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From: Sea lion Defense Brigade

To: alenhelenoutreach@gmail.com

Cc: admin@thedrpa.org; Braginton, Jon; denneigh2@yahoo.com
Subject: Fwd: Bioaccumulation of Micro-Plastics

Date: Friday, November 8, 2024 9:01:04 AM

Attachments: 1-52.0-S0269749122016700-main (1).pdf

1-52.0-S0304389423003722-main.pdf

You don't often get email from flatheadstick@gmail.com. Learn why this is important

CAUTION: This email originated from outside of the organization. Do not click links
or open attachments unless you can confirm the sender and know the content is safe.

Hello, I attended the meeting last night and we don't want Devore, turned into Jake brake alley
& we do not want our air, and scarce water sources stolen or polluted by microplastics derived
from a proposed immense traffic increase. "It's a hell of a lot more" than just changing the
colors on the map. Ninette

---------- Forwarded message ---------

From: Sea lion Defense Brigade <flatheadstick@gmail.com>

Date: Fri, Nov 8, 2024 at 8:46 AM

Subject: Bioaccumulation of Micro-Plastics

To: jon.braginton@lus.sbcounty.gov <jon.braginton@lus.sbcounty.gov>
Cc: <admin@thedrpa.org>, cjvortex1(@gmail.com <cjvortex 1 (@gmail.com>,
<denneigh2@yahoo.com>

Hello, PFAS , Dioxins, estrogen mimickers & endocrine disruptors bio accumulate as it works
its way up the food chain. Often the negative impacts will show up in the offspring of the

host(micro-penis) species that goes extinct. Because once the gene is mutated it does not go
back.

Peace in a micro-plastic world.
Ninette Jones
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ARTICLE INFO ABSTRACT

Keywords: Antibiotic resistance genes (ARGs) and nanoplastics (NPs) have been identified as emerging pollutants in water

Sed%“f"-n.ts ) ) environment; the interactions between antibiotic resistance plasmids (ARPs) and NPs will influence ARG

ﬁ“tlb“;nc_ms’smme plasmids transport in sediments. Herein, the adsorption experiments of a typical ARP onto polystyrene nanoplastics (PS-
anoplastics

NPs) in river and lake sediments were conducted to elucidate the adsorption mechanisms and the effects of
environmental factors. Results indicated that the adsorption amounts of PS-NPs increased with the dosages while
decreased with the particle size of sediments. Multi-layer adsorption of PS-NPs was found to exist mainly in sand
and silt sediments, whereas the filling adsorption dominated in the clay. Moreover, the adsorbed PS-NPs
enhanced the physisorption of ARPs in sediments through stimulating the intraparticle diffusion of ARPs
induced by electrostatic force. Besides, the adsorption amounts of ARPs onto the PS-NPs decreased with the
increasing pH and dissolve organic matter due to the enhanced electrostatic repulsion and competitive
adsorption. The ion strength played catalytic roles by increasing the electrostatic attraction and adsorption sites
of ARPs on PS-NPs. The adsorbed ARPs in sediments were closely related with the ARGs in extra/intracellular
DNA of biofilms, influencing the distribution and proliferation of ARGs largely. The findings indicate that ARG-
associated pollution might be enhanced by the solid-liquid interface adsorption induced by NPs, which was
controlled by pH, ion strength and dissolve organic matter. This study provides supplementary insights into the
roles of NPs as carriers of ARP in sediments, and advances our understanding on the risks of NP-ARG co-
occurring contamination in aquatic ecosystems.

Interfacial adsorption
Antibiotic resistance gene

1. Introduction

The rapid emergence and spread of antibiotic resistance pose a
public health threat due to the overuse of antibiotics in livestock and
poultry industries (de Rooij et al., 2019; Smith, 1968). Recognized as a
resistome pool, the aquatic environment suffers from the selective
pressure because of the unbridled disposal of animal manure, and is
confronting an unprecedented increase in the abundance of antibiotic
resistance genes (ARGs) (McKinney et al., 2010; Zhu et al., 2017). Plastic
particles, especially the nanoplastics (NPs), are becoming the wide-
spread concern (Eerkes-Medrano et al., 2015; Li et al., 2018; Rachman,
2018). They are chemically stable and mainly originate from the
decomposition or fragmentation of plastics, and accumulate continu-
ously in rivers and lakes, and could migrate to oceans and remote areas
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by water flow and atmospheric transport (Klein et al., 2015; Li et al.,
2019a; Sharma et al., 2021). Responsible for the reservoir of ARGs and
NPs in waters, the sediment environment is experiencing a co-occurring
contamination which calls for more investigations into the interaction
and influencing factors of the two pollutants.

The multi-phase interface behavior of contaminants could influence
their occurrence and accumulation due to the adsorption in sediments
(Yeap et al., 2010; Zachara et al., 2016). With a large surface/volume
ratio, the surface of plastic particles could attach microorganisms to
generate a biological interface (e.g., forming biofilms), acting as a vector
for the chemical transport of microbial communities in sediments, and
thus aggravate the spread of ARGs (Ahmed et al., 2021; Li et al., 2021;
Shi et al., 2020; Yu et al., 2020). Furthermore, biomacromolecules (e.g.,
protein and DNA) could adhere to NPs via the interaction with
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functional groups (e.g., oxygen-containing functional groups, alkyl
chains, and aromatic ring) (Su et al., 2021; Topuz and Uyar, 2017; Zhu
et al., 2019), which affect their solid-liquid interface behavior in sedi-
ments and offer a great potential for the persistence of ARGs (Dubrovin
et al.,, 2014; Topuz and Uyar, 2017). However, most studies have
focused on the proliferation and dispersal of ARGs in the biological
interface (Su et al., 2021; Yuan et al., 2021), the knowledge about the
migration and transformation of ARGs between solid and liquid phases,
particularly the adsorption behavior in the presence of NPs, is still
lacking. Therefore, understanding the adsorption process of ARGs
induced by NPs in sediments will provide insights into the evaluation of
the ecological risks caused by the co-occurring contamination.

The horizontal transfer dominates in the proliferation of ARGs,
shaped mainly by the transformation and transduction of mobile genetic
elements in microorganisms (Calderon-Franco et al., 2021; Wang et al.,
2020). Previous studies have documented that the horizontal transfer of
ARGs could be promoted by plastic particles in creating favorable con-
ditions for microbial communities and enhancing plasmid acquisitions
(Calderon-Franco et al., 2021; McKinney and Pruden, 2012). As one of
the essential mobile genetic elements, antibiotic resistance plasmids
(ARPs) serve as carriers of target genes and play a decisive role in the
sediment environmental behavior of ARGs (Mao et al., 2014). Extra-
cellular ARPs can be adsorbed by minerals or organic components in
sediments, inhibiting their degradation and stimulating the diffusion of
ARGs in the environment (Li et al., 2019b; Zhang et al., 2018). Thus,
understanding the adsorptive interaction of ARPs in sediments will
provided direct evidence for the pollution of ARGs in aquatic system.

The complicated physicochemical properties in sediments pose a
huge challenge for the research of the plasmid adsorption processes
(Han et al., 2020; Zhao et al., 2017). It was reported that DNA can be
adsorbed onto the surface of montmorillonite containing organic matter
via dehydration and electrostatic attraction, while hydrogen bond and
coordination interaction functioned in the attachment of DNA on the
kaolinite without organic matter (Yu et al., 2013). In addition, plasmids
are expected to be protonated at the low pH (<3), changing the electric
potential of ARPs to further influence their adsorption in sediments (Yu
etal., 2013; Yuan et al., 2019). The ion strengthen and dissolved organic
matter such as fulvic acid (FA) could also change the chemical and
conformational modifications of DNA molecules via strong interface
interactions and fragmentation with phosphate groups, altering the
electrochemical properties of nucleobases and resulting in structural
damage or even cleavage of ARPs (Hasanzadeh and Shadjou, 2016;
Topuz and Uyar, 2017; Yuan et al., 2019). Moreover, the persistence of
plastics was positively correlated with contents of Fe/Al oxides, whereas
negatively correlated with the pH, which could be explained by the
coupled effects on surface charges to affect electrostatic potentials of
plastic particles (Wu et al., 2020). Quevedo and Tufenkji revealed that
the loamy sand in soils or sediments processed a greater retention for
polystyrene nanoplastics (PS-NPs) than the quartz sand (Quevedo and
Tufenkji, 2012). Plastic particles are also capable of adsorbing metal
ions/organic compounds (Bhagat et al., 2021), probably facilitating ARP
accumulation in the binding sites. We hypothesize that the initial
adsorption behavior of ARPs in sediments might be altered by NPs via
the interaction with active sites, probably influencing the ARG pollution
in water body. Thus, it needs more discussions.

With the large-scale transport of polystyrene plastic products in daily
life, a considerable amount of PS-NPs eventually persists in sediments via
surface runoff and water movement (Lu et al., 2016). Due to the greatest
ecological risks in sediment settings, quinolone ARGs have caused wide
concerns recently (Liu et al., 2018). PS-NPs and qnrS carrying plasmids
(one of quinolone ARGs) were thus chosen as candidate pollutants to probe
their adsorptive interactions and how PS-NPs influenced the proliferation
of ARGs in sediments. The adsorption experiments of ARPs on sediments in
the presence of PS-NPs were determined to elucidate the ARP adsorption
behaviors and influencing factors. Numerous fitting models and
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory were used to elucidate
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the underlying adsorption mechanism. Microbe culture experiments were
also conducted to investigate the distribution of ARGs driven by PS-NPs.
These findings provide mechanistic insights into the NP-ARG interaction
and extend our knowledge of the effects of NPs on ARGs dissemination in
soil ecosystems.

2. Materials and methods
2.1. Preparation of PS-NPs and ARPs

PS-NPs (500 nm) were purchased from Aladdin Biotech. Co., Ltd.
(Shanghai, China). The microspheres were sterilized with 30% HO09
solution and aged for 12 months of natural light exposure in the steril-
ized 25 °C water to simulate the actual aging process in aquatic envi-
ronments. The particle size and zeta potential were measured by a zeta
sizer (MS 2000, Malvern Instruments, UK) after ultrasonication in the
background solution (NaCl/HEPES buffer) consisting of 1.0 mM NaCl
and 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (Solarbio Science & Technology Co., Ltd., Beijing, China). The
detailed information was listed in Supplementary Information
(Table S1). The surface morphology and structural composition of PS-
NPs were characterized by scanning electron microscopy (SEM, JSM-
IT300, Japan) and Fourier transform infrared spectroscopy (FTIR,
Thermo Fisher Scientific, USA), respectively.

The sequence of the gnrS gene (NZ_WUMP01000021) was artificially
synthesized using DNA microchip oligonucleotides according to the
NCBI database (https://www.ncbi.nlm.nih.gov/). The fragment of gnrS
gene was inserted into plasmid pUC18 (MiaoLing Plasmid Platform,
Wuhan, China) with proper restriction nuclease and DNA ligase. The
recombinant plasmids were transferred into Escherichia coli (E. coli)
cultured in Luria-Bertani (LB) medium (Beijing Leagene Biotechnology
Co., Ltd). After amplification under suitable conditions, the ARPs in
E. coli cells were extracted using a pure Mini Plasmid Kit (Easy-Do
Biotech CO., Ltd, Zhejiang, China). The concentration of the obtained
ARPs was determined with NanoDrop (Thermo Fisher Scientific, USA).

2.2. Collection of sediment samples

Two types of environmental samples were collected from the surfi-
cial sediments of 0-20 cm in West Lake and Qiantang River in Zhejiang
Province, China, as the candidate lake and river sediment samples,
respectively. With the DNA extraction Kit (MoBio, USA), there was no
detection of gnrS gene in water and sediment samples via qRT-PCR
analysis. The sediment samples were air-dried, sterilized by high-
pressure steam, and then sieved into different size, which were classi-
fied as: sand sediments (65-120 pm), silt sediments (8-65 pm), and clay
sediments (5-8 pm). The organic carbon contents of sediments were
determined by the elemental analyzer (VarioEL-III, Germany). The an-
alyses of mineral and porosity were performed using X-ray diffraction
(XRD, Bruker D8 Advance diffractometer, Germany) and the cutting ring
method, respectively (Yu et al., 2018). The physicochemical properties
of sediments were listed in Table S2.

2.3. Adsorption experiment

2.3.1. PS-NP adsorption

Batch adsorption experiments were conducted using an equilibrium
technique in the background solution (1.0 mM NaCl) under sterilized
conditions. A certain amount of PS-NP suspension was prepared using
the ultrasonic method in the background solution which was then
separated into glass centrifuge tubes to study the adsorption charac-
teristics of PS-NPs. The ratio of adsorbent/liquid was set at 1:200 ac-
cording to the preliminary experiments. 50 mg of sediments was mixed
with 1-100 mg/L of PS-NP suspension and the reaction system was then
shaken at 200 rpm for 120 h at 292 K. After centrifugation at 3000 x g for
10 min, the supernatant was collected to determine the fluorescence
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intensity at excitation and emission wavelengths of 469 and 512 nm,
respectively. The residue after centrifugation was dried and used to
explore the adsorption characteristics with scanning electron micro-
scope (SEM), and the thermodynamics, kinetics and isotherms were
performed in adsorption experiment of ARPs.

2.3.2. ARP adsorption

Kinetic adsorption experiment was next conducted by mixing the
centrifugal sediments treated with 100 mg/L of PS-NP suspension in
Section 2.3.1 and the background solutions containing a certain con-
centration of the ARPs at 298 K. The adsorption equilibrium time was
thus identified. In the thermodynamics (288, 298 and 308 K) and
isotherm (298 K) adsorption assays, the centrifugal sediments and 2-20
mg/L of ARP solutions were shaken with 200 rpm at the equilibrium
time. Then, the samples were centrifuged at 10,000xg for 10 min, and
filtered with 0.45 pm membrane to obtain the supernatant. The ARPs in
the supernatant was detected using NanoDrop 2000.

The effects of pH on ARP adsorption behavior was explored by
adding 0.1 M NaOH or HCl into the background solutions to adjust pH to
3.5, 5.5, 6.5, 7.5 and 8.0. CaCly was used to investigate the ARP
adsorption in different solution of ion strength, and the concentrations
were set as 0.1, 0.2, 0.3 and 0.4 mM. Besides, humic acid (FA) was used
to investigate the effect of dissolved organic matters on ARP adsorption,
and the concentrations were set as 0.02, 0.1, 0.2, 0.5 and 1 mg/L. The
vibration experiment was then performed as the steps of isothermal
assay described above.

2.4. Culture experiments

The water samples in lake and river were filtered through a 300-
mesh sieve to remove large particle prior to the culture experiment.
The precipitation after centrifugation in Section 2.3.2 were added to the
Erlenmeyer flasks containing 100 mL of natural water samples. The
flasks were then placed in a shaker at 200 rpm with the temperature of
298 K for 30 d, 60 d and 90 d. A biofilm was formed on the sediment
surface after the cultivation. To further explore the distribution char-
acteristics of ARGs, the extracellular DNA (eDNA) and intracellular DNA
(iDNA) were extracted from the attached biofilm (Text S1). The ARG
abundance related with eDNA and iDNA was quantified with qRT-PCR.

