Raman Tweezers for Tire and Road Wear Micro- and Nanoparticles Analysis

Raymond Gillibert,"" Alessandro Magazzu,' Agnese Callegari,> David Bronte-Ciriza,’ Antonino
Foti,! Maria Grazia Donato,’ Onofrio M. Marago,’ Giovanni Volpe,” Marc Lamy de La Chapelle,’

Fabienne Lagarde,® and Pietro G. Gucciardi”

"'CNR - IPCF, Istituto per i Processi Chimico-Fisici, Viale F. Stagno D’ Alcontres 27, I- 98158

Messina, Italy

2 Department of Physics, University of Gothenburg, 41296 Gothenburg, Sweden

3 Institut des Molécules et Matériaux du Mans, UMR 6283 CNRS, Le Mans Université, Le Mans,

France

Keywords: microplastics, nanoplastics, Tire and Road Wear Particles, Raman spectroscopy, optical

tweezers.

* Present address: Dipartimento di Fisica, Universita di Roma La Sapienza, Piazzale A. Moro 2, 1-00185 Rome, Italy
* Corresponding author. Email address: gucciardi@ipcf.cnr.it (P. G. Gucciardi)




Abstract. Tire and Road Wear Particles (TRWP) are non-exhaust particulate matter generated by
road transport means during the mechanical abrasion of tires, brakes and roads. TRWP accumulate
on the roadsides and are transported into the aquatic ecosystem during stormwater runoffs. Due to
their size (sub-millimetric) and rubber content (elastomers), TRWP are considered microplastics
(MPs). While the amount of the MPs polluting the water ecosystem with sizes from ~ 5 pm to more
than 100 um is known, the fraction of smaller particles is unknown due to the technological gap in
the detection and analysis of <5 um MPs. Here we show that Raman Tweezers, a combination of
optical tweezers and Raman spectroscopy, can be used to trap and chemically analyze individual
TRWPs in a liquid environment, down to the sub-micrometric scale. Using tire particles mechanically
grinded from aged car tires in water solutions, we show that it is possible to optically trap individual
sub-micron particles, in a so-called 2D trapping configuration, and acquire their Raman spectrum in
few tens of seconds. The analysis is then extended to samples collected from a brake test platform,
where we highlight the presence of sub-micrometric agglomerates of rubber and brake debris, thanks
to the presence of additional spectral features other than carbon. Our results show the potential of
Raman Tweezers in environmental pollution analysis and highlight the formation of nanosized TRWP

during wear.



Introduction
The emission of traffic-related particulate matter (PM) is growing in an uncontrolled manner, causing
strong health and environmental concerns on the global scale. > While the transition to electric-motor
transportation is expected to cut the PM exhaust emission in the next ten years, this is not the case for
non-exhaust PM, namely tire-, brake-, and road-wear particles, 3* generally called Tire and Road
Wear Particles (TRWPs). Tires particles (TPs) emission in Europe (2014) and US (2010) is estimated
in ~ 10° tons per year.*> PM10 brake wear particles (BWPs), i.e. smaller or equal to 10 pm, are
estimated to reach 80 mg per km per vehicle.> Furthermore, the demand increase for car tires, ©
associated with a market trend of heavier vehicles and of electric cars with higher instantaneous
torques, is expected to yield larger quantities of TRWPs in the near future.
TWRPs are often transported to the fresh aquatic system via road runoff, and from there to estuaries
and oceans.”® About 20% of the TPs is known to be released to surface waters.® Due to their size
distribution and chemical composition, TRWPs may cause adverse effects on ecosystems and human
health. For example, evidence of toxicity has been found in daphnia magna;®'° air-born tire dust is a
probable cause of increased allergy in the general population;'! and heavy metals released by TRWPs
are known to be harmful to the environment. '>-14
Knowledge of the TRWP transfer pathways in the environment from roads to the aquatic system is
currently incomplete, especially for the smallest particles. To address this knowledge gap and meet
the challenges posed by the growing TRWPs pollution, the European TRWP Platform is trying to
develop an integrated knowledge of the fate of TRWPs “from road to ocean” and to highlight
technological gaps for the study of micro- and nanoscale TRWPs. 13
TRWPs are generated by the rolling shear of the tires on the road surface and by the friction of the
brake pads on the disks.>* The heating and rubbing of tires during the interaction with the road
pavement leads to release of rubber particles incorporating road surface material, generating
elongated particles'® containing a mix of rubber, dust, asphalt, and brake dust. '7-!%1920 Brake wear

leads to irregularly shaped and pointy particles that originate from the abrasion of pads, disks and



calipers.?’ From the chemical point of view, tires are mostly made of natural and synthetic rubbers
(~50% of the mass), typically styrene-butadiene. This elastomer is armed with organic fibers and steel
cables, and is charged with carbon, silica and chalk powders. Softeners, such as oils and resins, are
used to improve the grip. Zinc oxide and sulfur are used as catalyzer for the vulcanization.?’ Other
additives (5-10% of the mass), such as cadmium or polyaromatic hydrocarbons (PAH), ?! are also
commonly used in the tires as softeners and fillers. '>'® The chemical composition of brake wear
particles reflect the components of the brake linings: phenol-formaldehyde resins (from the binders);
metals such as copper and steel, ceramics and Kevlar (from the reinforcing fibres); inorganic
compounds, silicates, stone and metal powders (from the fillers); graphite, carbon black, rubber,
antimony trisulfide (from the lubricants); metal oxides quartz and zircon (from the abrasives). > Due
to their polymeric content, TPs are typically classified as microplastics (MPs). Given the size range
of TPs, these are expected to be important contributors to micro- and nanoplastics pollution in the
near future.*? Studies indicate TPs as 20 to 60% of the total MPs delivered to the environment,*%3
and no studies have addressed the issue of nanoplastics pollution from TPs, yet.

Wagner et al. classified tire particles based on their size as coarse (PM10, size < 10 pm), fine (PM2.5,
size < 2.5 pm) and ultrafine (PMO.1, size < 0.1 um).* Ultrafine TPs (1 nm to hundreds of nm) have
been observed in road simulators and seem to originate from organic constituents. Coarse and fine
particles (20 um to 400 nm) are found on-road. Particles with a broader size distribution (1 to 200
um) accumulate in road run-off. Notably, fine particles (PM 2.5) also contribute to the dust air
pollution. For what concerns BWPs, ca. 50% of them are constituted by particulate smaller than 25
um, and almost 40% is emitted as airborne PM10.3

