roadside**°. The mixture was homogenized on a rotary
shaker at 20 °C in darkness for 24 h and adjusted to 60% of the water holding capacity for optimal moister
conditions and let to equilibrate for 7 days**.. For this proof-of-concept analysis, a single experiment was
performed using ten pre-acclimated (24 h) adult worm species Eisenia andrei (Annelida: Oligochaeta) from
laboratory cultures at Ecotox Centre (Lausanne, CH). The adult worms were introduced into glass crystallizers
containing 500 g soil with 5% CMTT in an incubation room (temperature =20 °C, photoperiod: 16 h light/8 h
darkness). Humidity was adjusted during the experiment following the OECD 222 test guideline?!. Earthworms
were removed after 4 weeks, dried and weighed. The worms were not gut depurated before freeze-drying. They
were freeze-dried for 24 h, ground into fine powder with a mortar and pestle and stored at — 20 °C. Enders et al.
(2016) previously tested several biota digestion protocols for effective tissue digestion along with documentation
of impacts on physical and chemical characteristics of different microplastic particles including black tire rubber
elastomers*2. While acidic treatment resulted in complete dissolution or disintegration of several polymers
including black tire rubber elastomer with increased destruction after higher temperature testing (80 °C),
the authors observed that 30% KOH: NaClO mixture resulted in efficient tissue digestion while retaining the
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physical properties of all tested microplastic particles. Therefore, for single particle analysis, 100 mg of the
earthworm sample was digested using 30% KOH: NaClO mixture with ultrasonication for 15 min and shaking
for 30 min. The suspension was then washed with deionized water 15 times by centrifugation at 7000 rpm for
15 min. Approximately 90.2 mg of material was available after the digestion and washing steps. The particles
were then dried at 60 ‘C for one hour prior to microscopy analysis.

River bivalve sample collection

The river sampling was carried out along the Seine River in France as described in detail previously**. Bivalves
(blue mussel; Mytilus edulis) were collected near the mouth of the Seine (Latitude 49.453650, Longitude
0.143674). This collection site reflects estuarine conditions with mixing of the freshwater river and the marine
environment of the Channel. After drying the bivalves for at least 16 h at 75 °C, the soft tissue was extracted and
placed in a jar for shipment. Prior to microscopy analysis, the bivalves underwent a digestion process which
included sonication for 15 min with 30% KOH: NaClO followed by sample shaking for two hours*2.

Bivalve sample spiking

Additional experiments were performed using biota spiked with 10% road dust material. Road dust containing
~ 1.4% w/w TRWPs was spiked into the biota at a 10-fold dilutions corresponding to TRWP concentrations of
approximately 0.14% in the final spiked biota sample. This dilution factor is the same dilution performed with
artificial sediment as previously reported?. Therefore, size distribution analysis from the spiked biota sample
can be compared with previous results obtained from the undiluted road dust sample as well as the spiked
sediment sample (consisting of 75% quartz sand, 20% kaolin and 5% peat moss)?°. This sample also underwent a
digestion process which included sonication for 15 min with 30% KOH: NaClO followed by sample shaking for
two hours prior to density separation and microscopy analysis.

TRWP density separation

TRWP sample preparation for single particle analysis has been detailed previously?»*. Particles were density
separated using a sodium polytungstate solution?*?>2°, Previous research has demonstrated that an appreciable
amount of TRWP will have a density between 1.5 g/cm® and 2.2 g/cm>? Therefore, our protocol utilized a
dual density separation approach which isolated particles with a density between 1.5 g/cm® and 2.2 g/cm’.
During each density separation step, the suspension was centrifuged at 7800 revolutions per minute (RPM) for
50 min. The tube was left undisturbed in a vertical position for 12 h and then the float and sink portions were
extracted using glass pipette. After density separation, particles were then rinsed with deionized water, followed
by isopropanol using a 0.45 um vacuum filtration system (25 mm Hydrophilic Pure Silver membrane filter with
a 0.45 pum pore size-Millipore Sigma). The particles were then dried at 60 “C for one hour prior to analysis.