2.5. Fitting models

2.5.1. Adsorption models

Three adsorption kinetics experimental models, including pseudo-
first-order kinetics, pseudo-second-order kinetics and Webber-Morris
(W-M) model were employed to fit the adsorption process. The param-
eters of kinetic adsorption were provided in Table S3. The spontaneous
and thermal changes in the adsorption processes were evaluated by
Gibbs free energy (AG), enthalpy (AH) and entropy (AS) (Text S2).
Freundlich, Langmuir, Henry and Dubinin-Radushkevich (D-R) models
were applied to fit the adsorption isotherm experimental data, and the
formula were detailed in Table S4.

2.5.2. DLVO theory

The classical DLVO theory is adopted in the study to further predict
the total interaction energy profiles for ARPs approaching PS-NPs, with
the assuming model of sphere (DNA)- plate (PS-NPs) (Lu et al., 2021b).
The total interaction energy is the sum of delayed electrostatic
double-layer repulsion and the London-van der Waals attraction.
Detailed calculation formulas and parameters were provided in Text S3.

2.6. qRT-PCR analysis of ARGs
The integrity of ARPs was analyzed with DNA electrophoresis on a

1.0% agarose gel (Cat: 10208ES76, Yeasen Biotech. Co., Ltd., Shanghai,
China) stained with 0.4% LabRed (Coolaber Science & Technology,
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Beijing, China) (Text S4). DNA fragments were quantified by comparing
with the DNA marker (TITAN Technology Co., Ltd, Shanghai, China).
Bands were visualized by a gel imaging system (Bio-Rad, ChemiDoc™
XRS, USA). The relative expression of ARP fragments was determined by
qRT-PCR. The process was set as: 95 °C for 5 min, 40 cycles at 95 °C for
15 s, 56 °C for 30 s, and 72 °C for 30 s. Melt curves were analyzed for
specificity verification. Amplification was performed with a 20 pL re-
action system including 0.5 pL forward primer, 0.5 pL reverse primer,
10 pL of SYBR Green PCR Master Mix (Tsingke Biotech. Co., Ltd., Bei-
jing, China), 2 pL of DNA template and 7 pL double distilled water. The
primers for gnrS gene was provided in Table S5.

2.7. Statistical analysis

Adsorption, microbial culture, qRT-PCR and DNA gel electrophoresis
experiments were all conducted in triplicate and the data was presented
as mean =+ standard deviations. Statistical significance was analyzed by
a one-way analysis of variance (ANOVA) along with t-test using SPSS
Statistics 20.0. The probability level of p < 0.05 was defined as statistical
significance. Normality and variance homogeneity were verified in
advance.

3. Results and discussions
3.1. The adsorption of PS-NPs on sediments

The adsorption characteristics of PS-NPs on sediments was depicted
by SEM images that many layers with loose and large voids could be
observed at 25 pm scales (Fig. la—d). The white plastic particles
adhered to the sediments and increased the surface roughness, sug-
gesting the potential for sediments to adsorb PS. With the DLVO anal-
ysis, Wang et al. found that the repulsion force dominated the
interactions between the PS-NPs and quartz sands, prevailing over the
van der Waals attraction (Wang et al., 2022). Furthermore, size exclu-
sion straining of PS-NPs is also strongly dependent on the collector sizes.
This special adsorption characteristic makes sediments “collectors” in
the interaction with PS-NPs. The “settling characteristics” refers to the
attachment process of PS-NPs. Based on these settling characteristics,
the sediment particles were divided into sand sediments (65-120 pm),
silt sediments (8-65 pm), and clay sediments (5-8 pm). The results of
isothermal adsorption experiments in the two types of sediment samples
supported the above observations that the adsorption amounts of PS-NPs
in sediments increased with the dosages, whereas decreased with the
particle size of sediments (Fig. 1e). The finding could be explained by the
more adsorption sites provided by clay particles with a larger surfa-
ce/volume ratio (Wei et al., 2021). Besides, it was discovered that the
lake sediments had a stronger adsorption capacity than river sediments
at the same particle size. The maximum adsorption amounts of PS-NPs
(3.4 mg/g) in the experiment was observed in the clay lake sediments.
XRD analysis revealed that lake sediments possess more kaolinites than
the river sediments (Fig. S1a). Kaolinite (Al»Si;O5(OH),) is a clay min-
eral, consisting of one tetrahedral sheet and one octahedral sheet.
Kaolinite exists as a loose massive aggregate with triclinic layered
structures, creating a more complicated morphology than the illite (Won
et al., 2021), which provides evidence for the greater steric hindrance of
lake sediments for PS-NPs. This was consistent with the study reported
by Lu et al. that PS-NPs was resided by kaolinite and the transport was
thus inhibited (Lu et al., 2021a). Besides, as an essential factor to in-
fluence the hetero-aggregation of plastic particles (Kim et al., 2022), the
natural organic matters were more abundant in lake sediments and in-
crease the attachment of PS. And the compressible nanoscale roughness
reduced the energy barrier height and the magnitude of the primary
minimum at separation distances exterior to the adsorbed organic layer
(Bradford et al., 2021), which might be also increase the adsorption of
PS-NPs in lake sediments.

Therefore, the attention on the particle size and structural
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Fig. 1. The PS-NPs adsorption in sediments. The SEM image of sediments at (a, b) 10 pm and (c, d) 1 pm scales (a, ¢) without or (b, d) with PS-NP treatment. (e) The
isothermal equilibrium adsorption of PS-NPs on sediments based on D-R and Freundlich models.

composition of sediments should be paid when investigating the PS-NP
adsorption. The adsorption isotherm equations were established to
explore the adsorption behaviors at equilibrium; four isothermal
adsorption models (i.e., Langmuir, Freundlich, D-R and Henry models)
were used to fit the experimental data to investigate the interaction
mechanisms between PS-NPs and sediments (Table S6). The correlation
coefficient (R?) of the four models ranged from 0.9581 to 0.9993 with a
good fitness. Particularly, Freundlich model with R? > 0.99 is preferable
for describing the adsorption of sand and silt sediments. This result
suggested that the heterogeneous adsorption was induced in the surface
of sediments, including mono-layer and multi-layer adsorption (Schae-
fer et al., 2019). In addition, it was discovered that 1/n values of sand
and silt sediments increased from 1.19 to 1.21 in lake sediments and
from 1.43 to 1.51 in river sediments, suggesting that the strength of
adsorptive bonds enhanced as the sediment size decreasing. The higher
K also reflects the stronger adsorption capacity of sediments (Lambert
et al., 2011). In detail, the Ky varied from 0.09 (silt sediments) to 0.07

(sand sediments) in lake sediments, whereas changed from 0.01 (silt
sediments) to 0.02 (sand sediments) in river sediments. These data
further suggested that PS-NPs could be adsorbed into the lake sediments
via multi-layer adsorption in stronger affinities than that of river sedi-
ments, which was consistent with the results described above. We also
observed that the D-R model matched better in the fitting of adsorption
isotherm with R > 0.99 in the clay sediments, especially for the lake.
D-R model has been proved that the adsorption process was filling in fine
pores, but not the multi-layer adsorption onto the pore walls (Wu et al.,
2010). Comparatively, the clay sediments provided more pores to
enhance the adhesion and coalescence of PS-NPs due to the large sedi-
ment particles, filling in the pores to the greatest extent. From this
perspective, the size of sediment particles could influence the adsorption
behavior of PS-NPs via different processes, that is the multi-layer
adsorption remains dominant in sand and silt sediments, while the
filling adsorption is more important in the clay.
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3.2. Adsorption of ARPs on sediments treated with PS-NPs

Due to the stronger adsorption capacity, the lake sediments were
selected to further explore the adsorption kinetics of ARPs driven by PS-
NPs. The adsorption rate increased rapidly, then slowed down gradually,
and became flat at 480 min approximately (Fig. 2a). After 480 min, the
adsorption amounts of ARPs hardly increased and tended to reach dy-
namic equilibrium; 480 min was thus determined as the adsorption
equilibrium time in the following adsorption experiment. The W-M
model was evaluated to identify the potential mechanism and the rate-
limiting steps of ARP adsorption in sediments (Fig. S2). The fitting
curve in W-M model with a positive intercept (C > 0) suggests that the
adsorption was controlled by the multiple diffusion of ARPs in sedi-
ments. The clay sediments possess higher proportions of minerals,
particularly the kaolinite, which promotes the APR adsorption through
electrostatic interaction (Yu et al., 2013). Besides, the sediments treated
with PS-NPs showed stronger affinities for ARPs than the natural sedi-
ments, especially for the clay sediments with the adsorption amounts of
2.12 mg/g, 1.33-folds corresponding to the samples without PS-NPs. As
shown in Table S1, as colloid particles, both PS-NPs and ARPs were
negatively charged under all the tested conditions, indicating the exis-
tence of electric repulsion between them. The hydrodynamic size of
colloid particles can affect the electrostatic effect and the vander-Waals
attraction, further determining the deposition of ARPs on PS-NPs. Ac-
cording to DLVO theory analysis, the electrostatic interaction energy
was much higher than Vander-Waals interaction energy (Fig. 2c),
showing that the electrostatic double-layer repulsion dominated the
interactions between the PS-NPs and ARPs. The similar results were also
found in the adsorption of ARPs on the nano-metal particles (Lu et al.,
2021b), which can increase the diffusion of colloid particles and stim-
ulate the adsorption on the collectors. In addition, FTIR indicated that
the spectral peaked at 1460 and 1500 cm ™}, which might be associated
with the stretching vibration of C=0 and —~OH groups, respectively, and
numerous benzene rings as well (Fig. 2d). Different functional groups
enhanced the formation of the hydrophilic and hydrophobic regions. For
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DNA bases, hydrogen bonds are formed by proton donor (NHy) and
proton acceptor (C—O0) groups, while hydrophobic interactions are
related to the aromatic moieties (Topuz et al., 2017). PS-NPs are
abundant in oxygen-containing groups which can form hydrogen bonds
and the six membered ring which causes the hydrophobic interactions
(Hasanzadeh et al., 2016).

The pseudo-first-order and pseudo-second-order models were used to
fit the ARP adsorption data, and the detailed parameters were provided
in Table S6. The values of R? of the pseudo-second-order model
(0.92-0.97) was relatively higher than those of pseudo-first-order model
(0.86-0.95), implying that the adsorption may involve multiple
adsorption stages such as intraparticle diffusion. It was also found that
the theoretical parameters (gmax and K») in sediments treated with PS-
NPs was much higher than that in natural sediments based on the
pseudo-second-order model, suggesting that PS-NPs could enhance the
influencing mass transfer and intraparticle diffusion of ARPs and thus
increase their adsorption on sediments (Adeola and Forbes, 2021).
However, the porosity of sediments was significantly decreased in the
treatment with PS-NPs (p < 0.05) (Fig. S1b). Accumulated studies have
documented that decreased porosity in adsorbents could inhibit the
diffusion and adsorption of adsorbates in environmental matrix (Ban-
dosz, 2022; He et al., 2022). Although PS-NPs can occupy the sediment
pores to hinder the direct contact of ARPs and sediments, the rough
surface of PS-NPs might further provide plenty of space for the intra-
particle diffusion of ARPs, and eventually enhance the adsorption pro-
cess of ARPs in sediments. Therefore, the sediments treated with PS-NPs
was featured by the high adsorption ability for ARPs due to the increase
of electrostatic double-layer repulsion and adsorption sites.

The adsorption isotherm equations (i.e., Langmuir, Freundlich, D-R
and Henry model) was performed to examine the adsorption behavior of
ARPs in sediments treated with/without PS-NPs at equilibrium (Table S6
and Fig. 2b). Langmuir and Freundlich model are more suitable for the
description with R? > 0.98 for the natural sediments. It indicated that
the adsorption process of ARPs might occur in the heterogeneous surface
involving in mono-layer and multi-layer adsorption (Schaefer et al.,
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Fig. 2. The adsorption behavior of ARPs in the presence of PS-NPs in sediments: (a) kinetic, (b) isothermal equilibrium, (c) interaction energy between PS-NPs and

ARPs, (d) The functional groups of PS-NPs with FTIR analysis.
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2019). The values of 1/n (<1) suggested that the adsorption of sedi-
ments for ARPs was a physical process. The K, in Langmuir model
ranked as: clay sediments (1.55 L/g) > silt sediments (0.81 L/g) > sand
sediments (0.70 L/g). While for the sediments treated with PS-NPs, R?
values of Langmuir and Freundlich models did not perform well like
those without PS-NP treatment, especially for the Freundlich with R? of
0.86-0.91, demonstrating that PS-NPs altered the adsorption behavior
of ARPs in sediments. Contrarily, the D-R model with the R? > 0.97 was
superior in describing the adsorption processes that ARPs may be
adsorbed onto the heterogeneous solid surfaces in the presence of
PS-NPs (Wu et al., 2010). It could be explained by the decreased porosity
of sediments, which could inhibit the diffusion of ARPs in multi-phase
and enhance the filling of ARPs in environmental matrix. Further-
more, the values of Kpg in the sediments treated with PS-NPs were
higher than those in natural sediments, further confirming that PS-NPs
facilitated the adsorption of sediments for ARPs. The variation trend
of Kpr was found to be positively related with the adsorbed PS-NPs in
sediments, with the maximum being 0.07 mol?/kJ? in the clay sedi-
ments. As an important isotherm parameter, the apparent energy (E) was
calculated using Kpg with the method provided in Table S6. It is
acknowledged that the energy for physical adsorption, ion exchange and
chemisorption is at the range of 1-10, 8-16 and 20-40 kJ/mol,
respectively (Wu et al., 2010; Sheha and Metwally, 2007). It was
observed in this study that E ranged from 2.67 to 3.42 kJ/mol, indicating
that the physical adsorption dominated the adsorption process and
could be triggered by the electrostatic double-layer repulsion between
PS-NPs and ARPs. These results manifested that the ARP adsorption
behavior in sediments was transformed from the heterogeneous surface
adsorption to solid surface physisorption in the presence of PS-NPs,
providing evidence for the enhancement of ARP adsorption.
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Thermodynamic analysis was accomplished at 288, 298 and 308 K to
explore the effects of temperature on the ARP adsorption in sediments.
The thermodynamic parameters were summarized in Table S7. The AG
< 0 indicated the adsorption process is spontaneous and the lower the
AG value, the stronger driving force in adsorption. The AG values in
natural sediments were discovered to be higher than those in sediments
treated with PS-NPs at the same temperature, suggesting that ARP
adsorption was promoted by PS-NPs. The calculated values of enthalpy
(AH) in sediments were positive (<40 kJ/mol) (Table S7), indicating
that the ARP adsorption in sediments was physically endothermic and
probably controlled by van der Waals force, electrostatic attraction and
hydrogen bonding (Hasanzadeh et al., 2016; Jelesarov et al., 1999).
With the decrease of sediment particle size, AH values obviously
increased and the maximum was 9.47 kJ/mol in the clay treated with
PS-NPs (Table S7). Notably, the values of AH in PS-treated sediments
were much higher than those in natural sediments, where the value
increased by 5.71 kJ/mol in the clay (Fig. 3c). Entropy (AS) was also
used to evaluate the degree of freedom of adsorption process. The pos-
itive values of AS (40.83 J/mol) further validated the increased
randomness of the adsorption process. The AS values in sediments
treated with PS-NPs were over 2-fold as high in natural sediments. It
implies that the randomness of ARPs on multi-interface increased
irregularly with the application of PS-NPs, especially for the PS-ARP
interface during the adsorption process. We believed that PS-NPs
enhanced the adsorption of ARPs in sediments with the spontaneous
endothermic physical adsorption.