Technological gaps are present in the sampling, handling, storage, extraction and analysis phases of
nanoplastics and no standardization exists.”* Analytical procedures to establish TRWPs in
environmental samples targets at the determination of rubber and additives (metals such as Zn, or S
and other organic compounds)® as a distinctive marker for TPs, and of carbonaceous materials and

metals (Fe, Cu, Zn and Pb, with Fe content reaching 60%)* in BWPs. To date, SEM imaging with
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elemental analysis (energy dispersive X-Ray spectroscopy, EDXS) and Pyrolysis combined with Gas
Chromatography and Mass Spectroscopy (Py-GC-MS) are the two election analytical techniques for
such purposes. SEM is capable of imaging particles of all length scales from PMO0.1 to hundreds of
microns. The EDXS information is exploited to identify specific TPs markers, such as S and Zn, in
TRWP dust.'® The EDXS signature is not 100% selective of TPs, however. Zn, for example, may be
present also in BWPs and road paint, as well as in natural solid/dirt. Py-GC-MS, can be used to
identify styrene, butadiene or vinylcyclohexene as markers of rubber in TPs.?® The combination of
SEM/EDXS with time-of-flight secondary ion mass spectrometry provides elemental information on
the rubber component in particles of some tens of microns.?” The determination of TPs by Py-GC-
MS via the presence of PAHs and aliphatic compounds is more difficult, due to their presence also in
asphalt and combustion products. Finally, Py-GC-MS is destructive and is applied to the entire
particulate sample, in batches of 10 to 100 pg, thus preventing analysis at the single particle level.
Raman spectroscopy®®?? is a vibrational spectroscopy allowing one to chemical identify materials
based on the unique energy spectrum of the atomic nuclei vibrations in molecular compounds (the so
called vibrational fingerprint). It is a non-invasive and non-destructive optical technique enabling
analysis and imaging of the materials composition, structural, electronic and chemical properties of
micro and nanoparticles on spatial scales generally limited by diffraction to ~250 nm in the visible
range, but that can be pushed to the nanometer and even the sub-nanometer scale using near-field
optical microscopy techniques.>*33 Raman can provide information on the presence of carbonaceous
species (carbon black, graphitic particles), minerals and metal oxides. The Raman fingerprint of
carbon, considered by itself, may not be specific to the origin the particle (e.g. car tire, exhaust,
lubricant, ash, ...). Additional spectral information of the particle’s constituents can, however, help
in assessing its species.

The field of nano-pollution, i.e. the environmental pollution caused by nanoparticles and nanoplastics
is still in its infancy and will need relevant advancements of knowledge, mainly due to the lack of

analytical techniques validated by the scientific community, capable to work at such length



scales.!?3437 Optical tweezers (OT) 3 exploit tightly focused laser beams to trap and manipulate
micro- and nanoparticles in liquid.*® The integration of OT with Raman spectroscopy leads to Raman
Tweezers (RT), a powerful tool with unique capabilities for the analysis of micro and nanostructures
dispersed in liquid, at the single particle level. >*! Individual carbon nanotubes bundles and graphene
flakes can be trapped and their nature probed.’*** RTs have been shown to be a promising
technology in the field of micro- and nanoplastics pollution in aquatic environments,***? thanks to
their capability of single particle analysis in liquid media on timescales going from seconds to few
minutes.

In this article, we show that RTs can be applied to TRWPs analysis to obtain chemical
identification of micro- and sub-micron particles of artificially fragmented car tires and of
environmental samples extracted from a brake testing platform. We first study the experimental
configurations that allows one to stably trap and analyze TRWPs, in spite of the large optical pushing
effect due to the light absorption, typical of these particles. To show the analytical capabilities of RT,
we display Raman spectra of TPs of abandoned tires mechanically grinded and dispersed in water
(both distilled and seawater). Micro- and nano- particles in the range of 500 — 850 nm are found in
the solution, which can be trapped and analyzed in times of few tens of seconds. Finally, we
investigate environmental samples extracted from a brake testing platform. Thanks to the presence of
spectral features attributable to dust or magnetite, in addition to the Raman bands of carbon, we show
the possibility to distinguish TPs from BWPs on particles featuring micron and sub-micrometric

dimensions.

Materials and Methods
Car tire particles. Micron- and sub-micron particles are prepared starting from pieces of old
discarded car tires. They are produced by scrubbing the rubber fragments against a wet grinding stone
(Norton, whetstone for quick sharpening of tools, made of AlO3). For RT analysis, after each

scrubbing cycle, the stone is rinsed repeatedly with SmL of distilled water in order to collect and



disperse the TPs. A second sample has been made by dispersing the grinded TPs in seawater taken
from the beach of Torre Faro (Messina, Italy). For conventional micro-Raman measurements, tire
fragments are grinded over a microscope glass slide previously washed with soap and rinsed with
optical paper, and analyzed with a standard micro-Raman spectrometer. Dimensional analysis of the
particles is carried out by optical microscopy on a dried sample drop. The scrubbing procedure is
observed to release some sparse micrometric particles from the grinding stone. Supplementary Figure
S1 (red line) displays the typical Raman spectrum of one of such microparticles (picture in shown the
inset of Supplementary Figure S1), which matches the signal acquired on the original grinding stone
(Supplementary Figure S1, black line). The spectrum is dominated by the intense photoluminescence
doublet of the a-Al>O3 polymorphic crystalline phase (sapphire) at 693 and 694.5 nm (appearing at
wavenumber shift of 1244 and 1274 cm™! when exciting with the 638nm laser line of the micro-
Raman setup and expected at 1372 and 1403 cm™! on the RT setup employing a laser at 632.8nm).
Such a peculiar Raman fingerprint can be used to assess possible samples’ contamination related to

the preparation phase.

TRWPs from a brake testing platform. TRWPs were extracted from a brake test platform after
locally washing its surface with distilled water. To do so (Supplementary Figure S2), we cast 10 mL
of distilled water on the platform surface and gently mix. After few minutes, a pipette is used to
collect the liquid and decant it into a glass vial and immediately sealed in order to avoid contamination

from airborne particles.

Raman Tweezers apparatus. The RT setup, shown in Figure 1, ¢ is homemade and uses a single
laser beam (He-Ne, wavelength A = 633 nm) to both optically trap the particles and excite them for
Raman analysis. The laser beam is expanded to overfill the entrance pupil of the microscope objective

(100X, oil immersion, numerical aperture NA = 1.3), so to get a diffraction limited spot. The resulting



spot will be an ellipsoid with transversal semiaxis Ar; = 0.611/NA~300 nm and longitudinal
semiaxis A7y~ 24/NA*~750 nm. The maximum laser power at the output of the objective is 8.3
mW, corresponding to a power density ~ 30 mW/um?, having assumed a diffraction-limited spot area
A =n(Ar))? ~ 0.28 um?.% After being reflected by an edge filter, the beam is focused by the
objective into the glass microcell containing the particle dispersion. The microcell is prepared by
depositing a drop (10 pL) of solution on a microscope glass slide, on which a 25 um thick, 1 cm
internal radius bi-adhesive ring was pre-attached. A 20x20 mm? cover slip covers the cell, that is
finally sealed on the sides with nail polish. Sealed microcells allow us to prevent water evaporation
and carry out analysis on liquid dispersions for several days. The same objective is used to collect the
radiation scattered by the optically trapped particles. The elastic component of the scattering is cut

out by the edge filter, which transmits only the Raman component to the spectrometer.
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Figure 1: Schematic of the Raman Tweezers setup. The green inset shows the sketch of the ray
optics model used to calculate optical forces. #i;,. and fi.¢f are the directions of the incident and
reflected beams, respectively, while n, and ny, are the refractive index of the particle and of the

immersion medium, respectively. See text for a description of the apparatus.