Single particle analysis techniques

For sample preparation, a carbon tape (15 mm x 10 mm) was first cut and pressed lightly against the cleaned
particle sample. Optical microscopy (OM) inspection was performed using the Keyence VHX-7000 series.
Images of the particles transferred onto the carbon tape were captured using a full-ring setting at magnifications
of 200x and 400x. A depth-up mode was employed for each image to ensure that particles with uneven surfaces
or structures were sharply imaged on the same plane. The same particles on the carbon tape were subsequently
used for both optical imaging and SEM/EDX analysis using visual inspection. Hitachi S-3700 N equipped with
an IXRF Model 550i EDX analysis system was used for SEM/EDX analysis. This analysis was conducted via a
backscattered electron detector at an acceleration potential of 15 kV and vacuum pressure of 40 Pa. Elements
were individually resolved, with the exception of Zn and Na, which are labeled as “Na/Zn” in this study because
the Zn La peak and the Na Ka peak near 1.0 keV cannot be distinguished from one another with the EDX
system®3.

Previous work has characterized the physical and chemical properties of CMTT and TRWP that include
black/opaque optical properties, round/elongated/jagged morphological characteristics, and chemical
composition of sulfur (S), sodium/zinc (Na/Zn) with variable amounts of silica (Si), potassium (K), magnesium
(Mg), calcium (Ca), and aluminum (A1)?*-%. The single particle analysis techniques use a weight of evidence
approach that combines physical and chemical properties to identify and distinguish tire/tread particles from
other environmental particles and is consistent with previous research®723-25:3,

Image] analysis software (U.S. NIH) was used to determine the maximum diameter of each TRWP particle
using SEM backscatter images. Diameters (or length) of primary particles were measured using the longest
chord joining points on the observable perimeter of the particle; maximum orthogonal dimension (or width)
was also measured. Aspect ratio was determined using the ratio of the length to width measurements.

Results and discussion
Identification of CMTT and TRWP
The single particle analysis was divided into two phases including (1) identification and (2) quantitative primary
particle analysis. The identification phase consisted of applying single particle analysis techniques including
optical microscopy and SEM/EDX mapping. CMTT particles were identified by optical properties (black/
opaque), morphological characteristics (jagged shape), and chemical properties (S+Na/Zn) + (Si, K, Mg, Ca,
and Al) (Fig. 1).

TRWP were identified by optical properties (black/grey/opaque), morphological characteristics (mostly
round or elongated in shape with variable mineral encrustations), and chemical properties (S +Zn/Na) * (S, K,
Mg, Ca, and Al) (Fig. 2).

Scientific Reports |

(2025) 15:15372 | https://doi.org/10.1038/s41598-025-98902-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SEM , K, Al, Ca, Si, Mg, and Zn/Na

Fig. 1. SEM/EDX mapping of cryogenically milled tire tread (CMTT) particles. CMTT particles were analyzed
by optical microscopy (OM) (left panel insert), scanning electron microscopy (SEM) (left panel), and elemental
mapping by energy dispersive X-ray spectroscopy (EDX) (right panel). CMTT particles contained S +Na/Zn
with variable amounts of other elements including Si, K, Mg, Ca, and Al

oM SEM ,K, AL, Ca, Si, Mg, Fe, and Zn/Na

Fig. 2. SEM/EDX mapping of tire and road wear particles (TRWP). Example TRWP were analyzed by optical
microscopy (OM), scanning electron microscopy (SEM) and elemental mapping by energy dispersive X-ray
spectroscopy (EDX). TRWP contained S+ Zn/Na with other elements including Si, K, Mg, Ca, and Al.

After TRWP identification, physical characteristics including size distribution and aspect ratio were
determined using optical and chemical mapping characteristics by OM and SEM/EDX analysis as detailed in
Materials and Methods and further below.

Identification of CMTT in earthworm sample

An initial single particle analysis feasibility experiment was performed with earthworms exposed to CMTT
spiked soil followed by a biota digestion protocol. Stock CMTT particles were analyzed by SEM with elemental
mapping and contained S+Na/Zn with other elements including K, Mg, Ca, and Al (Fig. 1). Earthworms
exposed to soil spiked with 5% CMTT were further processed for single particle analysis after protein digestion
steps outlined in Materials and Methods. CMTT particles were identified by optical properties (black/opaque),
morphological characteristics (jagged shape), and chemical properties (S+Na/Zn) + (Si, K, Mg, Ca, and Al)
(Fig. 3).