Some researchers have found that the structure of plasmid was easily
damaged with the adsorption force, which could influence the integrity
of ARGs (Fu et al., 2021). To check the integrity, the concentration of
ARGs in sediments were measured, and compared to the theoretical
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Fig. 3. The effects of (a) pH, (b) Ca®* and (c) FA on the ARP adsorption capacity in sediments treated with/without PS-NPs.
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values converted by the adsorbed ARP concentration (Fig. S3). The ra-
tios of measured values to calculated values approximately equals to 1
(R? = 0.988), indicating that ARPs and ARGs was maintained as high
fidelity and integrity during the adsorption process. Therefore, it is
feasible that the adsorption behavior of ARPs in sediments could be used
to evaluate the migration of ARGs in the co-occurring pollution with
NPs.

3.3. Effects of pH, ion strength and dissolved organic matters on the ARP
adsorption

pH had an outstanding effect on the adsorption behavior of colloids,
and further influenced the ARP adsorption. As shown in Fig. 4a, the
adsorption amounts of ARPs in the sediments treated with or without PS-
NPs gradually decreased with the increase of pH. The similar results
were found in the DNA adsorption in soil minerals (Yu et al., 2013). The
negative charges of PS-NPs and ARPs increased with pH from 3.5 to 8
(Table S1), and thus enhancing the electrostatic repulsion and weak-
ening the electrostatic interactions between adsorbents and adsorbates
(Hanif et al., 2022). It was evident that the total energy interaction was
consequently improved with pH (Fig. 5a), and the high energy barrier
can diminish the adsorption performance of ARPs. A linear fit to data
represented that the slopes ranged from —13.68 to —10.76 at pH < 6.5,
and ranged from —42.56 to —31.22 at pH > 6.5, indicating that the
adsorption amounts of ARPs decreased rapidly when exceeding the
critical threshold of pH (i.e., 6.5). Besides, a large amount of OH™ acted
as competitive ions to compete with the negative-charged ARPs for the
adsorption sites. Consequently, the pH (>6.5) suppressed the ARP
adsorption on sediments treated with PS-NPs.

A series of CaCl; solutions were employed to investigate the effect of
ion strength on the ARP adsorption. An increasing trend was observed in
ARP adsorption with the increasing IS (Fig. 4b). The maximum
adsorption was achieved at 0.4 mM CaCly, promoted by 0.95-2.42 fold
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compared to the control. The adsorption amounts of ARPs in sediments
treated with PS-NPs were higher than those in natural sediments in high
IS. With the increase of ionic strength, the negative zeta potentials of
both the PS-NPs and ARPs were reduced (Table S1), which may be
attributed to the compression of the electrostatic double layer due to
cations. Due to the reduced repulsion force (Dislaki et al., 2018; Wu
et al., 2022), the total energy interaction declined with the increasing IS
(Fig. 5b). Notably, the energy barrier in this study was lower than the
energy barrier of bare silica particles reported by Gomez-Flores et al.
(2020). It could be attributed to the surface roughness of PS-NPs, which
could decrease the energy barrier (Bradford et al., 2018). Hence, it be-
comes easier for the ARPs to overcome the energy barrier and adhere to
the PS-NPs at high solution. Furthermore, Ca%* with large radius and
high valence has been demonstrated to be captured easily by adsorbents
and combine with the surficial negative charges (Dislaki et al., 2018). In
the adsorption process of DNA on high-molecular polymer (e.g., the
cellulose), metal ions immobilized cellulose exhibited a higher affinity
to DNA with than that of cellulose, because of the coordination of cat-
ions in cellulose-DNA system (Ikram et al., 2022). Notably, the gap of
ARP adsorption amounts in sediments between treatments with or
without PS-NPs was widening with the increase of Ca®*. That could be
explained by the functional group in PS-NP surface. Polymer chain
plastics with numerous carboxylic, ketones groups can be bound to
metal ions by non-covalent bond (Bhagat et al., 2021), further reducing
the electrostatic repulsion and enhancing ARP adsorption.

The adsorption equilibrium experiments in FA solutions were also
conducted to explore the effects of co-occurring antibiotics on ARP
adsorption (Fig. 4c). With the increase of FA concentration, the
adsorption amounts of ARPs decreased to 2.04-2.97 fold at 1 mg/L of FA
compared to the control. PS-NPs and ARPs carried more negative
charges with the presence of FA in the solution (Table S1), improving the
electrical repulsion in the two colloids and enhancing the mobility of
ARPs in the composite media. The significantly higher DLVO energy
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Fig. 4. The interaction energy between PS-NPs and ARPs in different solutions (a) pH, (b) Ca®* and (c) FA.
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barriers between ARPs and PS-NPs were observed with the increasing FA
in solution (Fig. 5¢), indicating an unfavorable condition for PS-NPs to
the adhesion of ARPs. The results were also consistent with a recent
observation where the declined adsorption of co-existed organic com-
pounds was occurred on the plastics surface because of the competition
for binding sites (Zhou et al., 2022). The dissolved organic matters
complex with DNA by noncovalent bonds (e.g., van der Waals force,
hydrophobic forces and hydrogen bonds) and covalent interactions
(Hasanzadeh et al., 2016). Conclusively, FA inhibited the adsorption of
ARPs on PS-NP surface by facilitating electrostatic repulsion and
competitive adsorption.

3.4. Relative abundance of ARGs extra/intracellular DNA in biofilms

The sediments act as hosts to attach numerous microorganisms and
generate biofilms to make them colonize on the surface. PS-NPs was
reported to enhance the adsorption of ARPs on the sediment surface,
which promoted the exchange of genes among microorganisms and the
risk of ARG pollution was thus increased (Miao et al., 2019). The relative
abundance of gnrS gene in eDNA and iDNA varied with the culture
duration (Fig. 5). After a 30-d culture, the target ARGs were found at
higher abundance in eDNA than those in iDNA (p < 0.05). It could be
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Fig. 5. The distribution of ARGs in the attached
biofilm on sediments of (a) river and (b) lake samples
after cultivation for 30 d, 60 d and 90 d. The relative
abundance of ARGs was positively related with the
size and shade of the ball. The projections of the balls
on the two axises represent the distribution of ARGs
under two types of culture conditions. SA, the ARPs
adsorbed by sediments; SPA, PS-NPs and ARPs
adsorbed by sediments; SPA-pH, SPA-Ca®>" and SPA-
FA indicated that PS-NPs and ARPs adsorbed by
sediments under the 7.5 of pH, the 0.4 mM of Ca*"
and the 1 mg/L of FA, respectively. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)
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attributed to the competitive adsorption of biofilms for the adsorbed
ARPs on sediment surface. Consisting of high density and cohesive mi-
crobial cells, and extracellular polymeric substances, biofilms have a
strong affinity for eDNA (Gillings et al., 2009). As an important way to
acquire new genetic information for bacteria (including ARGs), trans-
formation facilitates the uptake of eDNA from extracellular to intracel-
lular (Nielsen et al., 2007). With the elongation of culture duration, the
relative abundance of ARGs related with eDNA and iDNA showed
increased trends and the abundance in iDNA boosted more significantly.
After a 90-d culture, the relative abundance of target ARGs in iDNA were
higher than those in eDNA (p < 0.05). The similar observation was found
in the biofilms on aging microplastic in leachate environment (Su et al.,
2021). Moreover, the adsorption amount of ARPs in sediments was
significantly positively related with the relative abundance of gnrS gene
in both iDNA and eDNA (Fig. S4). This finding indicates that the
adsorbed ARPs in sediment influenced the distribution and proliferation
of ARGs largely. Due to the enhanced effects of PS-NPs for the ARP
adsorption on sediments, the relative abundance of gnrS gene for the
iDNA and eDNA in the presence of PS-NPs was higher than that without
the treatment of PS-NPs, demonstrating the improved accessibility of
ARGs for microorganisms induced by PS-NPs. As expected, pH, IS and
dissolved organic matters had the potential effect on the relative
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abundance of gnrS gene by influencing the adsorption of ARPs. For
example, the relative abundance of target ARGs in iDNA and eDNA
decreased at 7.5 of pH and 1 mg/L of FA, respectively, while increased in
the treatment with 0.4 mM of Ca®". It suggested that environmental
factors such as pH, IS and dissolved organic matters could also shaped
the distribution and proliferation of ARGs in sediments. Of note, ARGs in
eDNA is generally transformed by bacteria, whereas often spread
through conjugation or transduction in iDNA (Guo et al., 2018), pro-
moting their abundance by vertical gene transfer (Mao et al., 2014).
Besides, the enriched bacterial community could also contribute to the
propagation of ARGs. Overall, PS-NPs can aggravate the pollution of
ARGs in sediments by enhancing the adsorption of ARPs, which was
influenced by pH, IS and dissolved organic matters.

4. Conclusions

This study demonstrated that PS-NPs enhanced the ARP adsorption
at the liquid-solid interface in sediments, and then increased the ARG
pollution in aquatic environment. It was because that the surface of PS-
NPs provided numerous reactive sites to stimulate the intraparticle
diffusion of ARPs, and the spontaneous endothermic physisorption was
thus promoted due to electrostatic effects. Due to the electrostatic
repulsion and competitive adsorption, the adsorption amounts of ARPs
onto the PS-NPs decreased with the increasing pH and dissolve organic
matter. The ion strength of solution played catalytic roles by increasing
the electrostatic attraction and adsorption sites of ARPs on PS-NPs.
Moreover, the adsorbed ARPs in sediments were positively related
with the ARGs in eDNA and iDNA of biofilms, affecting the distribution
and proliferation of ARGs. These findings implied that the ecological
risks might be enhanced by the solid-liquid interface behavior of ARGs
in ARP-NP co-occurring system. Further investigations, however, need
to be conducted on the relationship between the chemical structures (e.
g., planarity, size and functional groups) of PS-NPs and the active sites of
macromolecule in ARPs. Collectively, this study extends our knowledge
regarding the adsorption of ARPs in sediments, particularly in the
presence of PS-NPs, and provides a new view to understand the ARG
pollution induced by NPs in aquatic environment.
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1. Introduction

As a potential geological indicator for the Anthropocene [1], plastic
is a ubiquitous and pervasive hallmark of our modern society. Recently
the rapid consumption and emission of plastics into the environment has
exceeded the ‘novel entities’ planetary boundary, for both ubiquity in
the environment and irreversibility of pollution [2,3]. Plastics and
climate change are intrinsically linked [4], with plastic production
currently contributing to 4.5% of global greenhouse gas emissions [5],
exacerbating current damage to our global environments. Without pol-
icy intervention, demand for plastic may double by 2050 [5] and plastic
emissions may triple by 2060 [6]. Worryingly, despite current remedi-
ation and policy-based efforts, plastic will continue to be emitted and
accumulate in the environment for many decades to come [7]. While one
study estimated the global marine plastic load between 15 and 51 tril-
lion pieces [8], due to limitations in the detection and collection of
smaller fragments, current plastic estimates are vastly underestimated
[9,10]. Further, previous studies specifically quantifying plastic load
within organisms may be severe underestimations, with novel tech-
niques identifying magnitudes larger plastic burdens that have not
previously been detected [11,12]. Such large numbers and tipping
points are already difficult to comprehend.

Of growing concern is the increase in smaller plastic fragments being
reported and the emerging threat posed by these small particles. From
plankton to blue whales (Balaenoptera musculus) [13], plastic is thought
to impact over 1200 marine species [14]. Though there is debate as to
what extent plastics are causing harm to populations or ecosystems,
there is growing evidence that the ingestion of plastic leads to
long-lasting and diverse consequences for a wide array of fauna [13,15].
Ingestion of large or sharp macroplastic (<5 mm) items can lead to
blocked, ulcerated, or perforated digestive tracts [16,17], as well as
altered or diminished feeding behaviour, and starvation in severe cases
[16-19]. Once ingested, large macroplastics can be fragmented into
smaller pieces, categorised as either micro- (1 ym-5 mm) or nanoplastics
(<1 um), through digestion and mechanical grinding [20,21]. These tiny
plastic fragments can be absorbed by the digestive tract, transported
around the body via the bloodstream [22], and accumulate in tissues
and organs [23-26]. Plastics < 20 ym can penetrate most organs, with
plastics < 10 um able to cross cell membranes [27], potentially
damaging tissues and intracellular structures [28,29]. Microscopic
plastics can also cross both the blood-brain barrier [24,30] and the
placenta [31]. While many studies of plastic ingestion focus on
non-human animals, a recent paper by Ragusa et al. [32] suggests that
due to the ubiquity of plastic and exposure to plastic from birth, it is
likely human inhalation and ingestion of plastic is also inevitable. In this
light, it is crucial to better understand the impacts of plastic on biota, so
that we can also better understand how our own tissues may respond to
this pollutant.

Laboratory studies examining plastic ingestion have documented a
swathe of negative impacts, including tissue damage [24,33], behav-
ioural changes [34,35], reduced growth [36] and fecundity [37],
oxidative stress [38], altered metabolism [39] and transgenerational
fitness impacts [40,41]. Combined, the variety of sub-lethal effects of
plastic exposure are likely to impact overall fitness or survival of in-
dividuals. While plastics can interact with soft tissues in a variety of
ways, our understanding of these interactions and sub-lethal impacts is a
limited, but rapidly growing field of study [42-44]. This limitation is
due, in part, to a reliance on studies that have used laboratory-grade,
virgin plastic in their experiments; often spherical polystyrene [45,
46]. This does not accurately reflect weathered plastics found in the
environment, which are conversely a heterogeneous mix of polymers of
different shapes, sizes, and stages of fragmentation [47]. Plastics with
irregular size and shape could cause greater cellular damage [47] and
are more likely to promote cell death [48]. Weathered environmental
plastics exhibit different physical and chemical properties to the plastics
used in most laboratory-based studies [49,50], and are more likely to be
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subject to phagocytosis by cells [51].

While not directly comparable to environmental plastic, laboratory
studies have reported that exposure to plastics can cause inflammation
of tissues [52,53]. During the resolution of inflammation collagen is
deposited by fibroblasts, forming scar tissue, to add strength to damaged
tissue while healing [54]. While this scar formation is a natural, often
beneficial process associated with tissue repair, excessive scar tissue can
become a pathological disease called fibrosis. Fibrosis can impede organ
function, contribute to organ failure in severe cases, and is also a
symptom of many chronic auto-immune diseases [55]. In response to
inflammation, scar tissue may form around persistent inflammatory
stimuli, causing severe, chronic problems if the irritant is not removed
[55]. Several fibrotic diseases have been linked to this continuous
damage-healing process, such as silicosis and asbestosis [56]. As
comparably durable compounds, plastics may induce a similar response,
where excessive scar tissue formation in response to plastic-induced
inflammation may lead to organs becoming fibrotic. While previously
documented in laboratory experiments [57], and recently observed
within seabirds [26], plastic-induced scarring and fibrosis have not been
comprehensively studied in wild animals ingesting environmental
plastics.