The latter is a Triax 190 (Horiba) equipped with a 1200 lines/mm grating giving a spectral resolution
of 8 cm™!, and coupled to a silicon Peltier-cooled CCD camera. On the way to the spectrometer, a
beam splitter redirects part of the light from the white light lamp to a second CMOS camera used for
particle visualization and seizing. For each particle, a Raman spectrum is acquired and a reference
spectrum (without any trapped particle) is subtracted in order to remove the signal from the glass
slide and the medium (water, immersion oil). In order to retrieve the particle’s size, an image is
acquired after ensuring optimal focusing conditions. Alternatively, when we record a movie of the
trapping process, we retrieve the size information from the frames in which the particle is best
focused. The optical images are calibrated with a 10 um step ruler. Particles with diameter d larger
than the diffraction limit (d = 500 nm for visible light using a N4 = 1.3 objective) can be measured.
Particles smaller than ~ 500 nm provide the same diffraction-limited image, making impossible to
retrieve the real particle size and/or to determine if one or more particles are actually trapped.®® In
order to ensure single particle analysis, i.e. that no further particles enter the trap during the Raman
acquisition, the particle is first identified and trapped on the optical microscope. After that, the
spectroscopic acquisition is started. Multiple signal acquisitions on the same particle, besides
improving the signal-to-noise ratio, allows us to assess the presence of anomalous intensity increases
or decreases due to unintended trapping of other particles (e.g. objects floating in the laser region
during Raman signal acquisition), or to an escape of the particle from the focal region due to trapping
instabilities. When dealing with sub-diffraction particles, some information on the particles effective
volume can be still retrieved, based on the fact that the Raman intensity is expected to scale as the
particle volume. In this case a calibration curve of the Raman signal vs particle radius on model

particles would be needed.*®

Raman micro-spectroscopy. A Raman micro-spectrometer (Horiba, XploRA Nano) is used to
acquire spectra of the reference materials and of grinded tires microparticles on glass coverslips.

Measurements are carried out at 638nm, very close to the RT excitation wavelength (632.8nm). We



work in backscattering and use objectives 10X (NA = 0.25), 50X long working distance (NA = 0.5)
and 100X in air (NA = 0.9) in order to probe different areas. The laser power was set to few mW or
below, in order to avoid thermal damages to the samples. The same spectrometer is used to acquire
optical images of the microparticles, with a diffraction limited image resolution of ~ 850 nm in
diameter with the 100X objective (resolution is worse than in the RT because of the smaller NA of

the objective used).

Optical forces. When a particle is illuminated by a tightly focused laser beam, the exchange of linear

momentum between the ray and the particle generates an optical force F=AP /At, where AP =

-

ﬁinc — P 1s the exchanged momentum, calculated as the difference between the incident and

reflected momentum (131nC and ﬁref, respectively). Such a force can either push the particle or pull it

into the focal spot. >! Stable 3D optical trapping at position ?eq very near to the laser focus, is obtained

if the total optical force ﬁtot(f") points towards the focal spot position (7,q) for any small displacement
A7 = 7 —7oq from 7.q. In this case 7oq, represents a point of stable equilibrium and, for small
displacements, the restoring force is well approximated by Hooke’s law ﬁtot = —k AP Here k is a

three-dimensional tensor describing the direction-dependent stiffness of the trap. In the reference
system in which the z axis coincides with the beam propagation direction and xy is the plane
perpendicular to z, kis represented by a diagonal matrix with eigenvalues ky, ky, k,, and k, = k,,. A
rigorous calculation of optical forces within the electromagnetic theory, requires a full description of
the light-matter interaction, which can result in a quite complex, time-consuming and unwieldy
procedure. For this reason, some approximations have been developed to calculate optical forces in
different regimes, depending on the particle size. In the geometrical optics approximation, valid for
particles size larger than the wavelength of the trapping beam, the incoming optical field can be
considered as a collection of light rays, each of them carrying a portion of the total optical power and

linear momentum 2. When a ray impinges on a particle, it is partly transmitted and partly reflected
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by the particle surface. The change of momentum of each light ray induces a force on the particle
(Newton’s third law). The total optical force that a beam exerts on a particle is the sum of the forces
generated by each constituting ray. Non-absorbing dielectric particles, featuring a real refractive
index n,, can be stably trapped in 3D whenever their refractive index is larger than that of the
immersion medium ny,, i.e. n, > ny,. This happens for the vast majority of plastics as, for example,
polystyrene (n, = 1.59), polypropylene (n, = 1.49), polyethylene (n, = 1.51) when immersed in
water (n, = 1.33).%° Absorbing particles are characterized by a complex refractive index n, = n, +
i ny, with non-zero imaginary part n,. In this case the transmitted ray is totally absorbed by the
particle, resulting in a large radiation pressure that generally pushes the particle out of the optical
trap. Here optical forces are calculated on micrometric particles by using an open source toolbox
written in MATLAB - Optical Tweezers in Geometrical Optics (OTGO), well tested on dielectric
particles.> The routines have been modified for optical forces calculation on spherical and ellipsoidal
particles, in which the Fresnel coefficients are evaluated in the case of materials with complex
refractive index n,, (see Supplementary Note 1 for further details). The laser beam is assumed to
propagate along the positive z direction, be composed by an appropriate grid of rays having 40
azimuthal and 100 radial divisions and focused to the origin of the reference axes through an objective
with high numerical aperture (N4 = 1.3). Spherical particles are considered, immersed in water
(refractive index n,, = 1.33). Particles are assumed to have different diameters (d = 1, 2 and 4 pm)

and made of either amorphous carbon (refractive index n, = 2.4 + 0.6i) or graphite (n, = 2.6 +
1.0i),>* similarly to the analyzed TRWPs in this work. With such parameters we calculate the optical

force ﬁtot on a particle placed at position 7. Due to the cylindrical symmetry of the system around the
light propagation axis, z, the x and y directions are equivalent, allowing us to consider only the
displacements along the x- and z-axis for a full characterization of the optical force as a function of
the position 7(x, z). When the particle is displaced along the propagation axis only, i.e., 7 = (0, 2),

the force has a purely longitudinal component, I?'" (z), directed along the axis of the beam, that is
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ﬁtot(O, z) = 13” (z). When we displace the particle also along x, i.e., 7 = (x, z), the force includes
also a transversal component F ' (x,2), i.e., a component directed perpendicularly to the axis of the
beam, and therefore ﬁtot(x, 0,2) = 13" (x,2z) + F ' (x, z). For symmetry reasons, F ' (x, z) is directed
along the x-axis and the component of the force along the y-axis is zero. Here we study the force
13” (z) for purely longitudinal displacements 7 = (0,z), and F, (x) for purely transversal
displacements 7 = (x, 0), then we fix a value for z = z, and we study F " (x,z = z;). From the
behavior of ﬁ'” (z) and F (x, z = z,) it is possible to predict if the particle is optically trapped or not
in 3D. In order to have transversal trapping, the force F ' (x,z = z,) should become zero for some
value x = Xx¢q, i.€., ﬁJ_ (xeq, z= Zo) = 0 when the center of the particle is in x.q. If we displace the

particle from x,q a little bit, the force F ' (x,z = z,) should be directed opposite to the displacement

and point towards Xq, to restore the particle to its equilibrium position. So, when x > x¢q,

F,(x,z = zy) < 0 and when x < Xeq» the force should be positive: Fi(x,z =zy) > 0.