This proof-of-concept experiment demonstrates the ability to characterize experimental earthworm
exposure to different particle types in soil including CMTT. This research can aid in understanding the fate,
transport, and ecological impact of different particle types in soil. Thus, based on the favorable outcome of
the laboratory exposed earthworms, our single particle analysis and biota digestion protocols were carried
forward in subsequent quantitative particle size experiments using an environmental matrix as it is possible that
specific biota may exhibit important differences in response to chemical digestion. Therefore, particle processing
techniques should be verified prior to quantitative particle size analysis.
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Fig. 3. OM and SEM/EDX mapping of particles in laboratory earthworm sample. Following biota digestion,
particles were examined by optical microscopy (OM), scanning electron microscopy (SEM), and elemental
mapping. Example CMTT with associated elements (S+Na/Zn +/- Si, K, Mg, Ca, and Al) are indicated with a
blue arrow.

Identification and characterization of TRWP in bivalve sample

Bivalves collected near the mouth of the Seine river in France as detailed previously?*, demonstrated no
detectable TRWP with over 600 particles analyzed after biota digestion steps (Supplemental Fig. 1). Therefore,
the feasibility of using our single particle analysis techniques was tested by spiking the undigested biota sample
with road dust collected previously>>?°. Road dust containing ~ 1.4% w/w TRWPs was spiked into the biota
sample at a 10-fold dilution corresponding to TRWP concentrations of approximately 0.14%.

Therefore, after protein digestion of the spiked biota sample, a dual density separation method was employed
(Supplemental Fig. 2). The first separation utilized sodium polytungstate solution with a density of 1.5 g/cm? to
separate biological materials with densities close to water from more dense environmental particles. The sink
fraction was collected to separate the denser particulate fraction from the biological material (float fraction).
The collected particles with density > 1.5 g/cm® were then separated a second time using 2.2 g/cm?® with TRWP
enrichment expected in the float fraction similar to previous experiments. After density separation, particles
were examined by optical microscopy (OM), SEM, and elemental mapping (Fig. 4).

TRWP were black/grey/opaque, round to elongated in shape, and contained variable mineral encrustations
with chemical properties including S + Zn/Na and variable amounts of Si, K, Mg, Ca, and Al. The average TRWP
particle size recovered from the biota spiked with road dust was 126 um by number and 220 pm by volume
with a range of 9 pm to 572 um (Fig. 4). In the present study, biota soft tissue was spiked with road dust to
a final concentration of 0.14% (dry w/w). Across 20 fields, a total of 65 TRWP and 503 non-TRWP particles
were examined and classified. Thus, if 20 fields are counted, one particle could potentially be detected if TRWP
concentration were as low as approximately 0.002% (dry w/w). In practice, the detection limit is likely several-
fold higher and the specific number of fields needed to detect a single TRWP or enough TRWP to perform a size
distribution analysis would vary due to random variations as well as differences in particle size distributions. This
proof-of-concept experiment demonstrates the ability to characterize different particle types in an experimental
river biota sample can aid in understanding the fate, transport, and ecological impact including exposure to
different organisms.

Size distribution analysis from the spiked biota sample was compared with previous results obtained from
the undiluted road dust sample as well as a spiked artificial sediment sample?>. Cumulative frequency (unit
normalized distribution) was displayed for TRWP identified from road dust spiked biota, road dust only, and
road dust spiked artificial sediment (Fig. 5).

The size distribution overlay of TRWP identified from spiked biota were consistent with TRWP identified
from road dust and spiked sediment as previously characterized. For example, the mean diameter of the TRWP
by number in the spiked biota sample (126 pm) was within 26% of the mean value of the original road dust
sample (158 pm) (Table 1).