This study aims to address this knowledge gap by examining if
plastics have any impact on scar formation and fibrosis, in Flesh-footed
Shearwaters (Ardenna carneipes). This species is heavily impacted by
plastic pollution, with ~90% of necropsied birds containing ingested
plastics [58]. Since 2010, the average body mass and condition of
Flesh-footed Shearwaters in one of their major breeding colonies has
declined substantially Lavers and Bond, [59]. Exposure to plastic is
associated with reduced chick growth and survival [60], and causes
altered blood chemistry [61] and extensive tissue damage [26]. While
the ingestion of plastic has been implicated in the decline of this species
[58], the potential impact of plastics on scar tissue formation has not
been thoroughly investigated. Here we provide the first quantification of
scar tissue formation due to plastic ingestion in a wild population, and
provide evidence for a new plastic-induced fibrotic disease; ‘Plasticosis. .

2. Materials and methods
2.1. Sample collection

Twenty-one freshly deceased Flesh-footed Shearwater fledglings
(80-90 days old) were collected from Lord Howe Island, Australia
(31.554°S, 159.085°E) from 28 April — 8 May 2021. These birds were
aged due to their strict life history and phenology, as all birds hatch
within a very narrow window of 3-5 days in January. These fledglings
were collected either from specific beach transects following an unsuc-
cessful fledging attempt (n = 12), from within the breeding colony (n =
8) or following a collision with a motor vehicle (n = 1). Additional
samples from birds that exhibited noticeably fibrotic organs during
necropsy were collected from 26 April — 10 May 2022 (beach-washed: n
= 7, colony: n = 2), for a total of 30 individuals. Birds were already
deceased when collected (n = 5) or euthanised under permit due to
extremely low body mass (n = 25; See Acknowledgements for permit
and animal ethics details). To avoid post-mortem delay, only freshly
deceased beach-washed birds were used and were processed within 1 h
of collection, while birds that had been euthanised were processed
within 5 min of death.

2.2. Morphometrics analysis

Morphometrics of each bird were taken, including body mass ( £+ 10
g, spring balance), wing chord ( = 1 mm, flattened, stopped ruler),
culmen length ( &+ 0.1 mm, Vernier callipers), and head + bill length (
0.1 mm Vernier callipers). To minimise plastic contamination of sam-
ples, glass or paper laboratory equipment was used where possible, and
stainless-steel dissection tools were washed and sterilised with 70%
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ethanol between each use.
2.3. Plastic and pumice analysis

Birds were necropsied, and ingested plastics from the proventriculus
and gizzard were dried, counted, weighed, sorted by type and colour,
and stored separately, according to the protocols outlined by Provencher
etal. [62] and Lavers et al. [58]. Plastics were identified through visual
and physical inspection, and inspection under dissection microscopes
was used where necessary. Only particles that were visible to the naked
eye (~1 mm and above) were counted, thus for the purposes of our
study, microplastics are defined as particles 1-5 mm and macroplastics
> 5 mm (for additional clarification about size categories, please see
Supplementary Methods 1.1). Pumice stones found within the proven-
triculus and gizzard were similarly weighed, counted, and recorded
separately.

2.4. Proventriculus region-based analysis

Tissue samples approximately 1 em® from all individuals were
collected from the proventriculus from the inferior (~1 cm above the
pyloric sphincter) and superior (~1 c¢cm below the cardiac sphincter)
regions and fixed in 10% formalin. Tissue samples were stored in red
Eppendorf tubes, which were pre-rinsed in MilliQ water, so any plastic
contamination as a result of transport could be easily identified.

2.5. QA/QC

To minimise plastic contamination during all tissue processing and
staining protocols in this study, stains were prepared using MilliQ water
where necessary, the handling of samples was minimised, and slides
were housed in standard slide boxes where plastic exposure from dust or
air could be minimised prior to observation. The use of plastic labora-
tory clothing and equipment was minimised where possible (e.g. use of
glass stripettes and tin foil, use of plastic gloves only where necessary,
use of cotton laboratory gowns) and surfaces were thoroughly cleaned
with ethanol.

2.6. Laboratory procedures and method development

Using a microtome and histological wax, multiple thin histological
sections (~5 um thick) were prepared for each tissue sample, adhered to
a glass slide, and deparaffinised through two 3-minute washes in xylene,
decreasing concentrations of ethanol (absolute ethanol, 95% ethanol,
70% ethanol; 3 min each, respectively) and 1% phosphate-buffered
solution.

Initially, an optimisation experiment was conducted with trial tissue
slides stained with Nile Red (bathed for 30 min; Sigma Aldritch, U.S.A;
[63]) to assess plastic presence within the tissue samples, as well as a
tissue-specific Sudan Black counterstain (200 pL for five minutes; Sigma
Aldritch, U.S.A; see Supplementary Methods 1.2) to prevent accidental
quantification of cell autofluorescence. We attempted to view these
samples using fluorescent microscopy, to count and measure visible
fluorescing particles which could be categorised as plastic fragments
within the tissue. To identify plastics, a visual observation under mul-
tiple wavelengths was conducted, as fluorescence of plastics under many
channels has been previously reported [64]. Unfortunately, optimisa-
tion of this staining technique and the creation of plastic-dosed positive
gelatine controls showed this process to be unreliable, as we could not
confidently identify plastics within the sample (See Supplementary
Methods 1.3, 1.4). It may be that any fluorescence of plastic was
smothered by the counterstain, or the small size of the plastics meant the
Nile Red did not adhere effectively. As such, we did not continue with
this technique.

To assess collagen formation and visually assess tissue health, a
Masson’s Trichrome procedure was used. While commonly used to
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identify poor tissue condition and pathology, this technique has been
applied only recently to assess plastic-induced collagen formation in
laboratory-based rodent studies [65,66]. Tissue slides were first bathed
in Bouin’s solution (Sigma-Aldritch, U.S.A) overnight at room temper-
ature to enhance stain quality, and Weigert’s Iron Hematoxylin (300 pL
for 5 min; Sigma-Aldritch, U.S.A) to enhance staining of the nuclei. The
samples were then stained with a Masson’s Trichrome procedure as per
manufacturer’s instructions (Sigma-Aldritch, U.S.A; Supplementary
Methods 1.5). Slides were then viewed using a Zeiss Axio Lab A1l (Carl
Zeiss AG, Oberkochen, Germany). Over 300 photographs were taken of
areas along the epithelial surface of the proventriculus at 20% magni-
fication using a Zeiss Axiocam 506 colour, ranging from 2 to 15 images
per sample depending on section quality. Each photo was processed in
AxioVision 4.8.2 software and tissue health was graded semi-
quantitatively (Fig. 1).

2.7. Scar tissue severity grading

As collagen is the primary component of scar tissue, elevated
collagen prevalence was used as a marker for fibrosis. Samples were
graded for severity (grade 0-5) by assessing the presence of excessive
collagen formation or tissue damage across the whole sample (Fig. 1),
and then specific histological features such as the submucosa and lamina
propria within the tubular glands were assessed (Fig. 2). The tubular
glands are the long glands responsible for secretion within the proven-
triculus [67], and within those are the lamina propria, a thin core of
collagenous tissue [68]. The submucosa is the loose connective tissue
beneath the mucosa and tubular glands [69]. All samples were graded
twice by an observer who was blinded to plastic and pumice burden in
each bird. Examples of a ‘Grade 0’ sample and ‘Grade 5’ sample are
given in Fig. 2, and examples of each histological feature used are pre-
sented in Figs. 3 and 4. The mean score of those photographs was then
used as a grade for the overall severity of scar tissue formation for each
individual. Samples from the inferior and superior proventriculus were
graded separately for proventriculus region-specific analysis, but were
also averaged for an overall individual grade per individual.

2.8. Tubular gland and submucosa scar severity

To further quantify the prevalence of scar tissue formation, both the
submucosa and tubular glands were examined separately for overall
prevalence of collagen. For the tubular glands, images were cropped
around the edges of the glands. A Masson’s Trichrome-specific colour
thresholding macro was utilised in ImageJ (version 1.53t, [70]) to
assess the percentage of the sample that was composed of collagen
(Fig. 5).

2.9. Statistical analysis

All analyses were conducted in Jamovi v2.3 [71], with additional
analysis conducted in R v4.1 [72]. Paired student’s t-tests were used to
compare scar tissue formation between superior and inferior proven-
triculus samples for the continuous data, and the Friedman test was
applied for grade (Supplementary Results 1). As no significant differ-
ences were detected, data from all the images (a mean of 6 + 2.4 images
per bird) were combined into a single mean per individual, which was
then used for subsequent analyses. For the grade variable, this mean was
considered continuous and parametric statistics were applied (after
assumption tests). Linear regressions were performed between numeri-
cal variables (plastic mass and number, pumice mass and number, body
mass, wing chord length, culmen length, head + bill length) with the
pathological variables (scar tissue severity grade, submucosa collagen
prevalence, tubular gland collagen prevalence) used as dependent var-
iables. Type I sums of squares linear regression analyses were used to
investigate the relationship between pumice burden and pathological
variables, after adjusting for plastic burden. Linear regressions were
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Minimal impact

y

Severely impacted

Fig. 1. Grading scheme used to assess the prevalence of collagen formation or tissue damage in Flesh-footed Shearwater proventriculus samples from Lord Howe
Island. From left to right, examples of a Grade 0 image, a Grade 3 image, and a Grade 5 image, least to most impacted, respectively. Images taken at 20%
magnification, scale bar = 100 um.

displayed with 95% confidence intervals. For all analyses, the assump-
tions of normality and homoscedasticity of the residuals were evaluated
graphically using Q-Q plots and residual vs predicted plots, respectively.
Box-Cox transformations were applied where necessary. Effects were
considered significant when p < 0.05. Data are reported as mean
+ standard deviation. Superior and inferior proventriculus comparison
data are displayed as boxplots with median and interquartile ranges. For
each analysis, further statistical detail is in the Supplementary Results 1.

Fig. 2. A Grade 0 proventriculus (left),
compared to a Grade 5 proventriculus (right).
Note the parallel, organised submucosa (a),
minimal collagenous deposition within the
submucosa (b), minimal collagenous thickening
of the lamina propria within the tubular glands
(c), and the long, uniformly shaped tubular
glands (d). In comparison, a Grade 5 individual
is shown on the right. Note the disorganised
submucosa (e), extensive collagen deposition
within the submucosa (f), collagenous thick-
ening of the lamina propria within the tubular
glands (g), and the loss of tubular gland struc-
ture (h). The Grade 0 individual had 1 piece of
plastic in its gizzard and proventriculus, while
the Grade 5 individual had 170 pieces. Images
taken at 20% magnification, scale bar
=100 pm.

3. Results
3.1. Morphometrics analysis

There was no significant linear relationship between shearwater
morphometrics and scar grade severity (body mass: p = 0.218, wing
chord length: p = 0.152, head + bill length: p = 0.462, culmen length:
p = 0.237). There was a significant linear relationship between plastic
number and body mass (p = 0.029) and wing chord length (p = 0.026),
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Fig. 3. Examples of grading of individual proventriculus structures. Regular submucosa (a) in comparison to a thickened submucosa (b), an organised submucosa (c)
in comparison to a disorganised submucosa (d), and finally minimal collagenous thickening of the lamina propria within tubular glands (e) in comparison to tubular
glands with collagenous thickening (f). Images taken at 20% magnification, scale bar = 100 pm.

while head + bill length (p = 0.461) and culmen length (p = 0.858)
were not significantly associated. A similar result was observed for
plastic mass; wing chord length (p = 0.032) was significantly linearly
associated, while body mass (p = 0.067), head + bill (p = 0.730) and
culmen length (p = 0.785) were not. Shearwater morphometrics did not
have a significant linear relationship with collagen prevalence in the
submucosa (body mass: p = 0.635, wing chord length: p = 0.788, head
+ bill length: p = 0.463, culmen length: p = 0.218) or the tubular glands
(body mass: p = 0.551, wing chord length: p = 0.688, head + bill length:
p = 0.707, culmen length: p = 0.413).

3.2. Plastic and pumice analysis

Mean fledgling body mass was slightly lower compared to previous
years (2021-2022 mean body mass: 266.19 + 48.85 g; in comparison,
2015-2019 mean body mass: mean 291 + 98 g; authors’ unpublished
data) with one individual consuming 12.5% of its body weight in plastic.

The mean number of plastic items ingested per bird was 32 + 53

pieces (range: 0-202 items; n = 30 birds), with a mean plastic mass of
3.00 £ 5.49 g (range: 0.00-20.61 g). Fledglings in this study on average
consumed more pieces of plastic than in previous years, and slightly
higher by mass (2015-2019 mean plastic number ingested: 14 pieces,
mean plastic mass ingested: 2.73 g; authors’ unpublished data). The
mean number of pumice pieces per bird was 10 + 14 stones (range: 0-42
stones), with a mean mass of 1.74 + 3.00 g (range: 0.00-11.35 g per
individual). Characteristics of plastics, such as colour and type of plastic
(i.e nurdle, foam, fragment, etc) are given in Supplementary results 2.

3.3. Proventriculus region-based analysis

Scar severity grade did not differ significantly between the inferior
and superior proventriculus samples (Supplementary Results 3a:
p =0.310). Likewise, scar tissue prevalence in the submucosa and
tubular glands was not significantly different between the inferior and
superior proventriculus samples (Supplementary Results 3b; Tubular
glands: p = 0.592, 3c; Submucosa: p = 0.934).
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Fig. 4. Examples of tubular gland shapes in proventriculus samples from healthy, regularly shaped tubular glands to severely impacted tubular glands with a loss of

structure. Images taken at 20% magnification, scale bar = 100 um.

Fig. 5. Examples of ImageJ thresholding results. Shown are the original and cropped images (a, d), results of the ImageJ macro (b, e), and edited images to visualise
the percentage of the sample that is blue, denoting collagen within the samples (c, f). Images taken at 20% magnification, scale bar = 100 pm.

3.4. Scar tissue severity grading

The amount of plastic and pumice stones found within the proven-
triculus was colinear (Supplementary Results 4a; mass of both: r = 0.50,
p < 0.001, 4b; mass of plastic and number of stones: ? = 0.66,
p < 0.001, 4c; number of plastic and mass of pumice: r* = 0.31,
p =0.002, and 4d; number of both: R? = 0.44, p < 0.001). After cor-
recting for this collinearity, the amount of plastic had a significant linear
association with scar severity grade (Fig. 6a; mass: p < 0.001, 6b;
number of items: p < 0.001), while pumice did not significantly explain
any additional variation in scar severity (Fig. 6¢; mass: p = 0.234, 6d;
number of stones: p = 0.121). The mean scar severity grade within this
study was 3 + 1.

3.5. Tubular gland and submucosa scar severity

Mean collagen prevalence within the tubular glands was 34.18
+ 10.92% (range 13.45-68.02%). Tubular gland collagen prevalence
had a significant linear association with plastic mass (Fig. 7a:

p = 0.037), and plastic number (Fig. 7b: p = 0.021), while pumice mass
and pumice number did not significantly explain any additional varia-
tion in collagen deposition (Fig. 7c: p = 0.975, 7d: p = 0.533).