Optical trapping of car tires micro- and nano-particles
Dimensional analysis of mechanically grinded TPs has been carried out with an optical microscope.
Figure 2a, b shows representative pictures acquired at different magnifications (a: 50X objective, b:
10X objective). The TP dust is opaque, yielding a large contrast in the images. Dimensional analysis
carried out on more than 2000 particles using routines written in Mathematica. It highlights a broad
distribution of sizes (Figure 2c), ranging from microns to tens of microns. The particles’ concentration
rapidly decreases with increasing particle size (note the loglog scale). A large number of sub-
micrometric and micrometric particles (up to 5 um diameter) is observed, compared to a much smaller
number of TPs with diameter > 20 um. Even if the distribution is likely dictated by the production
method, it shows the capacity of weathered car tires to be fragmented into micrometric and even sub-
micrometric particles by friction on stones of proper roughness. A variety of shapes is also observed,
with circular and very elongated structures, as reported in Figure 2d where we display a histogram of
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the eccentricity, e = {/1 — (b/a)?, of the particles shown in Figure 2a. Here a and b are the semiaxes

of the best fitted ellipse.
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Figure 2: Optical images and statistical analysis of mechanically grinded TPs. (a-b) Microscopy
images are acquired at different magnifications (a: 50X objective; b: 10X objective). (¢) Particles’
diameter distribution shown in loglog scale. (d) Plot of the distribution of the eccentricity of the

particles displayed in (a).
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Figure 3: Optical trapping in different focusing conditions. (a) Focus into the liquid: particles are
pushed out of the trap. (b) Focus above the top glass cell surface: stable 2D trapping is obtained by

pushing the particle against the cell wall.

Optical trapping experiments have been carried out on TPs dispersions in distilled-water, sealed in a
25-um-thick glass cell. Different focusing conditions have been explored, from inside the liquid
(Figure 3a), that is the most conventional configuration for optical trapping, to a configuration in
which the beam focus is positioned beyond the top surface of the glass fluidic cell (Figure 3b). When
the beam is focused inside the liquid, we observe that it is not possible to stably trap TPs in 3D. As
shown in Supplementary Movie S1, the optical force is such that any particle intercepting the laser
beam is pushed away along the light propagation direction, thus escaping from the focal region. In
addition, if one tries to drive a particle into the focal region, e.g. by moving the sample with the piezo-
stage, the particle is ejected out. The strong radiation pressure can, however, be turned to our
advantage by pushing the particles against the top glass cell surface (Supplementary Movie S2) and
obtaining some stable trapping. When this is done, the particle can be translated with respect to other
floating or precipitated particles. Experimentally, we achieve 2D trapping by focusing the laser spot
beyond the top glass cell surface (Figure 3b). Under such conditions, the particle remains confined in
the “defocused” laser beam region (see below for more details), while the reaction of the glass surface
prevents it to escape in the vertical direction. This trapping scheme is generally called 2D optical

trapping, since particles are optically trapped in the bidimensional plane orthogonal to the laser beam
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and mechanically in the axial direction. Asymmetric particles start rotating when trapped
(Supplementary Movie S2). 333

To justify these phenomena and relate them with the optical and geometrical properties of the
particles, we numerically calculate the optical forces. Here we consider model spherical carbon
particles and make calculations in the ray optics approximation. Figure 4a sketches the light rays and

the associated momenta impinging on an absorbing particle when the latter is immersed in liquid, and
located far from the glass cell surface, with its center (50) slightly displaced from the laser beam
focus position (7). Figure 4(b, ¢) and Figure 4(d, €) show, respectively, the transversal, F ' (x), and

longitudinal component, ﬁ"( z), of the total optical force acting on the particle as a function of the
particle displacement in the transverse, x, and longitudinal, z, directions. Calculations are reported for
particles with different diameters (d = 1, 2 and 4 um), made of amorphous carbon [Figure 4(b, d)],
and graphite [Figure 4(c, e)]. Figure 4(b, c) provides information for what concerns the in-plane
trapping. We note that the transversal force vanishes in the focus, i.e. F, (x) = 0 for x = 0, and acts
in the same direction of the displacement, i.e. it is positive when the particle displacement is positive,
and vice-versa. This implies that the laser focus is an instable equilibrium position, and that the
particle will be ejected once it is slightly displaced off center. The same effect is predicted for all
sizes and materials, and correctly describes the experimental observations according to which the
particle is ejected from the beam center when we try to pull it into it (Supplementary Movie 1, 00:05
to 00:07 and, in slow motion, 00:21 to 00:26). Due to the higher absorption of graphitic particles,
Im(np) = 1.5, with respect to the amorphous carbon ones, Im(np) = 0.6, the optical force acting on
the former is expected to be larger. Regarding the trapping in the axial direction, we note that Fy(z)
1s positive for any position z [Figure 4(b, c)], 1.e. the longitudinal force is always directed along the
beam propagation direction, with a maximum when the particle passes through the focus of the beam

(z=0).
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Figure 4: Optical forces acting on carbon microparticles in liquid. (a) Schematic representation

of the rays scattered by an absorbing particle when the laser focus position 7 is in the liquid and far

—

from the glass slide surface (cyan rectangle). The particle’s center position is indicated with 50. Piyc
and ﬁref, represented by red arrows, are the incident and reflected linear momenta associated to each
light ray. The red dashed lines represent the continuation of the impinging rays, and are a guide to
eye to the position of the beam focus. The directions of 13" and F, are represented by black arrows
originating from the particle center 50. Transversal (b, ¢) and longitudinal (d, €) components of the
optical force calculated on amorphous carbon (b, d) and graphitic particles (c, €). We consider

particles with diameter d = 1 pm (red), 2 um (blue), and 4 pm (black).
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The particle is expected to be pushed along the beam direction, as observed experimentally
(Supplementary Movie 1, 0:00 to 0:03 and, in slow motion, 00:15 to 00:20). In conclusion, no stable
3D trapping is possible for carbon particles in liquid using 633nm light, due to absorption and the
consequent large radiation pressure. Pushing and ejection from the laser focus region is predicted and
experimentally observed for any position of the beam focus, 7}, inside the liquid.