Further, the mean diameter of the TRWP by volume in the spiked biota sample (220 um) was within 2% of
the mean value of the original road dust sample (224 pm) (Table 1). Compared with previous environmental
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Diameter (um io (%)>
TRWP Size (n ') Aspect Ratio (%)
Average St Dev Min Max <1.5 1.5=25 >2.5
By number 126 117 9 572
. 35% 55% 9%
By volume 220 328 9 572

Fig. 4. OM and SEM/EDX mapping of particles in density separated road dust spiked biota sample. (A)
Particles were density separated and examined by optical microscopy (OM), scanning electron microscopy
(SEM), and elemental mapping. Example TRWP are indicated with a blue arrow. (B) A total of 65 TRWP
particles (out of 568 total particles) were identified in 20 fields of view and characterized for size distribution
and aspect ratio. ® Percentages were rounded to two significant figures and therefore do not add up to 100%. ®
Volume estimated using spherical equivalent corresponding to the diameter of the major particle axis.

samples characterized by single particle analysis techniques, average TRWP diameter were smaller in tunnel dust
compared to road dust while settling pond sediment TRWP were appreciably larger (Table 1). Our single particle
analysis techniques characterized differences in TRWP size for various matrices that likely represent differences
in environmental aging processes including weathering and aggregation?»?. Taken together, the results of
the current manuscript demonstrate that our single particle analysis methods were capable of characterizing
TRWP particle size distribution after biota digestion and dual density separation steps which may aid in TRWP
identification of environmental biota samples.

Strengths and limitations

The purpose of the current research was to apply suitable analytical techniques including SEM/EDX mapping to
characterize the specific physical and chemical properties of individual particles in various biota samples. One
of the strengths of this research includes the use of an established weight of evidence framework for increased
specificity towards TRWP identification that considers both physical and chemical properties of TRWP using
optical microscopy and SEM/EDX as well as preparation techniques including density separation. A potential
limitation to the current analysis includes the manual nature of identifying and characterizing particles.
Future research can aim to better understand the detection limit and consistency of this approach including
statistical analysis. However, previous research has utilized automation via machine learning algorithms and has
demonstrated some consistency across both approaches®-32. Therefore, future research can continue to utilize
various manual and automated approaches to isolate, identify, and characterize TRWP in biota samples with
varying degrees of complexity and to better understand uncertainties with each approach.

Conclusions

We hypothesized the single particle analysis techniques were capable of identifying and characterizing different
particle types including TRWP and CMTT in various biota samples. Therefore, our aim was to extend our
single particle analysis methods to biota samples including laboratory earthworms and an environmental bivalve
sample with the potential for broader environmental applications to aid in understanding the fate, transport, and
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Fig. 5. Size distribution overlay of TRWP identified from spiked biota, road dust, and spiked sediment.
Cumulative frequency (unit normalized distribution) was displayed for TRWP identified from road dust
spiked biota (n=65), road dust only (n=113), and road dust spiked artificial sediment (n=99) as reported
previously®.

Sample/matrix Average diameter by number (um) | Average diameter by volume (um)
TRWP in tunnel dust 54 94
TRWP in road dust 158 224
TRWP in road dust-spiked biota 126 220
TRWP in road dust-spiked sediment | 124 177
TRWP in river sediment 133 171
TRWP in settling pond sediment 267 506

Table 1. Overview of average TRWP diameter by number or volume for various sample/matrix types using
single particle analysis techniques in this manuscript or previously described?*2°.

ecological impact of different particle types. Multiple physical and chemical properties were utilized to identify
TRWP and CMTT particles. CMTT particles were black/opaque, jagged shaped, and contained S+ Na/Zn with
variable amounts of other elements including Si, K, Mg, Ca, and Al. TRWP were black/grey/opaque, mostly round
or elongated in shape with variable mineral encrustations, and contained S+ Zn/Na with variable amounts of Si,
K, Mg, Ca, and Al. The identification of CMTT in earthworms demonstrated the feasibility of our approach. Our
single particle analysis techniques were further validated by the identification and characterization of TRWP in
bivalve samples spiked with road dust. The average TRWP particle size from the road dust spiked biota sample
was 126 pm by number and 220 yum by volume with a range of 9 um to 572 pm which is consistent with TRWP
identified from the original road dust sample. These data suggest that the current method for biota digestion,
dual density separation, and TRWP characterization is feasible for similar samples and that our single particle
analysis methodologies were useful for the characterization of particle size distribution in biota samples. These
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results may advance the methods for identification and characterizing TRWP and potentially other microplastics
in various environmental matrices including biota samples.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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