Mean collagen prevalence within the submucosa was 46.74
+ 12.63%, (range 10.65-69.87%). Submucosa collagen prevalence was
significantly associated with plastic mass (Fig. 8a: p = 0.022) and plastic
number (Fig. 8b: p = 0.040). Pumice mass (Fig. 8c: p =0.902) and
pumice number (Fig. 8d: p = 0.413) did not significantly explain any
additional variation in submucosa collagen deposition.

4. Discussion

We identified significant evidence for widespread plastic-related scar
tissue formation in the proventriculus of wild seabirds. We found highly
significant relationships between plastic presence, the severity of scar
tissue formation, and prevalence of collagen within proventriculus tis-
sue structures, but we did not find such elevated collagen prevalence to
be related to the presence of pumice, reinforcing the notion that plastics
induce this unique pathology. Scar tissue formation was clear and
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Fig. 6. Linear regression between ingested debris in Flesh-footed Shearwaters and scar tissue severity grade. Plastic mass and plastic number explained a significant
proportion of variation in scar tissue severity (6a; plastic mass: 12 = 0.37, p < 0.001, 6b; plastic number: r*> = 0.33, p < 0.001). Pumice mass and pumice number did
not explain any additional variation in scar tissue grade severity (6¢; pumice mass: r> = 0.05, p = 0.234, 6d; pumice number: r*> = 0.08, p = 0.121). Data analysed

with linear regression, 95% CI shown in shaded area, n = 30.

evident in nearly all samples that were assessed, raising greater concerns
for the health of the overall shearwater population.

In controlled, laboratory-based experiments, plastic exposure has
been linked to markers for fibrosis in the ovaries [65], uterus [66], heart
[73,74], and liver [57]. However, these studies have primarily focussed
on rodents within a sterile laboratory setting, and the applicability of
these studies to ‘real-world’ scenarios (e.g. free-living organisms) has
been questioned [75]. To the best of the authors’ knowledge, this is the
first study to document and quantify plastic-induced fibrosis in wild
organisms.

Like many other bird species, Flesh-footed Shearwaters ingest hard
naturally-occurring debris, such as pumice, which is thought to aid in
digestion [76,77], and is mostly processed in the gizzard [78]. We found
that the amount of plastic and pumice were highly colinear, with in-
dividuals consuming large amounts of pumice also having a high prev-
alence of plastics in their stomach and gizzard (Supplementary Results
4). A similar trend has recently been found for both Flesh-footed
Shearwaters, and another shearwater species [79]. It may be that
adult birds are aware of a large presence of indigestible material within
their stomach and ingest pumice to try to remove the source of this
irritation, which is then passed onto fledglings during feedings.
Conversely, the high prevalence of plastic within the proventriculus may
simply reduce the ability of fledglings to naturally regurgitate pumice
stones. Ingested pumice may grind plastics into a small enough form to
be safely excreted [21], however, pumice could also exacerbate the

situation and cause further damage, creating tiny plastic shards which
could become embedded within tissues [26] or be small enough to be
absorbed and transferred to the bloodstream [22].

Despite the similarity in the shape and size of some pumice and
plastic items, ingested pumice does not contribute to the loss of rugae or
tubular glands in the proventriculus, which are both essential to the
proper functioning of the stomach [26]. Additionally, the ingestion of
pumice was not found to negatively impact the body condition of two
species of shearwaters [79]. Our results provide further evidence for the
minimal impact of the ingestion of pumice on bird health, as there was
no significant association between scar tissue severity grade and the
number of pieces or mass of pumice ingested (Fig. 6). In addition, while
there was a significant relationship between the prevalence of collagen
in the tubular glands and the submucosa, and the amount of plastic
ingested, we did not observe this same relationship for pumice (Figs. 7
and 8). The negligible impact of pumice is somewhat unsurprising, as
birds have evolved to use pumice as a digestive aid [76,77]; if such
pumice caused tissue damage or was detrimental to survival, this would
likely not be the case. Further, this suggests the visible scar tissue formed
as a direct result of plastic-induced injury along the epithelial surface of
the proventriculus, which supports the notion that the ingestion of
plastic causes unique physical damage and pathologies that are not
created by indigestible, naturally occurring material [26].

Our study focused on the proventriculus as this organ acts as a
‘containment vessel’ where plastic is held until it is regurgitated,
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absorbed, or excreted [21,80]. It is thus likely to be the first and
potentially most impacted internal organ in relation to plastic exposure
and is thus crucial to study. The severity of scar tissue formation was
widespread and uniform across the whole proventriculus, with no sig-
nificant difference between superior and inferior regions in overall scar
severity grade, or scar tissue prevalence in the submucosa or tubular
glands (Supplementary Results 3).

Most birds displayed at least three elements of scar tissue formation,
including significant thickening of the lamina propria within the tubular
glands and collagenous deposition within the submucosa. Worryingly,
despite some individuals having low levels of ingested plastic within
their proventriculus or gizzard, some of these pathologies were still
recorded. There are several explanations for this observation. Firstly, at
the end of the fledgling period when birds are approximately 90 days
old, shearwater chicks are able to regurgitate hard, indigestible items
[81]. This once-off event could potentially eliminate some or all of the
plastic that had been ingested, impairing our ability to quantify expo-
sure, but leaving behind inflammation, scarring, and other irreversible
damage. Alternatively, previous studies involving this same species have
demonstrated that ingestion of a single piece of plastic is sufficient to
alter blood chemistry parameters [61], and cause rugae loss in the
proventriculus [26]. The level of damage caused by one plastic piece
may be affected by the morphologies of the plastic pieces themselves;
one irregularly shaped, sharp item may have the potential to cause as
much injury as numerous rounded, ‘softer’ plastic items [47,48]. Addi-
tionally, the size and chemical composition of the plastics themselves

may affect the prevalence of inflammation [82]. These factors may help
to explain the scarring observed in this study, even in birds with a
comparatively low plastic burden to their peers. Additionally, the
presence of undetectable micro- and nanoplastic fragments embedded
within the proventriculus tissues, rather than larger ingested fragments
damaging the external surface, may be causing inflammation and sub-
sequent scarring. While not within the scope of this study, such micro-
scopic plastic pieces have been documented within proventriculus
tissues in Flesh-footed Shearwaters and were shown to cause significant
inflammation and tissue damage to multiple organs [26], which could
similarly lead to significant scarring.

Shearwater body morphometrics (body mass, wing chord length,
culmen length, and head + bill length) were not significantly associated
with scar grade severity or collagen prevalence in the submucosa and
tubular glands. In contrast, wing chord length had a significant linear
relationship with both plastic number and mass, while body mass was
significantly associated with plastic number. This suggests some differ-
ences in body morphometrics may be attributed to the presence of
plastic, but not associated with the formation of scar tissue specifically.
Reduced growth rates and subsequent body size as a result of plastic
ingestion have been documented in this shearwater species previously
[58,601, but are rarely reported in other species [83,84]. It is likely that
plastic induces a swathe of sub-lethal effects which we were not able to
capture in this study, such as introducing toxic chemical pollutants [85],
changing gene expression [35], disrupting metabolism [86], or causing
tissue dysfunction [87]. Instead of being the driving factor behind
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reduced body morphometrics, scarring is likely to be a contributing
co-factor alongside these additional sub-lethal impacts.

The scarring evident in this histopathological analysis may have
severe consequences. Firstly, tubular glands are essential in the secretion
of mucus to protect the epithelium [88], as well as the production of
pepsinogen, hydrochloric acid, and intrinsic factor, which are crucial for
the digestion and absorption of proteins and nutrients [89,90]. In cases
where these glands are damaged, such as in chronic gastritis, a decrease
in hydrochloric acid production can result in de-acidification of the
stomach, which can lead to increased susceptibility to infection or par-
asites [91,92]. As environmental plastics have been noted to be vectors
for pathogens and diseases [93,94], this could be especially detrimental.
Additionally, a lack of mucus production can lead to further injury and
atrophy of the stomach, while a failure to secrete intrinsic factor can also
lead to a decrease in vitamin B12 absorption [95]. This in turn can cause
anaemia, as red blood cells fail to mature in the absence of vitamin B12
[96,97]. Loss of tubular glands, or reduced function because of excessive
collagen formation within the lamina propria, may thus influence the
ability of shearwaters to maintain their gastric health and effectively
absorb nutrients. It is assumed that this plastic-induced fibrosis is caused
by plastic items repeatedly injuring the tissue. However, in some cases,
vitamin deficiency can also lead to fibrosis and impaired tissue function
[98]. While likely not the leading factor, the extent of plastic-related
scar tissue may be further exacerbated by nutrient deficiencies, caused
by the repeated ingestion of plastic over nutritious food items.

Additionally, collagen deposition within the submucosa may also

negatively impact survival. In other pathologies where the stomach wall
is thickened by scar tissue formation, such as in gastric linitus plastica,
the stomach can become rigid and reduced in size [99], which reduces
overall stomach volume and can interfere with peristalsis [100]. Scar
tissue formation also can disrupt blood supply, which can cause further
tissue damage and dysfunction, and even organ failure [55]. Addition-
ally, many individuals in this study exhibited the formation of dis-
organised collagen formation, which is often a feature of scar tissue,
although scar tissue morphology can be highly variable [101]. Dense
irregular connective tissue has reduced flexibility [101,102], further
contributing to a potential decrease in stomach elasticity. Plastic expo-
sure also induces a loss of stomach rugae, which are essential for
allowing the stomach to expand [26]. Any additional stiffness in the
stomach because of scar tissue formation may have severe conse-
quences, especially in the case of the Shearwater fledglings assessed in
this study. Chicks and fledglings can often go several days between
provisioning by parents, with an increased duration between feedings as
chicks age [103]. A reduction in stomach capacity could thus have
negative implications, as chicks and fledglings may have a reduced
ability to ingest the amount of food necessary to sustain themselves
between feedings. The notion that plastic ingestion can lead to a reduced
feeding rate in birds is an established one [19], however the presence of
extensive scar tissue within the proventriculus, and subsequent restric-
tion in stomach capacity, may further compound the consequences of
plastic ingestion.

Fibrotic diseases caused by foreign particles are not uncommon. Both
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asbestosis and silicosis are marked by long-term inflammation and
subsequent scar tissue formation as a result of exposure to asbestos fibres
and crystalline silica dust, leading to tissue damage and impairment
[56]. Plastic exposure within the proventriculus causes inflammation
[26], and for the individuals studied here, plastic exposure in the pro-
ventriculus is chronic; satisfying the requirement for a ‘persistent in-
flammatory stimuli’. Additionally, this study has demonstrated that the
presence of plastic can cause significant fibrosis, leading to extensive
reorganisation and potential loss of function in proventriculus tissues. In
line with the terms silicosis and asbestosis, as a similar fibrotic response
to foreign materials, this pathology should be defined as ‘plasticosis’. The
term ‘plasticosis’ was briefly introduced nearly 30 years ago; narrowly
defining it as the breakdown of plastic components within metal joint
replacement devices [104]. We argue that the term ‘plasticosis’ is more
appropriately defined as the inflammation and fibrosis in response to
plastic presence. On these grounds, we propose ‘plasticosis’: a fibrotic
disease developed in response to plastic exposure.

Plastic-induced fibrosis is a relatively recent discovery, with only a
handful of studies being published within the last two years, and it has
not been formally classified [57,65,66,73,74]. However, it is important
to note that this ‘plasticosis’ is not limited to controlled, laboratory
studies where plastic ingestion was deliberate and forced; our study
demonstrates the capacity of plastic to cause severe pathology in
free-living organisms foraging naturally. Future study is recommended
to assess whether similar fibrosis can be identified in the array of wildlife
species documented to ingest plastic, and whether extensive scarring
found in juveniles is chronic or resolves itself during adulthood. Future
research is also recommended to examine whether plastic-induced scar
tissue formation is also documented in other organs, and whether it is
primarily caused by macroplastics, such as in this study, or by the
intrusion of microscopic plastic fragments into tissues.

5. Conclusions

As plastic emissions continue to grow and plastic pollution becomes
increasingly prevalent in all environments globally, it is likely that
exposure of all organisms to plastic is inevitable. Further, the ingestion
of plastic has far-reaching and severe consequences, many of which we
are only just beginning to fully document and understand. Building on
recent literature documenting plastic-induced fibrosis in a controlled
laboratory setting, this study clearly demonstrates the ability of plastic
to directly induce severe, organ-wide scar tissue formation or ‘plasticosis’
in wild, free-living animals, which is likely to be detrimental to indi-
vidual health and survival. The scar tissue formation evident within the
shearwater proventriculus tissues also highlights the unique patholog-
ical properties of plastic, as the damage was significantly linked to
plastic ingestion, but not the ingestion of natural abrasive materials like
pumice. The results of this study thus lend support for the creation of a
novel, plastic-induced fibrotic disease, ‘plasticosis’. Scar tissue formation
documented here is widespread and likely chronic, and has led to
potentially irreversible changes in tissue structure and function, which
has been previously unrecorded. Due to the potential impacts of plastic
on the health of wildlife, and humans by extension, our results thus
highlight the urgent need to continue to strengthen our knowledge of the
sub-lethal impacts of this diverse pollutant.

Environmental implication

Research into plastic impacts is a rapidly growing field of study.
Significant behavioural, physiological, and pathological impacts have
been documented, with an urgent call to further understand the sub-
lethal impacts of plastic exposure under environmentally-relevant con-
ditions. This research found severe, widespread fibrosis and subsequent
tissue damage in wild birds due to plastic exposure which was not
documented for the ingestion of similarly abrasive natural materials,
such as pumice. Due to the extent of evident scar tissue formation, here
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we describe the first instance of plastic-induced fibrosis in wild animals
and propose a new pathology ‘Plasticosis’.
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ABSTRACT

Traffic-related non-exhaust particulate matter mainly consists of tire wear, brake wear, and road wear. For this study,
passive-samplers were placed near highly frequented roads in industrial, agricultural, and urban environments with the aim
of collecting and characterizing super-coarse (> 10 um) airborne particles. Single-particle analysis using SEM-EDX was
conducted on more than 500 particles with nearly 1500 spectra to determine their size, shape, volume, and chemical
composition. The ambient aerosol near all studied roads is dominated by traffic-related abrasion particles, amounting to
approximately 90 vol%. The majority of the particles were composites of tire-, road-, and brake-abrasion material. The
particle assemblages differed in size distribution, composition, and structure depending on driving speed, traffic flow, and
traffic fleet. Our study documents that tire wear significantly contributes to the flux of microplastics into the environment.
A decrease in the release of this abrasion material, however, is unlikely in the near future.

Keywords: Microplastics; Tire wear; Road wear; Brake wear; SEM-EDX analysis; Chemical composition.