In Figure 5(a) we show the case of a laser beam focused in liquid, close to the top surface of
the glass microcell (the distance of 7, from the surface is smaller than the radius of the particle).
Looking at the trend of the transversal force, F, (x), in Figure 5(b, c), ejection from the central
position, x = 0, is expected, again, for all particles’ sizes and materials. It is noteworthy that, compared
to the previous case, now there are several equilibrium positions along the transverse direction, i.e.
xn for which F, (x,,) = 0. The point x¢ = 0 is unstable, because a displacement determines a force of
the same sign. However, the off-center equilibrium positions, x4 1, highlighted by red arrows in Figure
5(b, ¢), are potentially stable because the force corresponding to a displacement is opposite in sign,
and so it is in the right direction for restoring the particle to the equilibrium. Because of the cylindrical
symmetry, this corresponds to a circumference of equilibrium points. The particle is potentially
trapped in the transversal direction and free to move along the circumference of radius x4;. The
effective stability of the off-center equilibrium points depends on how stiff the trap is in that point: if
it is too weak, the particle can escape easily because of Brownian fluctuations. For what concerns the
longitudinal trapping, also in this case the values of F|(z) are always positive due to the prevailing
radiation pressure. In this configuration the particle is pushed against the cell surface and, due to the
reaction force exerted by the surface, the net force acting on it along the z direction will be zero. In
conclusion, focusing the light very close to the glass surface, leads to pushing of the particle against

the top glass surface, but the particle will likely be trapped off-center or escape from the sides.
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z (pm) z (pm)
Figure 5: Optical forces acting on carbon microparticles close to the microcell surface. (a)

Schematic of the scattered rays impinging on an absorbing particle when the laser focus position, 7y,

is very close to the top glass surface (cyan rectangle), beyond the particle center ?0). ﬁinc and ﬁref,
represented by red arrows, are the incident and reflected linear momenta associated to each light ray.
The red dashed lines represent the continuation of the impinging rays, and are a guide to eye to the
position of the beam focus. The directions of F; and F, are represented by black arrows. Transversal
component of the optical force F, (x) calculated on amorphous carbon (b) and graphite (c) particles
for different diameters d = 1 um (red), 2 um (blue), and 4 um (black). The arrows highlight stable

(red) and unstable (black) equilibrium positions where the force vanishes.

Finally, if we focus the laser beyond the surface of the glass slide (Figure 6a), the rays will impinge
on the particle surface with different angles compared to the previous two cases, producing a linear
momentum exchange which results in a Hooke-like restoring transversal force, F, (x) = —k,x, for

small displacements of particle along the x direction, as illustrated in Figure 6(b, c). This force recalls
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the particle towards the equilibrium position, x = 0, i.e. towards the optical axis, whenever it is
slightly displaced in the transversal direction, providing stable 2D optical trapping. Differently from
the two other cases, we note that the maximum expected force strongly depends on the particle size.
This is likely due to the fact that the laser beam at the particle’s center position is highly defocused.
As a consequence, a bigger particle will intercept a larger number of rays, being subject to a more

intense momentum exchange and, finally, to a larger force.

z (pm)  (pm)
Figure 6: Optical forces acting on carbon microparticles when focusing beyond the glass cell

surface. (a) Schematic representation of the scattered rays by an absorbing particle constrained
vertically by the top of the cover glass (cyan rectangle). The laser focus 7, is positioned beyond the
first surface of the cover glass. [—)’inc and ﬁref are the incident and reflected linear momenta, respectively,
and are represented by red arrows. Red dashed lines represent the continuation of the impinging rays
in order to show the position of 73 , represented by a red dot. The direction of F and F, is represented
by black arrows. Transversal component of the optical force F; calculated on of amorphous carbon

(b) and graphite particles (c) having dimeter d = 1 (red), 2 (blue), and 3 (black) pm.
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As in the previous configurations, the longitudinal force (curves not shown) is always positive and
will push the particle against the glass surface but, once the particle is in contact with this latter, the
mechanical constraint reaction of the surface will provide stable trapping also in the axial dimension.
Focusing the laser above the top surface, it is therefore possible to trap, analyze and even manipulate

absorbing particles by pushing them on the glass surface, as shown in Supplementary Movie S2.

Two other effects are observed when trying to trap carbon particles. Firstly, when full laser power is
focused onto aggregates of TPs in liquid (ca. 8.3 mW on an area of 0.36 um?), the generated optical
forces are sufficient to disintegrate the aggregate into its smaller constituents (Supplementary Movie
S3) and scatter them all around. Secondly, when the laser is tightly focused on individual TP particles,
light absorption and local heating yields to micro-cavitation and bubbles generation (Supplementary
Movie S4, sec. 00:00 to 00:09). The thermal gradients generated by the local laser-induced heating
generate convective fluxes in the liquid that, in turn, activate thermophoretic effects resulting in the
drag of particles towards the laser spot where they stick (Supplementary Movie S4, sec. 00:10 to
00:22). A similar effect, called thermophoretic trapping, is generated when irradiating plasmonic
metal nanoparticles in liquid. >¢ Notably, local sample heating is specific to strongly absorbing
objects, like carbonaceous particles. No bubbling or thermal damage was observed on conventional

polymers or mineral sediments using even higher laser powers.*®

We can conclude this section saying that, in order to trap individual TRWPs and perform
spectroscopic analysis of individual particles, a viable way is to push the particle with full laser power
towards the top surface of the liquid cell, being careful not to directly focus the laser on the particle.
This ensures that, whenever the particle reaches the top cell surface it remains confined in the focal
region and, because of the smaller local density of power, it does not heat up significantly, nor
generate bubbles or trigger thermophoretic dragging of other particles. We observed that most of the
time the particle would stick to the glass substrate and stay there even with the laser turned off, due

to surface adhesion forces.
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Raman spectroscopy of optical trapped TRWP micro- and nano-particles
First experiments have been carried out on mechanically grinded TRWPs in distilled water, after
being stably trapped. Figure 7(a-e) shows the optical images of particles ranging from 600 nm to 4.6
um in diameter, together with their Raman spectra in Figure 7(f). Spectra of the particles Figure 7 (a-
d) were acquired with a defocused laser beam, in order to achieve 2D trapping. The spectrum of the
particle in Figure 7 (e) was measured with total power focused just above the glass surface. On all
TPs, we observe a Raman spectrum typical of carbon black (amorphous carbon), with bands at 1320
cm! (D band) and 1580 cm™ (G band). The G band is related to the bond stretching of all pairs of sp?
bonded atoms in rings and chains, and corresponds to a degenerate in-plane Ezg optical mode at the
center of the Brillouin zone. The D band is observed when there is a symmetry breaking of the sp?
hexagonal lattices, involving a defect-induced electron-hole “inter-valley” double resonance process

that activates a Transverse Optical phonon close to the Brillouin zone boundary K point. 7
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Figure 7: Optical images (a-¢) and Raman spectra (f) of 2D-trapped TPs in distilled water.
Particles sizes are: (a) of 4.6 um, (b) 2.0 um, (¢) 1.5 um and (d) 800 nm, (e) 600 nm. Acquisition
time 60s for two acquisitions. Laser power out of the objective: 8.3 mW. Raman spectra are acquired

with defocused laser for particles (a-d) and with total power focused just above the glass surface (e).

All spectra are offset for clarity.
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The intensity of the bands is not very sensitive to the size of the particle. This is due to two reasons:
first, because the carbon particles are very absorptive and only a thin layer of carbon is effectively
irradiated; second, because in 2D trapping conditions the beam is defocused. Since for larger particles
a stronger defocusing is needed to achieve stable trapping, a greater loss of Raman signal is expected,
justifying why the signal from larger particles is similar to that from smaller ones. The smallest
particle we trapped (Figure 7¢) was elongated with a size of 600x800 nm, comparable to the laser
spot size. The particle upon pushing stably stuck onto the glass cell. Focusing maximum power on it
generated a steam bubble for one second and the spectrum acquired just after this annealing presents
much sharper bands than those of the other tire particles. The narrowing of the band widths is
generally associated to an increase of the crystallites sizes.’®>° We can attribute this to the
crystallization of the amorphous carbon content in the tire particle induced by the laser heating;®° this
indicates that with such laser power one should be aware that the full power density can alter the TPs
structure. Further experiments have been done diluting the tire particles in sea water. Again, we can
trap in 2D and identify carbon-rich particles down to dimensions as small as 500 nm (Supplementary
Figure S3), unambiguously differentiating them from sediments (spectra reported in ref. 3°).
Regarding the smallest observed particles, since we are at the diffraction limit, we cannot exclude
that its actual diameter is less than 500 nm. These results prove that, on the one side, abrasion of TPs
on finely textured stones leads to the formation of nanoscale particles and, on the other hand, that at
633 nm RTs can be used for analysis of such nanoplastics, in time scales of one to two minutes.
Some other interesting features have been observed. Micrometric scale TPs with clear zones
decorated by black spots (Figure 8a) have been found, associated with a Raman spectrum (Figure 8d,
blue line) characterized by the simultaneous fingerprints of carbon black and TiO> in the rutile phase
(doublet at 443 and 605 cm™').?° This suggests the occurrence of hetero-aggregates containing the
mineral mixed with rubber. Similarly, we find that TPs aggregates characterized by whitish zones at

the optical microscope [Figure 8(b, c)] are actually composed of a mixture of carbon black and
gypsum.

22



[T
1

Gypsum

| n/

PO

300 600 900 1200 1500 1800
Raman Shift (cm™)
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their Raman spectra (d). The blue line refers to image (a), black line to (b), red line to (c). Integration

time 60s, 2 acquisitions.

The Raman spectra (Figure 8d, black and red lines) display, in fact, the two intense carbon black
bands, together with the peaks of CaSO4 - 2H,0O (Calcium sulfate dihydrate) at 415, 490, 615, 665,
and 1004 cm!. ¢! For this latter case a commercial software (Wiley, KnowlItAll 2020) has been used
for first materials assignment. The particle in Figure 8(b) has diameter around 1 pm, with a black TP
component ca. 600 nm large, i.e. in the nanoscale range. The presence of gypsum in traffic-related
PM and TRWP s is well known. 2* What is interesting here is the capability of RT to detect TPs-
mineral aggregates of dimensions down to 1 pm, composed by sub-components of nanometric scale.

The richness of the spectral features, beyond the simple Raman bands of carbon, allows us to drive
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conclusions on the actual origin of the detected particle. The fact that the analysis can be
accomplished in liquid environment, on a single particle level and in minutes, is a further unique
advantage of RT with respect to conventional Raman analysis which is limited to ensemble
measurements when applied to very dense particles dispersions. The absence of the alumina spectral
fingerprint in the analyzed particles excludes any contamination of the set of particles analyzed. The
spectral assignment and the conclusions on the particle’s origin, have been confirmed by conventional
micro-Raman analysis on the constituent materials, namely gypsum (from a piece of chalk), rutile
(from a piece of road paint), carbon (from a cut made in a car tire). Supplementary Figure S4 displays
the resulting spectra (a) superposed to those of the trapped particles (b). Carbon black has bands
centered at 1344 and 1585 cm™!. Gypsum has peaks at 409, 489, 614, 666, 1004 and 1134 cm’!. Rutile
has peaks at 442 and 607 cm™'. All these modes match the Raman emission observed in the trapped
particles. The presence of both homogeneous and heterogeneous particles has also been confirmed
by standard micro-Raman spectroscopy of grinded powders of car tires. Supplementary Figure S5
shows the presence of micrometric particles of tires (a) and graphite (b), together with heterogeneous
carbon-calcite particles [images in (c), spectra in (d)]. In this latter case we observe three closely
spaced particles (A, B, C in the optical image) whose composition varies from purely carbonic for
particle C (d, black line) to an increasing mixture of calcite and carbon for particles B and A (d, red
and green lines). The reference spectrum of calcite is added to support the material assignment (d,
blue line). Finally, in Supplementary Figure S5 we show the picture (e¢) and Raman spectra (f) taken
at different positions of a larger micrometric heterogeneous particle. Here we see the presence of
rutile in Zone B (f, black line, peaks at 440 and 605 cm!) mixed to a fluorescent composite (giving a
band beyond 1000 cm™') whose chemical nature we are not able to assign. This latter is present in the
remaining part of the particle (zone A). Alumina micrometric particles have also been found
(Supplementary Figure S1), arising from the fragmentation of the grinding stone (see discussion in

the Methods section).
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Finally, we present the results on the trapping and Raman analysis of TRWPs extracted from a brake
test platform. To show the potentialities of the RT technique, we have analyzed 12 particles with
dimensions from 4.5 pm down to 600 nm. Figure 9 shows the optical images and Raman spectra of
representative particles made of TiO; rutile [Figure 9(a,e) — black and green lines] and carbon black
[Figure 9(b,e) — red line]. The presence of rutile can be attributed to small residues of road paint.5
Carbon black is the fingerprint of tire particles, although at this stage we cannot exclude an origin
related to exhaust combustion particles. In our ensemble we found 3 rutile particles with dimensions
of 1.6x0.5 pm (image in Figure 9a, spectrum in Figure 9e - green line), 850 nm (spectrum in Figure
9¢ - black line) and 2.2 um (spectra not shown), and 4 carbon black particles with dimensions from
2.4 um (image in Figure 9b, spectrum in Figure 9¢ - red line) to 1.1 um (spectra not shown). Particles
of smaller dimensions in Figure 9c (size 700500 nm) and Figure 9d (size 600 nm), namely in the
nanoscale regime, show even more interesting Raman spectra. Together with the amorphous carbon
peaks, we find a single additional band around 665 cm™! (Figure 9e, cyan line) for the particle in (c),
and several further peaks (Figure 9e, blue line) for the particle in (d), suggesting that we are dealing
heterogeneous composites. The band at 665 cm™! is typical of magnetite (Fe3O4), 3% used as abrasive
material in brake pads.> Consequently, the particle in (c) is likely a brake nanoparticle with a carbon
content coming from intrinsic constituents, e.g. burnt lubricant. The complex spectrum of the 600 nm
nanoparticle in (d) has been also observed on a 3.6 um diameter structure, with higher signal-to-noise
ratio (inset of Figure 9e, black line). The strong band at 660 cm™' suggests the presence of some iron
oxide species but, this time, it shows up side by side with a peak at 610 cm™! and other peaks at 300,