INTRODUCTION

Traffic-related non-exhaust particulate matter (PM) in
ambient air is still a phenomenon that grows in scale
worldwide. These emissions are dispersed in an uncontrolled
fashion and may have considerable health and environmental
impacts on a local (e.g., vegetation, soil) to global (e.g.,
oceans) scale (WHO, 2005; Miklos et al., 2016; Nizzetto
et al., 2016). For example, 30 vol% of the microplastic
particles that pollute rivers, lakes and oceans consist of tire
wear, thus affecting aquatic wildlife (Ott er al., 2015; Kooi
et al., 2016; Boucher and Friot, 2017; Zeit-online, 2017;
Machado et al., 2018; Peeken et al., 2018). Microplastics
are small plastic particles less than five millimeters in size
consisting of synthetic organic compounds. The wide
range of plastic products is made of just six major polymer
types: polyethylene terephthalate (PET), polyethylene,
polypropylene, polyvinyl chloride, polyamide (nylon), and
polystyrene (GESAMP, 2015). Tire treads consist of styrene
butadiene rubber, which is based on styrene, a precursor of
polystyrene, in a mix with natural rubber and many other

" Corresponding author.
E-mail address: giere@sas.upenn.edu

additives (Sundt ef al., 2014).

Along with the debate about greenhouse-gas emissions,
the exhaust emissions produced by combustion engines
came into the focus of policy makers, leading to a series of
measures that succeeded in reducing this part of the traffic-
related emissions. Moreover, the anticipated transition to
electric-motor cars will further reduce the PM exhaust
emissions. However, this is not the case for brake-, tire-, and
road-wear particles. The interaction between tire and road
surface as well as brake pad and brake disk necessarily
yields a frictional connection and thus, a reduction of this
abrasion material is not to be expected in the near future
(Amato et al., 2012; Grigoratos and Martini, 2015). Since
several components of tires and brakes are proven toxic
(Wik and Dave, 2006; Marwood et al., 2011; Bejgarn et
al., 2015; Malachova et al., 2016), reducing the amounts
of this material emitted into the environment is highly
desirable (Fig. 1).

With the rapidly increasing traffic volume during the
1980ies, a consciousness for the possible environmental
impact developed. Starting with the publication of Golwer
(1991), the relation between increasing traffic and pollution
of soil and groundwater, as well as health effects, was
examined. In the following years, Stechmann, (1993),
Kromer et al. (1999), Tegethof (1998), Hillenbrand et al.
(2005), Seling and Fischer (2003a, b, c), Becker (20006),
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Fig. 1. Traffic-related non-exhaust and other particulate matter (PM) from emission source to possible impact range.

Herngren et al. (2006), Kocher et al. (2010), and the U.S.
Environmental Protection Agency (2014) documented the
increasing amount of traffic-related pollutants deposited in
water, air, and soil.

The literature focuses on the emission factors of traffic-
related non-exhaust particles (abrasion from tires, brakes,
wearing course of roads), and on the deposition and
contamination close to the road. Most of the PM literature
concentrates on the impact on human health and thus, on
the breathable PM, fraction. The present study, however,
focusses on particles with sizes > 10 um, i.e., super-coarse
particles (Lipfert et al., 2000) and, moreover, we do not
examine material directly emitted and deposited on the
road surface, but rather investigate the airborne particles
after mobilization (suspension) and re-suspension by wind
and passing traffic.

Our main focus is on the chemical analysis and
mineralogical single-particle characterization of traffic-
related abrasion materials. The particles we found and
examined are not simply pure tire, brake, or road particles,
but rather composites of various types of materials. In the
literature, a distinct and detailed individual-particle
characterization for tire-wear particles of the PM;y.g
fraction is difficult to find. Furthermore, we propose an
improved, more specific nomenclature based on individual
particle shape, structure, and chemical composition of these
particles: in the following text, we use tire-core particles
for the original emissions of pure tire treads, whereas the
terms tire-wear particles or tire-abrasion particles are
used for the contaminated and encrusted tire-core particles.
Road-wear particles, or road-abrasion particles, are the
materials abraded from the wearing course, i.e., the upper-
most part of the road. Brake-wear particles, or brake-
abrasion particles, originate from brake disks, brake pads,
and other brake parts.

SAMPLING AND EXAMINATION METHODS

Sampling: Ambient aerosol particles were collected by
using the cost-effective and easy-to-handle passive-
sampler device Sigma-2 at ground-based sampling sites.
This technology ensures a wind-sheltered, low-turbulence
air volume inside the sampler. The design of the Sigma-2
device allows for protection of the particles from direct
radiation, wind, and precipitation (Dietze ef al., 2006; VDI
2119, 2013; Tian et al., 2017). Two passive-sampler stations
were set up at about 1.5 m height and at a horizontal
distance of 4.6 m from the roadway. Particles were
collected on a transparent adhesive acceptor surface, which
was exposed for seven consecutive days. This collection
plate is specifically designed for subsequent optical single-
particle analysis by Transmitted Light Microscopy (TLM)
as well as for single-particle analysis via Scanning Electron
Microscopy (SEM) combined with Energy-Dispersive X-
ray (EDX) spectroscopy (see Sommer et al., 2016).

Sampling sites: In this study, we selected three highly
frequented roads in Germany: motorways A 555 and A 4
(both in North Rhine Westphalia), and federal highway
B 31 in Baden-Wiirttemberg. The A 4 is located close to
the motorway interchange Ko&ln-Gremberg, about 6 km
east of Cologne between intersections with exit ramps. It
has a total traffic count of approximately 86,000 vehicles
per day, including 11,000 heavy-duty vehicles (HDV).
During weekdays, this motorway is characterized by slow-
moving traffic, with rush hours that regularly cause “stop-
and-go” traffic conditions (Tian et al., 2017). The A 555 is
located approximately 17 km south of Cologne, and average
total traffic counts are about 70,000 vehicles per day,
including about 4,000 HDVs. The samples studied here,
displaying a high PM;g particle load, were selected from
a sample set collected over a period of four years, starting





2016

in calendar week 22 of 2013 (CW 22/2013). The sampling
site at the federal highway B 31 is located inside the city of
Freiburg in southwestern Germany. This road displays a
total traffic count of about 35,400 vehicles per day,
including 3,000 HDVs, and is characterized by constant
stop-and-go traffic in a densely built-up area (Table 1).

The sampling sites exhibited average weekly maximum
temperatures ranging from 5°C (CW 05/2015) to 11°C
(CW 10/2014) at the two motorways, and 22°C at the B 31
(CW 27/2017). All sampling sites display weather conditions
with low precipitation and predominant easterly winds.

Transmitted light microscopy (TLM): The single-particle
analysis via TLM was carried out using a computer-controlled
light microscope equipped with a high-resolution CCD
digital camera for imaging (for details, see Tian et al., 2017).

Scanning electron microscopy combined with energy-
dispersive X-ray spectroscopy (SEM-EDX): An 18 x 18 mm
square was cut from each of the 67 x 67 mm acceptor
surfaces and subsequently coated with 20 nm of carbon.
The SEM used for analysis was a LEO 1525 equipped with
an Oxford/Link EDX analysis system. The visual
inspection was conducted with secondary electron (SE)
and backscattered electron (BSE) detectors (acceleration
potential: 15 kV). An area of 10 mm x 6 mm was mapped
by determining 10 squares of I mm x 1 mm size placed in
a meandering pattern, which ensures randomness of
particle selection for analysis. For each area, about 100
particles (> 10 um) were selected and analyzed by EDX
spectroscopy. For each particle, an image was taken for
size determination, and depending on the particle’s physical
appearance in SE mode and chemical composition, between
one and twenty EDX spectra have been collected.

Single-particle analysis: For carbonaceous materials
(e.g., rubber), the difference between the highest signals
from the sample substrate (acceptor surface) and the signals
from particles under the SEM is low because the substrate
is coated with an adhesive that also consists of light
elements, such as hydrogen, carbon, and oxygen. Hence,
the carbonaceous particles are very difficult to spot and in
some cases nearly invisible. To facilitate our analysis, TLM
and BSE images were overlain to determine size, edge, and
outline of all particles. According to the results of the
chemical composition and its optical features, each particle
was assigned to one of the following categories: tire-wear
particles, road-wear particles, brake-wear particles, and
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other materials (see Table 2).

Image processing: Each of the SEM images was
segmented from the original 256 grey-value image to a
black-and-white binary image by applying the public-
domain image-processing and analysis software package
ImageJ (National Institutes of Health, USA). The binary
transformation by ImageJ is based on the ISODATA
cluster algorithm (Ball and Hall, 1965). The threshold was
manually adjusted until the outlines of the resulting binary
picture best matched the particle outlines of the grey-scale
image. The binary images were used to measure the
projected area of the particles. Subsequently, the geometric
equivalent diameters (d.q) of the particles were calculated
by using the circle equivalent of the projected area of the
particle deq =2 (4/m)*? to obtain the particle-size distribution.

Volume calculation: The volume of each particle was
calculated to reflect its three-dimensional geometric
characteristics. Compared to the particle number, the particle
volume is more useful to express the input of pollutants
into the environment and their possible contamination. For
example, a particle with a diameter of 10 um has a volume
1000 times smaller than a particle with a diameter of
100 pm (see e.g., Verschoor, 2016). The calculation of the
approximate volume for each particle is based on d,,, and
the first approximation uses the formula for spherical
volumes. Since most ambient aerosol particles are not
spherical, however, a correction factor was implemented.
Empirical examinations conducted by the German
Meteorological Service suggest a volume correction factor
ayof 0.75 (VDI 2119, 2013), resulting in the formula:

V=4/31x x0.75 (1)
with 7 = d¢/2. For elongated particles, this result is bound
to be too high. Since tire-wear material is observed to be

mostly cylindrical (see below), the formula for cylindrical
volumes will yield improved results:

V=mxr xh )
where /4 is obtained by measuring the longest axis of the
particle, and » from dividing the measured particle area,

Aparticle> by the main axis according to:

h x2r= Apar'tic‘le~ (3)

Table 1. Traffic characteristics at the sampling stations.

A4 A 555" B3I
Vehicles per day (total) 85,662 70,506 35,400
HDV per day (total) 11,477 3,915 3,000
HDYV proportion 13.4% 5.6% 8.5%
Traffic mode flowing/stop-and-go flowing stop-and-go
Street type motorway motorway federal highway
Lanes 2x3 2x3 2x2
Orientation West-East North-South West-East
Specification Aligned by embankments ({ 5 m) Open area Street canyon
Surrounding  industrial/residential agricultural urban/residential

EE33

" AD Heumar (BASt, 2014); ~ Godorf (BASt, 2014);

B31 Freiburg Ost Tunnel (BASt, 2016).
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Table 2. SEM-EDX identification of traffic-related and other PM.

Type Diagnostic features Elements Origin
Tire wear Rubber, roundish or  Partly covered with road- and C, S+ Zn; Si, Al, Na, Tire abrasion.
kidney-shaped, brake wear. Ca, K, Mg; Fe, Cu
elongated: Completely covered with Si, Al, Ca, Na, K,
road and brake wear. Mg; Fe, Cu, Zn, Ti,
Mo, Mn, Ba, Sn, W
Road wear Variable shapes, one or more minerals joined by Si, Al, Ca, Na, K, Abrasion of road
bitumen (crushed grains), colorless or colored, in Mg; Fe, S surface.
some cases pleochroic (e.g., biotite). Individual
minerals (quartz, feldspar, pyroxene, amphibole,
mica) and rock fragments (e.g., granite).
Brake wear Irregularly shaped fragments with sharp edges and Fe, Cu, Zn, Ti, Mo, Abrasion of brake
points. Mn, Ba, Sn, W pads, brake discs,
and calipers.
Concrete Irregularly shaped fragments consisting of calcium Ca, Mg, C1, S, Si, Fe, Weathering of
carbonate, gypsum, quartz and calcium-aluminum- Al bridges, curbs,
silicate hydrate. and buildings.
Soil (mostly loess) Irregularly shaped fragments consisting of silt-sized  Si, Al, Ca, Na, K, Mg, Farm fields and curb
carbonate, clay, and quartz with organic material P, S sides.

and fertilizer.

RESULTS

Characterization of Super-coarse Particles via SEM-EDX
Tire-wear Particles

Of the 508 super-coarse particles examined, 171 were
identified and classified as produced by abrasion of tires.
By volume, the tire-wear particles represent more than half
of all particles studied in all samples (see below), and they
also represent consistently the largest particles found. Our
observations show that tire-wear particles consist of a
central rubber core (tire-core particle), which was abraded
from a tire tread and now is partly (Figs. 2(a) and 2(b)) or
totally (Fig. 2(c)) encrusted by smaller particles derived
from brake wear, road wear, and other road dust (e.g., soil,
concrete). The shape of tire-wear particles is elongated and
cylindrical, resembling a cigar (length [x-axis] = 10-200 um,
width [y-axis] <20 pm).

The composition of tire treads varies considerable
according to type (e.g., summer vs. winter; passenger car
vs. HDV) and brand. To determine tire wear we rely on
generalized specifications from the literature. The treads of
tire consist of five components to yield a combination of
durability, flexibility, and grip (Camatini et al., 2001; Gieré
et al., 2004; Kocher et al., 2010; Apeagyei et al., 2011,
Gunawardana et al., 2012; Wu, 2016). Since the production
of tires is a well-kept secret of the manufacturers, especially
as far as the composition of the additives is concerned, the
following figures are approximate values for these
components:

1. Basic material (40—50 mass%): made of natural rubber
(Polyisopren [CsHg]), with synthetic rubber.

2. Filler (30-35 mass%): typically soot/carbon black (C),

silica (Si0,), and chalk (CaCQO3).

3. Softener (15 mass%): consists of oil and resin.

4. Vulcanization agents (2—5 mass%): sulfur (S) and zinc

oxide (ZnO).

5. Additives (5 to 10 mass%): unknown.

Silica (SiO;) is common in road wear, brake wear,
concrete, and soil (e.g., as quartz) and thus is not an
indicator for tire-core particles. On the other hand, zinc
may be a reliable chemical indicator for tire-core particles.
Tire-wear particles, however, are best identified by their
shape, surface, and structure.

As tire-wear particles are typically elongated (see e.g.,
Rauterberg-Wulff ez al., 1995; Kreider et al., 2010), we
compared their axial ratio and volume and observed that
the particle volume is characteristic for the different roads
(Fig. 3). We found that more than 90% of the tire-wear
particles have an axial ratio, dy/d, of < 0.6 (red horizontal
line in Fig. 3), with an average of 0.36. All of the B 31
particles display volumes > 10* um’, whereas more than
two-thirds of the A 555 particles have volumes < 10* pm’.
The A 4 particles show a more even distribution (Fig. 3).

Both the structure and the volume of the encrustment of
tire-core particles show considerable differences between
the studied roads. Tire-wear particles from A 555, for
example, appear as clusters of particles under the SEM.
The superposition of the BSE and the TLM images was
needed to find the true edges of the particle (Figs. 2(a) and
2(b)). The examination of the tire-core particles of the
A 555 (a representative example is shown in Fig. 4(a))
reveals that the particles attached to the rubber core are the
same minerals as those found in the wearing course: quartz,
plagioclase, orthoclase, ferromagnesian silicates, and
calcite. In addition, materials typical of brakes and brake
pads were observed, including: metals (Fe, Cu, Zn, Al),
alloys (Fe = Cu, Mo, Mn), and barite. Other particle types
identified were road salt (NaCl).

To determine the structure of airborne tire-wear particles,
the volume for the tire-core particles and the additional
encrustment with particles was calculated. For detailed
structural analysis, five tire-wear particles > 40 pm from
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Fig. 2. Typical super-coarse tire-wear particles from motorways A 4 and A 555 and the federal highway B 31, exhibiting
different extents and volumes of encrustment. The red line shows the outline of the particles as reconstructed from their
appearance in TLM images (lower left insets). (a) The particle from motorway A 4 displays the typical long cylindrical
form of a tire-core particle (darkest part within the red particle outline), partly contaminated and covered with smaller
particles (encrustment < 50 vol%), (b) Tire-core particle from motorway A 555, partly covered with coarse particles
(encrustment < 50 vol%), and (c) Tire-core particle from the B 31 highway, totally covered with particles (encrustment
> 50 vol%) that range in deq from 0.5 um to 10 pm.
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Fig. 3. Shape vs. volume scatterplot of tire-wear particles (n = 160) for motorways (A 4, A 555) and federal highway
(B 31). SEM images below (a)—(d) display a series of tire-wear particles (identified by red circles in the diagram) with
increasing axial ratio as well as a range of shape, structure and volume from the B 31 highway.

the A 555 motorway were selected. The particles of the
encrustment were mapped and characterized, with one
example shown in Fig. 4. The particle size distribution (de,) of
the encrustment particles (n = 873 for five tire-wear particles)
ranged from 0.5 to 12 pm, with an average dq of 1.5 um
and a standard deviation of + 0.9 um. The total volume of
these particles ranged from 6 to 10 vol% of an entire tire-
wear particle. The volume ratio for minerals (mainly from
abrasion of the wearing course) to iron particles (from
brake materials) is about 5:1. Given a density of 1 g cm™
for rubber, 2.6 g cm™ for minerals, and 8 g cm™ for iron,
the resulting density of the whole tire-wear particle (rubber
core plus encrustment) can be calculated at 1.26 g cm .
Tire-core particles of the federal highway B 31 (urban

area) are completely encrusted by relatively large (deq = 1-
10 um) particles from the road surface (wearing course),
which are embedded in a matrix of smaller dust particles
(e.g., Fig.5). The larger particles were identified as
minerals (quartz, plagioclase, orthoclase, ferromagnesian
silicates, calcite, gypsum, and barite) and metals (Fe, Fe
alloy, and Cu). The smaller dust particles of the matrix
cannot be examined by EDX because of their small size
(<1 pum) and tight packing. However, the resulting mixed
EDX spectra, without larger particles, point to a matrix
that consists of the same minerals and metals as those
identified as larger particles from the wearing course.
Additionally, the elements (Zn, Ti, Mg, Mo, W, S, and Cl)
were detected in the matrix (Fig. 5).
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Fig. 4. Typical tire-wear particle (< 50 vol% encrustment) from motorway A 555. (a) Particle types, identified on the basis
of elemental analysis, occurring in the crust surrounding the rubber core and (b) Mapped binary outline of the particles
located on the surface of the tire-core particle. Note that, coincidentally, both the range in d, and the average d.q are

identical to the range and average size obtained from all five tire-wear particles studied in such detail.
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Fig. 5. SEM image of a representative tire-wear particle with an encrustment > 50 vol%, typical for the federal highway
B 31. The EDX diagram on the right displays the superposition of 25 spectra from the imaged tire-wear particle with

subsequent particle classification.

Without exact geometric data for the shape of the original
tire-core particle an estimation of the volume ratio between
rubber core and encrustation is difficult. We assume that
the original tire-core particles from B 31 and A 555 are
comparable in shape and size as indicated by their axial
ratios (Fig. 3). The calculated volumes of tire-wear particles
from the B 31 highway are approximately ten times higher
than the particles from the A 555. Therefore, we conclude
that the volume ratio of encrustment to rubber core is at
least 1:1. To distinguish and finally classify the two different
particle types we use the term tire-wear particle type 1
(TWP-1) for rubber particles with less than 50 vol%
encrustation, and tire-wear particle type 2 (TWP-2) for
tire-core particles with more extensive encrustation.

Using this classification, all tire-abrasion particles on
the A 555 were classified as TWP-1 (n = 77), whereas on
the federal highway B 31 they are exclusively TWP-2 (n =
44). For the A 4 motorway both types, TWP-1 (n =43) and
TWP-2 (n =7), can be found.

Road-wear Particles
Of the 508 particles examined, 194 were identified as
road-wear particles. The source of the road-wear particles

is the wearing course of the motorway or highway at or
near the sampling point. The material is defined as a mineral
aggregate bound together with bitumen. Detailed analysis
of the road-wear material in five of our samples revealed a
quartz-rich mixture, pointing to granite and quartzite as
likely source materials (Figs. 6(a), 6(b), and 6(c); Table 3).

Two samples from the A 4 motorway were investigated:
the first sample (CW10/2014) consisted of 42 vol% feldspar
(23 vol% plagioclase, 19 vol% orthoclase), 9 vol%
ferromagnesian silicates (pyroxene/augite, amphibole,
mica), and 49 vol% quartz particles (Table 3). The results
of the second sample (CW05/2015) are very similar,
except that the feldspar class is now enriched orthoclase
(Table 3). Similarly, two samples from the A 555 motorway
were investigated: in the first sample (CW10/2014), the
feldspar class contained 9 vol% plagioclase and 27 vol%
orthoclase, the ferromagnesian silicates (pyroxene/augite,
amphibole, mica) amounted to 18 vol%, and 46 vol% of the
particles were quartz, with the results of the second sample
(CW05/2015) in relatively good agreement (Table 3). Both
motorways display a mineral mix typical for quartz-rich
granite or granodiorite. This finding is consistent with the
information given about the asphalt top coat used as
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Fig. 6. BSE images of crushed granite and its mineral components from the wearing course: (a) Composite of minerals
typical of granite, held together with bitumen; size fraction 10-20 pm d.q, (b) Single mineral, size fraction 20-40 um d.,,

and (c) Single mineral, size fraction 40-80 um d.q.

Table 3. Mineral composition of the road-wear particles (in vol%).

A4 A 555 B31
Minerals CW10/2014 CW05/2015 CW10/2014 CW05/2015 CW27/2017
(n=50) (n=42) (n=44) (n=34) (n=24)

Plagioclase 23 8 9 10 4
Orthoclase 19 32 27 28 21
Ferromagnesian Silicates 9 4 18 7 36

Quartz 49 49 46 49 37

Calcite 0 7 0 6 2

wearing course for these motorways (BASt, unpublished
information), which consists of crushed granite, granodiorite,
or quartzite, with grain sizes < 5 mm (see also Ntziachristos
and Boulter, 2009). As expected, the composition of the
B 31 (CW27/2017) wearing course deviates from that of
the A4 and A 555 motorways since the material used in
southwestern Germany originates from a different quarry
(BASt, unpublished information). Of note is the high
amount of ferromagnesian silicates, most likely augite (a
pyroxene) or amphibole, in the B 31 sample (Table 3).
Three of the five samples investigated in more detail also
contain calcite.

Even though bitumen is not easily detected by SEM-
EDX, it can be identified on the basis of its sulfur content
when occurring in agglomerates of different minerals
glued together (according to the manufacturer’s information,
asphalt contains 2—-8 mass% bitumen with 2—6 mass% S)
(Fig. 6(a)). It must be stated, however, that sulfur is not an
unequivocal marker element for bitumen because it also
appears in tire wear in similar concentrations (see Gieré et
al., 2004).

Brake-wear Particles

During our analysis, 86 particles were identified as
derived from brake abrasion, and a total of 94 EDX spectra
were collected from these particles. The sources of brake-
wear particles are mainly brake pads and brake discs but
also other brake parts (e.g., brake caliper). Fig. 7 displays
typical examples of three different types of brake-wear
particles as well as EDX spectra of both individual points
(left side) and superpositions of all available point analyses
(right side) from the two motorways and the B 31 federal
highway.

According to Stechmann (1993), Chan and Stachowiak

(2004), Adachino and Tainosho (2004), Hillenbrand et al.
(2005), Grigoratos and Martini (2015), and Wahid (2018)
typical brake discs (Fig. 7(b)) consist of cast iron (Fe = Cr,
Cu, Mo, Ti) or sometimes ceramics, whereas brake pads
(Figs. 7(a) and 7(c)) are made of five components:

1. Fibers (6-35 vol%), for mechanical stability; made of
metals (Fe, Cu, Ti, Zn), carbon (C), glass fibers, or
Kevlar (Fig. 7(a)).

2. Abrasives (up to 10 vol%), for the friction; made of
alumina (Al,QO;), iron (Fe), iron oxide (e.g., Fe,03),
copper (Cu), brass (CuZny), quartz (Si0O,), zirconium
(Zr), and zircon (ZrSiOy) (Figs. 7(a), 7(b), and 7(c)).

3. Lubricants (5-29 vol%), for the frictional properties;
made of graphite (C), metals, metalloids, and sulfides
(e.g., szS3)

4. Filler (15-70 vol%), for processing and quality; made
of barite (BaSQy,), calcite (CaCO;), Sby(SO,);, MgO,
Cr,0;, or silicates (Fig. 7(c)).

5. Binder (2040 vol%), for durability; made of resins,
COPNA (condensed polynuclear aromatic compounds),
phenol-based, cyanate-, epoxy-, silicon-modified,
thermoplastic polyamides.

Since iron is the main component of the brake disc and
an important component of the brake pad, the metal also
dominates the particles. Copper, Al, Ti, and Zn are also
found frequently and so are filler materials, such as calcite
and barite, abrasive materials (e.g., quartz), and sulfide for
the lubricants. It is striking that the urban sample (Fig. 7(c))
contains a greater variety of elements (e.g., Sb, Mo, Sn).
Antimony, however, was found only in four brake-wear
particles and in the encrustment of two tire-wear particles.
The element, therefore, is a useful indicator of brake wear
but it is not an explicit tracer.
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Fig. 7. Examples of BSE images of brake-wear particles with EDX element analyses of individual points (left side) and
element overview (right side, superposition of the spectra from all samples and all brake-wear particles for the A 4 and
A 555 motorways and the B 31 federal highway (Elements of metallic or metalloid components in white, of minerals in
red). BSE images from (a) A 4: Brake pad, network of fibers and abrasives where the filler and lubrication is partially
decomposed, (b) A 555: Iron-abrasion particle typical for brake disc, and (c) B 31: Brake-pad particle with iron (abrasive),

copper (thermal dissipation), and silica (filler).

Other Particles

About 10 vol% of the particles (n = 57) found in the
samples are not directly traffic-related, including road salt
(1 vol%), concrete (3 vol%), soil (1 vol%), and plant debris
(2 vol%). Road salt (NaCl) is applied for deicing in winter
(Fig. 8(a)). Concrete, in general a composite material of
calcite (CaCOs3), dolomite (CaMg(COs),), quartz (SiO,), and
gypsum (Ca[SO,]-2H,0), can be derived from abrasion of
road components, such as medial strip barriers and bridges,
or it can be introduced by the vehicles (Fig. 8(b)). The
source of soil particles, a variable mix of clay minerals
(hydrous aluminum silicates), calcite, quartz, and fertilizer
(Ca, Si, Al, Mg + Na, K, Cl, Fe, Ti, P), can be the
agricultural area around the motorways or the green strip
along the roads (Fig. 8(c)).

In addition, we observed occasionally particles with
elements normally used in electronic devices (e.g., Tb, Se,

HF).

Particle Overview

During our study, we characterized 508 particles with
1450 EDX spectra in samples from the A 4 (CW10/2014
and 05/2015) and the A 555 (CW10/2014 and 05/2015)
motorways and from federal highway B 31 (CW27/2017).
This investigation led to three important results:
i) The single-particle analysis revealed that for all five

samples combined, 89% of all analyzed particles were
derived from traffic-related sources: road wear (39%),
tire wear (33%), and brake wear (17%) (Fig. 9(a)). The
remaining 11% originated from various sources in the
surrounding area (e.g., concrete construction, farm fields,
plants). In terms of volume, 93% were traffic-related,
and 7% were derived from non-traffic sources (Fig. 9(b)).
The differences between the particle number and particle
volume calculations for the traffic-related and non-
traffic particle sources are marginal, as the volume of all
traffic-related particles is only 4% higher than their
particle number. On the other hand, the volume of the
tire-wear particles is 21% higher than their proportion
based on particle number. For the road- and brake-wear
particles, the volume is 11% and 6% lower, respectively
(Figs. 9(a) and 9(b)).

ii) A comparison of the samples from the different roads
documents that they are all dominated by traffic-related
particles but that both volume and source of the particles
differ considerably. Motorways A 4 and A 555 display a
similar distribution of PMg.g, with tire-wear particle
percentages of 40 and 44 vol%, respectively, which is
much lower than at B 31 (70 vol%,; Fig. 10(a)). It is
noticeable that the percentage of tire-wear particles in
the B 31 sample is highest in the fraction > 40 um

(Fig. 10(d)).
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Fig. 8. Examples for the most common particles not directly related to traffic. (a) Road salt was found on both motorways,
(b) Concrete was found near all roads, and (c) Soil was found most commonly on the A 555 (surrounded by agricultural
area). Note: For the discrimination between concrete and soil, additional optical morphological properties were applied.
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Fig. 9. Particle distribution according to their emission source based on (a) particle number and (b) particle volume.
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Overall, brake-wear particles contribute 11 vol% to
the PM.go collected along the three investigated roads
(Fig. 9(b)). The highest volume percentage of brake-
wear particles in PM; g9 was found on the A 4 (18 vol%,
Fig. 10(a)) and, unlike on the other roads, we find most
of the brake-wear particles in the 40-80 pm partition
(Fig. 10(b)). In contrast, the B 31 displays the smallest
amount of PM;jyg, brake-wear particles (5 vol%;
Fig. 10(a)), and these particles are mainly found in the
size fraction 10-20 um (Fig. 10(d)). Neither on the
B 31 nor on the A 555 did we observe brake-wear
particles > 40 pm (Figs. 10(c) and 10(d)).

iii) Our EDX data did not indicate the presence of the
highly toxic metal Cd in any of the 508 examined
particles. Lead was detected only in one particle (Table 4).
Chromium and Mo were found as part of iron alloys in
31 and 24 particles, respectively, Sb in 9, and Ba in 30.
The most common metal besides Fe was Cu. Zinc was
found in 37 particles. The Zr detected in one particle
probably results from remains of a technical device or
from brake wear.