414 and 500 cm!.
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Figure 9: Optical images (a-d) and Raman spectra (e) of trapped particles sampled from a brake
test platform. Particles sizes are: (a) 1.6x0.5 um, (b) 2.4 um, (¢) 700x500 nm and (d) 600 nm. Raman
spectra: green line refers to particle (a), red line to particle (b), cyan line to particle (c), blue line to
particle (d). The black line refers to a smaller, 850 nm, rutile particle (image not shown). The inset
shows a zoom of the spectrum acquired on a 3.6 um composite particle (black line) with a
reconstruction (red line) carried out from commercial Raman libraries. Acquisition time: 30s, two

acquisitions. All spectra are offset for clarity.

The peaks at 300, 410 cm'! together with the doublet 610-660 cm™! are software-assigned (Bio-Rad,
KnowlItAll) to the Raman emission of Red Ochre and Burnt Sienna, ¢ the peak at 500 cm! is assigned
to lead oxide, the two major bands at 1325 and 1587 cm! to carbon black. The red line in the inset of
Figure 9e is the software-reconstructed overall spectrum, which fits well with the experiment. Lead
oxide is a component of brake friction materials.” Red Ochre and Burnt Sienna are red-colored

powders obtained from the intense heating, i.e. calcination, of Limonite and raw Sienna earths,
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minerals present in iron-oxide rich earths found in Sicily. The simultaneous occurrence of lead oxide,
calcinated minerals and carbon black is compatible with the spectrum expected from a heterogeneous
structure composed of a fragment of braking pads and road dust particle that has undergone intense
heating, e.g. during braking, covered by some lubricant layer (carbon rich). In order to support this
conclusion, in Supplementary Figure S6 we show conventional micro-Raman spectra acquired on a
Burnt Sienna paste commercially available (a, b, green lines), and on the surface of a used brake pad
from a mechanical workshop (a, b, blue lines). The samples’ pictures are shown in the insets. Burnt
Sienna shows the most intense peaks at 295, 412, 614 cm™!, with smaller emission at 501 and 660 cm"
I, and a single peak at 1316 cm! in the higher frequency region. The most intense vibrations can be
found in the spectrum of the trapped particle (c, d). The brake pad signal shows intense features at
278 cm! and in the amorphous carbon region at 1324 and 1585 cm!. Characteristic is also the peak
at 388 cm! and the emission around 655 ¢cm™!, in the zone of magnetite. The close correspondence
with the trapped particle spectrum (c, d) is highlighted by the colored asterisks.

Based on the experiments shown we can draw some considerations on the information provided by
Raman Tweezers in the field of TRWP. RT allows one to analyze individual carbon-rich micro and
nanoparticles in water, by isolating them one by one. Indeed, the carbon fingerprint observed on TPs
has little specificity, if any, and the actual origin of the particle (tires particle, exhaust particle,
lubricant, ...) is almost impossible to be determined, d’emblée, unless some pre-knowledge of the
sample is present. On the other hand, based on additional spectral features that can be found in the
Raman spectra, some more specific information on the actual composition and origin of the
investigated particle can be acquired. It is well known that tires capture particles from the road,
releasing micrometric particles of complex chemical nature into the environment upon friction and
abrasion. Heterogeneous particles consisting of agglomerates of rubber, road material and dust are
commonly observed,’®2” a fraction of which will end its life into the watery systems. The water
quality of the aquatic systems is influenced by the release of TRWP at different scales. In the literature

focus have been given to study the leach of tires components at the molecular scale, among which
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iron and manganese, as well as of zinc. The release of PAH, used as additive, is also reported (see
reference * for a review). Toxicological studies have been focused on the interaction of the leachates
of artificially fabricated tires particles with the bioma, showing toxic and sub-lethal effects, although
only at concentrations much higher than what is normally found in the environment. Very little is
known on the potential impact of nano-TRWP in the environment. Nano-TRWP can be of primary
origin, that is produced during tire abrasion and brake pad friction, or of secondary origin, that is due
to degradation and fragmentation of larger microparticles, due to oxidation, mechanical stress or
microbial colonization (especially in water). Our observations show that heterogenous particles are
produced even at the sub-micrometric scale. The small scale of the particles adds a peculiar difference
to larger micrometric particles: they will keep dispersed in the liquid medium with negligible
sedimentation. This, together with the more complex chemical composition of the hetero-aggregates,
potentially creates additional sources of risk, because of the cumulative effect of the different
materials interacting with the organisms, and because of the possible presence of pollutants released
also by the non-elastomeric fraction of the particle. In order to assess the risk of nano-TRWP in the
aquatic systems, the size, concentration and heterogeneous composition of the particles will have to

be taken into account.

Strengths, Limitations and Future Developments
Advantages of using RT. RT allows one to perform chemical particles’ analysis in a liquid medium,
without the need of drying the sample. Size overestimations, due to aggregation of the particles during
the water evaporation, are thus avoided. This represents a major advantage with respect to SEM/EDX
or micro-FT-IR, that are not capable to work in water. RT provides a unique advantage also with
respect to conventional Raman/microRaman spectroscopy. This latter technique, although suitable
for investigating particles dispersions in liquids, provides results limited to ensemble averages of
particles fluctuating inside the irradiation volume. Optical trapping, instead, grants the possibility to

immobilize individual particles under the laser spot for the time needed to acquire a Raman spectrum
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(seconds to minutes). RT is therefore the only tool available for single particle analysis of micro and

nanoplastics in liquid environment.

Particles’ size issues. As a rule of thumb RT find application in the analysis of particles with diameter
up to 5 um. In this size range, in fact, particles fluctuate in the liquid, subject to Brownian motion.
Tires materials, featuring a density (~ 0.950 g/cm?)*8® close to plastics,*® behave similarly. Particles
larger than 5 um, instead, do precipitate and lay on the surface of the glass microcell (top or bottom
surface, depending on whether the material density is smaller or larger compared to the liquid
medium). Precipitated particles can be investigated too, using the RT setup as a conventional micro-
Raman spectrometer, by simply focusing the laser spot on their surface.

From the sensitivity point of view, the potential of RT is enormous. Individual polystyrene particles
as small as 40 nm have been trapped and their Raman signal detected, although powerful lasers are
needed and interferential methods have to be implemented to assess the trapping.>*%° Difficulties in
this case emerge from the fact that the visibility of particles smaller than 100 nm in water is low and
only aggregates can be easily spotted and trapped in the solution.*® Tagging particles with fluorescent
dyes could be of help in this case,’®’! since the contrast would be very much increased.

Here we have shown that individual TRWP particles with size down to the diffraction limit (500 nm
or smaller, for the motivations explained below) can be trapped in 2D and Raman-analyzed with a
laser power < 10 mW at 632.8 nm. We can expect more difficulties for trapping smaller TRWP
nanoparticles. More intense lasers are, in fact, required (hundreds of mW) and the particles’ heating
could trigger fluidic instabilities destabilizing the optical trap. Annealing effects could, as observed,
alter the measured Raman fingerprint. The use of lasers at longer wavelengths, where absorption is
expected to be smaller, could improve the situation. A trade off will have to be found, however, since
the scaling of the Raman signal as A~* will yield smaller and smaller signals as we shift towards the
near-infrared region. Two-beams RT setups, in which one powerful near-infrared laser is used for

trapping and a less intense on emitting in the visible serves to excite Raman, could be a viable
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solution. Experiments on TRWP particles of controlled dimensions will shed more light on the
ultimate sensitivity limit of RT in this field.

For what concerns the particles’ size determination, objects of diameter d = 500 — 600 nm can be
reliably measured from their optical image. Due to diffraction,’® smaller particles will produce an
image corresponding to a particle of diameter d ~ 500 nm, independently from their actual size. When
such images are observed, it must be kept in mind that the actual size of the object could be smaller
than the one actually measured. The ideal application size range of RT, in which we can both measure
the particle size and acquire their Raman fingerprint in reasonable times, is therefore comprised
between 500 nm and 5 pm. Below 500 nm, and down to ~ 50 nm, we can still detect the presence of

nanoplastics, but it is no more straightforward to retrieve information on their actual size.

Particles’ concentration. Using PS particles’ dispersions of known concentration, our experience
suggests that for a RT apparatus exploiting a 100X oil- or water-immersion objectives, in which the
sample is contained in sealed glass cells of volume ranging from 20 to 80 pL, the concentration of
particles needed to readily carry out a Raman analysis is ~ 5x10° particles/mL. At smaller
concentrations, it becomes difficult to spot the particles in the limited field of view of the microscope
(some hundreds of microns). At concentrations higher than 10® particles/mL particles dilution is
needed. The environment gets, in fact, too crowded and the probability that more than one particle
enters the trap during the spectrum acquisition becomes incompatible with single particle analysis.
The simultaneous use of objectives of smaller magnification to locate the particle on a wider field of
view and bring it into the field of view of the 100X objective used for trapping and analysis could
potentially decrease by a factor 10 — 100 the minimum concentration. The implementation of
microfluidic circuits,*’ allowing one to operate in a stream of liquid, can be a more sophisticated
solution towards the analysis of volumes much larger than the 80 pL of standard glass cells. Future
work in this field will regard the implementation of automatized devices capable to drive and stop

the flow when a particle is in the field of view of the RT and automatically drive the particle under
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the laser spot. The integration of artificial intelligence for particles’ shape recognition’?> and Raman

spectra recognition could be a way to speed up the entire process, towards real world applications.

Selectivity of the method. The selectivity of RT, that is the capacity to discern different materials,
is inherited from Raman spectroscopy. Conventional plastics can be unambiguously discriminated
and discerned from carbonaceous species, minerals and biological matter.*® The composition of
heterogenous particles can be also assessed. Indeed, the presence of fluorescent substances, hinders
the applicability of this technique, because of the much higher fluorescence yield with respect to
Raman scattering. The use of near-infrared lasers (785nm, 830nm) can help solving the problem, but
the effective benefit has to be evaluated on a case-by-case basis, since even a small absorption tail
can yield to a residual fluorescence that covers the even weaker Raman fingerprint (scattering scales
as A*). For what concerns carbonaceous materials, as discussed above, the Raman signal is mainly
given by a strong emission around 1320 and 1600 cm!. Based on the peculiar shape of the two bands,
it is indeed easy to discern crystalline carbon (e.g. graphite micro- and nano-particles, or even
graphene),”? from amorphous carbon present in TRWP.>’” The discrimination among species
containing amorphous carbon, e.g. asphalt, tires, brake pad and exhaust particles retrieved from
environmental samples, is more difficult and requires the presence of some additional spectral marker
(such as in brake pad particles), of some degree of pre-knowledge on the samples, or of additional
observations. Future studies of the fluctuation/precipitation properties of micrometric particles could,

for example, provide hints on the density of the particle and discriminate between asphalt and rubber.

Quantification. RT, in the present configuration in which particles are contained in a sealed glass
microcell, does not permit for a precise count of the number of particles floating in the liquid, mainly
because of the risk of recounting the same particle. A rough solution to avoid re-counting is the
analysis of particles located much far apart, that is at distances larger than the diffusion length

expected for a micrometric particle in the time required for Raman analysis. Future developments
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should foresee the implementation of microfluidic circuits’ in which particles can be trapped, driven
to an empty zone for analysis and subsequently trashed into an ad-hoc channel. This could represent

a solution for reliable quantitative analysis by RT.

Conclusions
In conclusion, we have used Raman Tweezers to trap and analyze Tire and Road Wear Particles with
dimensions from few microns down to the 500 nm range (at the diffraction limit of our imaging
system). We show both theoretically and experimentally, that the strong radiation pressure observed
on such absorbing particles prevents stable trapping in 3D, but that 2D trapping can be accomplished
by pushing the particles against the top surface of the glass cell in which they are contained. Light
irradiation can lead to the fragmentation of TPs aggregates into their smaller constituents. Strong light
focusing on a single car tire particle generates bubbling and can even induce changes in its crystalline
structure. Overheated carbon particles generate thermal gradients inside the water medium, triggering
thermophoretic flows of matter, dragging and concentrating particles in the focal region of the laser,
and finally leading to a thermophoretic trapping effect. We have observed that particles produced by
mechanical grinding of aged tires can reach sizes down to the nanometric range (500nm or below).
These particles have been optically trapped in distilled and seawater and analyzed by Raman
spectroscopy in times of the order of 1 minute. Thanks to the richness of information provided by the
Raman spectra, we have been able to identify the presence of hetero-aggregates composed of a
mixture of road minerals and rubber. Finally, experiments carried out on particles extracted from a
brake test platform have shown the capability of RTs to discriminate among road particulate matter,
tire particles, and brake wear particles with dimensions down to ca. 600 nm. Based on these results,
we believe that RTs could have a potential application for studying the presence of Tire and Road
Wear nanoparticles in water systems, avoiding artifacts related to particles re-aggregation during the

drying phase required by other conventional analytical techniques (SEM, microFT-IR, conventional
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microRaman). Technological efforts are still needed in order to automatize the analysis process and
for image and spectral recognition. In this regard, the implementation of artificial intelligence and

deep learning routines is foreseen as a necessary step in future research.
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