DISCUSSION

About 93 vol% of the PM, g at all our sampling sites is
exclusively traffic-related. Our analysis reveals an extremely
low input of particles from the adjoining areas (7 vol%). The
35,000 to 80,000 vehicles passing the sampling stations per
day continuously generate abrasion particles, especially
through the wear of tires. The average loss of tire material
through abrasion was estimated at 20 mg km ™' for light-
duty vehicles (LDV) and at 200 mgkm' for HDV
(Baumann and Ismeier, 1998; Kromer et al., 1999; Camatini
et al., 2001; Hillenbrand et al., 2005). In the past, it was
postulated for tire-wear particles that equilibrium exists
between their total emission into the environment and their
chemical and biological degradation, and therefore, pollutant
entry was classified as low (Kromer et al., 1999). However,
these assumptions are overruled by a continuously increasing
traffic volume (Councell et al., 2004). The amount of PM
abrasion from the road surface has similar ranges as the
average loss of tire material (Muschack, 1988). All abraded
particles, which are deposited on the road surface, can be
mobilized, e.g., suspended and re-suspended by wind and
turbulence effects of the passing traffic. However, PM;.go
has a generally high sedimentation velocity and therefore a
short residence time in the atmosphere. The PM;.g, load
from areas surrounding the roads (e.g., farm fields) is
extremely low due to the longer transport path. Consequently,
the roads with their moving traffic can be considered as the
nearly sole PM source at all our sampling sites (see also

Kupiainen, 2007). Our data document that tire-wear
particles are volumetrically the most important component
of the PMy g load at highly frequented motorways and
highways and thus represent a substantial fraction of
microplastics released into the environment. This illustrates
that traffic can distribute any kind of material that can
reach the driving lanes (e.g., remains from accidents, lost
cargo, and broken items, including electronic devices).

As described by Smith and Veith (1982) and Rogge et
al. (1993), tire-wear particles are generated through abrasion
due to the interaction between the tire tread and the road
surface. A frictional connection between tire tread and
road surface is inevitable, even required, for propulsion
and directional stability of the vehicles. When overcoming
the rolling resistance, the tire tread undergoes a continuous
stress, and the rubber is pressed into a bulge in the driving
direction, which creates a prolonged stretching and generates
material fatigue, known as the Mullins effect (Schramm,
2002; Klempau, 2003). When the damaged rubber slides
against surface asperities, abrasive wear is the dominant
abrasion mechanism: stress concentrations generated by
the sharp points of contact damage the rubber, which can
then reach the limiting strength of the material, resulting in
micro-cutting or scratching of the tire tread. This creates
elongated particles of rubber (Wu, 2016), which develop
the typical cylindrical shape when repeatedly overrun and
rolled by vehicles. Consequently, the observed tire-abrasion
particles are described as elongated, cylindrical or “cigar-
shaped” (Rauterberg-Wulff et al., 1995; Smolders and
Degryse, 2002; Tian et al., 2017). Our determination of the
geometric parameters is in accordance with the specifications
given above: more than 90% of the particles display an
axial ratio < 0.6 (see also Kreider et al., 2010).

Once deposited on the road surface, tire-abrasion
particles attract road dust. This is due to the consistency of
the rubber itself. Made for close contact with the road
surface, rubber is flexible and exhibits good adhesion to
the underground materials (Schramm, 2002). Moreover,
the surface of rubber particles is rough and offers a large
contact zone (Figs. 2 and 3; see also Gunawardana et al.,
2012). In addition, the particles display a rounded cross
section, which allows them to roll over the road surface
easily, thereby collecting other road-dust particles like a
rolling snowball (Figs. 3 and 5; see also Rauterberg-Wulff
et al., 1995; Kreider et al., 2010; Gunawardana et al., 2012).
In regard to this snowball effect, a distinct difference is
observed between the tire-abrasion particles from B 31 and
A 555: the tire-abrasion particles from A 555 show a
partial encrustment by larger particles, whereas those from
B 31 are completely encrusted with a mix of larger particles
embedded in a matrix of sub-micrometer road dust.

Table 4. Particles with heavy metals.

Total particles (n) Ba Cd Cr Cu Mo Pb Sb Zn Zr
A4 201 2 0 3 6 8 0 1 3 1
A 555 202 17 0 19 23 9 1 2 14 0
B 31 105 11 0 9 42 7 0 6 20 0
Sum 508 30 0 31 71 24 1 9 37 1
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In our investigation of PM;, g, we have not found any
tire-core particles at any of the sites. The extent of
encrustment (coating) observed for all tire-abrasion
particles ranges from of about 10 vol% (A 555) to more
than 50 vol% (B 31). We conclude that the decisive factors
for the development of such large differences in the extent
of encrustment are traffic flow and traffic velocity, or
driving speed: on roads with low velocities (e.g., urban
thoroughfares), the tire-core particles are exposed to
repetitive cycles of slow roll-over processes with long-
term contact between the rubber and road dust, which
results in a high degree of encrustment. On roads with high
velocities (e.g., motorways), however, a more efficient
removal of material from the road surface due to vehicle-
induced turbulence is observed (Kupiainen et al., 2007),
and therefore, less road dust can be accumulated on the
tire-core particles. The urban B 31 highway is characterized
by continuous stop-and-go traffic and slow driving speeds
that, in addition, are capped by speed limits of 50 km h™'
(day) and 30 km h™' (night), leading to high encrustment
levels. On the other hand, the A 555 motorway is
characterized by fluid traffic and high driving velocities,
leading to lower extents of encrustation. The A 4 motorway
combines characteristics of both slow (morning and
evening rush hours during the week) and fast (weekends
and non-rush hour periods) traffic, and therefore, the level
of encrustment is widely variable. For this motorway, the
cumulative duration of stop-and-go traffic is approximately
25 hours per week (five hours per day, Monday-Friday),
which corresponds to about 15% of the 168 hours in a
week and is in good accordance with the 15% of particles
exhibiting a high encrustation level.

A substantial influence of weather parameters on the
level of encrustment could not be observed.

i) In calendar weeks 10/2014 and 05/2015, the average
humidity at the A 4 and A 555 sites was 59% and 88%,
respectively, and no difference in the extent of
encrustment of tire-wear particles could be detected.

ii) An influence of air temperature on the encrustment is
unlikely. More probable is that the tire temperature
might have an influence, as it depends predominantly on
tire pressure and driving speed and affects the abrasion,
whereby abradability increases with increasing temperature
(Thavamani and Bhowmick, 1993; Wintergerst, 2013;
Wu, 2016). However, we could not find data on a possible
effect of tire temperature on the encrustment process.

iii) An influence of wind parameters on the encrustment
process is highly unlikely because the mobilization of
abrasion particles and road dust is dominated by the
vehicle-induced turbulence (Macciacchera and Ruck,
2001; Ruck and Lichtneger, 2014).

In terms of chemical composition, our study confirms
the statement of Camatini ef al. (2001) that the application
of SEM-EDX alone is not sufficient to identify tire-
abrasion particles. The element analysis shows that the
particle coatings for all roads are chemically very similar
but unspecific. This result means that the encrustation
mainly consists of road-abrasion particles (from the wearing
course), with lesser amounts of brake-wear particles and
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only minor amounts of material from other sources (e.g.,
concrete, soil). Our study did not confirm the frequently
described importance of zinc oxide as a tracer for tire-
abrasion particles (Smolders and Degryse, 2002; Councell
et al., 2004; Kocher et al., 2010; Apeagyei et al., 2011,
Gunawardana et al., 2012). Zinc oxide is used as an
activator and accelerator during the vulcanization step of
tire production, but the applied quantity can vary considerably
(Councell et al., 2004; Wu, 2016), and substitutes (e.g.,
magnesium oxide) can be used. In our study, it was not
possible to determine tire-related zinc by single-particle
analysis in the tire-wear particles with complete encrustment.
Among the partly encrusted tire-wear particles, only very
few measurements of zinc could be definitely assigned to
tire material. This result supports the observation of
Adachino and Tainosho (2004) that the presence or
absence of particulate ZnO may depend on the tire type
and on the manufacturing process of the tire treads.

Modern tires consist of natural rubber and synthetic
rubbers, such as styrene-butadiene rubber (SBR) and
butadiene rubber (BR), i.e., plastic. Only the natural rubber
is susceptible to degradation (Berekaa, 2006). More than
50% of car tires are made from various types of artificial
rubber (Wu, 2016). Thus, our results document a continuous
emission of microplastics produced by traffic into the direct
vicinity of the motorways. Since the traffic infrastructure
of developed countries is very extensive, emission of
microplastics through tire abrasion is a far-reaching problem.
Tire-wear particles are thus disseminated on a large scale,
which can lead to substantial changes in marine and
continental environments, even in particle-rich habitats,
such as soils and freshwater ecosystems (Lechner et al.,
2014; Wagner et al., 2014; Machado et al., 2018). In addition,
it has to be taken into account that microplastics are both
possible sources and possible sinks for hazardous
contaminants (Klein, 2015).

The analysis of brake-wear particles revealed that
besides the driving speed and traffic mode, the traffic fleet
is an additional important factor determining the size
distribution for the PM;(.gp composition. We observe that
the motorways A 4 and A 555 display an opposite trend
regarding the brake-wear in their vol% size distribution.
Moreover, brake-abrasion particles > 40 um can be found
only on the A 4, where there is a wide range of driving
speeds and thus, of speed changes and braking actions.
These conditions lead to increased stress on brake parts,
especially for HDV brakes. Consequently, it can be assumed
that the high proportion of brake-wear particles > 40 um is
the result of the high proportion of HDVs. In contrast, on
the A 555 we have fluid traffic and high velocities. HDV's
can drive an even speed (~80 km h™'), brake actions of
HDVs are rare, and thus, tire-wear particles > 40 pm are
not found. The trend for the size distribution observed at
the B 31 is similar to that observed for the A 555 but the
volume% of all super-coarse brake-wear particles is distinctly
higher on the motorway. On the B 31, traffic is characterized
continuously by stop-and-go conditions. Therefore, braking
maneuvers are frequent for both LDVs and HDVs,
generating high numbers of brake-wear particles (see also
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Grigoratos and Martini, 2015; Wakeling et al., 2017).
However, with low driving speeds (< 50 km h™') on the
B 31, the stress for the brakes is low, thus generating a
high volume% of small brake-wear particles (< 20 pm).

In the literature, a range of heavy metals is associated
with non-exhaust traffic particles (Camatini et al., 2001,
Smolders and Degryse, 2002; Adachino and Tainosho, 2004;
Hillenbrand et al., 2005; Kocher et al., 2010; Apeagyei et
al., 2011; Adamiec et al., 2016). In general, a reduction of
toxic substances can be observed compared with observations
in the past (Kocher ef al., 2010). Zinc and Cu are regularly
found in brake-abrasion particles and consequently, as part
of the encrustment of tire-wear particles, mainly of the
TWP-2 type. In regard to clutch wear, it should be noted
that current vehicles are produced with encapsulated clutch
systems to avoid contamination by road dust and therefore
do not emit abrasion particles. No indication of airborne
clutch-wear particles was found in our study.

SUMMARY AND CONCLUSION

In this study, single-particle analysis via SEM-EDX was
conducted on coarse-sized ambient aerosols from two
highly frequented motorways and one federal highway
passing an urban area. The selected roads differ in traffic
mode, traffic speed, and traffic fleet.

The importance of these findings is that on both
motorways and on the urban highway, > 90 vol% of the
super-coarse particles are derived from the abrasion of
tires, the road surface, and brake systems; no clutch-wear
particles were detected. Our findings further show that the
usual focus on traffic density as the only criterion for
characterizing the emission conditions at a specific roadside
is not sufficient. Clearly, traffic speed, traffic mode, and
traffic fleet, generally described as level of service (LOS),
are important parameters as well. In particular, brake-wear
particles are sensitive to changing traffic parameters: their
proportion in the PMyg, increases with the number of
braking maneuvers according to traffic mode, and the
particle size increases with a growing proportion of HDVs.

This is the first study to show that tire abrasion
contributes considerably to the pollution of the environment
by microplastics. The possible environmental and ecological
impacts of these tire-derived microplastics in PMq.g, are
probably restricted to the immediate vicinity of roads. Our
study further shows that super-coarse tire-wear particles
are encrusted by road dust, ranging from a partial
encrustment under fluent traffic conditions to complete
encrustment under stop-and-go conditions. Therefore, the
tire-derived microplastics consist not only of the original
rubber core with its various additives (e.g., Al, Ti, Fe, Zn,
Cd, Sb, or Pb) but also of potentially hazardous metals and
metalloids contained in the attached brake-abrasion particles
(e.g., Al, Fe, Cu, Sb, or Ba). These additional materials
present in the encrustment thus increase the potential of
environmental damage resulting from tire-wear particles. In
our study, however, Zn was not a reliable tire tracer, and
Cd could not be found at all.

Targeted traffic management that controls the velocity
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and unbundling of traffic flow in urban areas or provides
automated traffic control on motorways will significantly
reduce the proportion of tire wear in the larger fraction of
super-coarse particles, i.e., sized 40-80 pum.

In light of our findings, further studies are necessary to
examine the deposition and mobilization of traffic-related
abrasion particles directly on the road surface. Such studies
should be expanded to include road-simulator measurements
and on-site sampling of representative dust from the road
surface (e.g., with cyclone vacuum cleaners). As a result of
the continuous dispersion into the environment of natural
and artificial rubber contaminated with brake-abrasion
particles emitted from the roads, the impacts on ecosystems
and the food chain should also be investigated. Another
important topic will be a detailed individual particle analysis
of the PM, 5_; breathable particle fraction.
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gollatz@gollatz.com <gollatz@gollatz.com> Mon, Mar 24, 2025 at 12:42 PM
To: Glen Helen Specific Plan <glenhelenoutreach@gmail.com>

Dear Dane:

4/8/25, 10:58 AM Gmail - Glen Helen Specific Plan Amendment - Update

Thank you for the update. | had spoken with Greg sometime in February asking about any updates,
but none were available. | did give him the following;:

After the November meeting | sent an email out to our residents here is their replies:

27 people asked for a nice strip mall with possibly with 5-7 businesses — a veterinarian ( none within
20 miles+), yogurt station, nail salon etc. possibly 1 or 2 fast food drive thru (especially In-N-Out or
quality food). 30 people asked for a Devore Community Center — Devore has never had any type of
facility (ie: community center) for Devore community out-reach such as meals on wheels location for
our elderly, bingo for our elderly, kids classes and food distribution. 1 person asked for a park

Devore is aware that Old Dominion Trucking owns the property and Devore is trying desperately to
not become a trucking industry. We have joined with Friends of Yucaipa and the AQMD plus others
to stop or reduce the trucking industry as it is not a fit for our area and with the beautiful Glen Helen
Park. The past Specific Plans have always said that Cajon and Devore Road were to be the “gateway”
to the Cajon Pass. Cajon Blvd. is only two lanes ( one up and one down) with a massive trucking
company such as Old Dominion using Cajon Blvd. as their only egress and ingress this would be a
logistical nightmare.

There is the property for massive trucks near the upcoming Oasis that is called Sycamore Canyon
which has plenty of property and then we also have the massive Amazon to the right on Glen Helen
Road (still not zoned correctly as commercial but destination entertainment).

We ask that the idea of a nice strip mall is addressed and different businesses be entertained other
than what will be offered at the Oasis. | understand that industrial is more expensive than
commercial but the commuters, Devore residents, and the new AM/PM would like quality, please!

Many Devore residents wanted me to state and | said | would add: “Devore was here long before
Rosena Ranch and considers it prejudiced that the new area receives the “new” businesses while
Devore possibly gets the junk. We will fit hard against anymore trucking industries or a business
(businesses) that

will not enhance our area”,
| must agree.

| can be available to discuss details or updates and thank you for your out-reach.
gollatz@gollatz.com or

(909) 856-5089

Regards, Darcee Klapp / DRPA President — Devore Rural Protection Association
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