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ABSTRACT 19 

Our understanding of the fate and distribution of micro- and nano- plastics in the marine environ-20 

ment is limited by the intrinsic difficulties of the techniques currently used for the detection, quan-21 

tification and chemical identification of small particles in liquid (light scattering, vibrational spec-22 

troscopies, optical and electron microscopies). Here we introduce Raman Tweezers (RTs), namely 23 

optical tweezers combined with Raman spectroscopy, as an analytical tool for the study of micro- 24 

and nano-plastics in sea water. We show optical trapping and chemical identification of sub-20 25 

µm plastics, down to the 50 nm range. Analysis at the single particle level allows us to unambig-26 

uously discriminate plastics from organic matter and mineral sediments, overcoming the capacities 27 

of standard Raman spectroscopy in liquid, intrinsically limited to ensemble measurements. Being 28 

a microscopy technique, RTs also permits to assess the size and shapes of particles (beads, frag-29 

ments, fibres), with spatial resolution only limited by diffraction. Applications are shown on both 30 

model particles and naturally aged environmental samples, made of common plastic pollutants, 31 

including polyethylene, polypropylene, nylon and polystyrene, also in presence of a thin eco-co-32 

rona. Coupled to suitable extraction and concentration protocols, RTs have the potential to strongly 33 

impact future research on micro and nanoplastics environmental pollution, and enable the under-34 

standing of the fragmentation processes on a multi-scale level of aged polymers. 35 

 36 

 37 

 38 
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 39 

INTRODUCTION 40 

Microplastics1,2 and nanoplastics pollution3 is currently perceived as the last frontier in environ-41 

mental research.4,5,6,7,8,9 The transfer of very small plastics through the trophic chain10,11,12 is a 42 

potential source of contamination at all the trophic levels and the potential impacts on the human 43 

health have raised concerns.13,14  Surveys are, however, limited to particles > 20 µm (e.g. 15,16,17,18), 44 

with very few reports addressing the sub-20 µm fraction.19,20,21 Data on nanoplastics22 (particles 45 

smaller than 1 µm) are even more scarce. The generation of nanoplastics has been demonstrated 46 

by photodegradation,23,24 or biodegradation25 of microplastics. Their presence in the North Atlantic 47 

subtropical gyre has recently been suggested.3 The ingestion of plastic nanocolloids has been 48 

demonstrated in oysters.26,27 The quest for sub-20 µm microplastics has become particularly rele-49 

vant in view of recent reports showing that the quantity of plastics detected in the oceans is orders 50 

of magnitude smaller than expected, and suggesting that the undetected micrometric and nanomet-51 

ric fraction, derived from fragmentation of millimetre scale particles, could account for this defi-52 

ciency.15,16  53 

Well assessed protocols have been developed for the analysis of microplastics in the 5 mm – 20 54 

µm range.28,29 These include visual inspection / stiffness test (down to 500 µm),28,30,31 FTIR/mi-55 

croFTIR,12,17, 32,33,34 Raman/micro-Raman,19,33,35,36 Pyrolysis Gas Chromatography–Mass Spec-56 

troscopy (down to 100 µm),37,38,39,40 Transmission/Scanning Electron Microscopy 57 

(TEM/SEM),19,38 Fluorescence Microscopy.16,21,41 It is a shared opinion, instead, that methods to 58 

characterize the chemical nature of the smallest micro and nanoplastics, especially in water envi-59 

ronment, are still to be invented.22,30,42,43,44 The techniques used so far, in fact, include 60 
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TEM/SEM,9,22,23 fluorescence microscopy,26 Nanoparticles Tracking Analysis24 and Dynamic 61 

Light Scattering,22,23 none of which is capable to provide chemical information.  62 

Among the “classical” analytical techniques microRaman can, indeed, be used to probe nanosized 63 

materials.45 Although the spatial resolution is limited by diffraction (~250 nm), sensitivity reaches 64 

the single nanostructure level. Few nm diameter carbon nanotubes,46 one-atom thick graphene 65 

flakes47 and plastic particles of few tens of nanometers48 are easily detectable. Infrared – Atomic 66 

Force Microscopy (AFM-IR),49 Near-Field Raman Microscopy, Tip-Enhanced Raman Spectros-67 

copy (TERS),50 and Nano-FTIR51 combine chemical sensitivity with nanoscale resolution.52,53,54 68 

Such tools are, however, very expensive, require bulky setups and none of them is capable to 69 

analyse particles in liquid dispersions. 70 

Optical Tweezers (OT) exploit the tiny forces that light exerts on matter55,56 to trap and manipulate 71 

micro and nanoparticles dispersed in liquid.57,58  When coupled to Raman spectrometers, OT ena-72 

ble chemical analysis of the trapped particles. The so-called Raman Tweezers (RT)59,60 find appli-73 

cations in several fields61 including cells sorting,62 virology,63 nanomaterials analysis,64,65 and high 74 

sensitivity molecular detection.66,67,68,69 First demonstrations of the potentialities of OT/RT in the 75 

field of nanoplastics (although the name was far from being invented) were shown by Ashkin et 76 

al. in 1986,56 who stably trapped 25 nm PS spheres in water, and by Ajito et al. in 2002, 70 who 77 

showed Raman spectra of optically trapped 40 nm PS spheres. To our best knowledge, no appli-78 

cations of RTs in the study of nanoplastics pollution have been published so far.  79 

Here we propose the use of RTs to trap and chemically identify a broad range of small micro- and 80 

nanoplastics in both distilled and seawater, showing unambiguous discrimination between differ-81 

ent plastics and microparticles coming from marine sediments and organic matter. Results are 82 



 5 

shown on commercial, artificially produced and naturally aged fragmented particles (50 nm – 20 83 

µm diameter) made of Polypropylene (PP), Polystyrene (PS), Polyethylene(PE), Polyamide-6 84 

(PA6), Poly-Vinyl-Alcohol (PVA), Poly-methyl-methacrylate (PMMA) and Polyethylene-tereph-85 

thalate (PET).  86 

 87 

THEORETICAL BASIS 88 

Definitions. Plastics in seawater undergo fragmentation into debris of smaller size (Figure 1a).71 89 

The European Water Framework (EWF) directive72 defines microplastics particles < 5 mm. The 90 

lower size bound of microplastics is arbitrarily set by the different authors. Consensus on the def-91 

inition of nanoplastics is still missing [Note S1, Supporting Information (SI)]. In this article we 92 

use the EWF definition for the term microplastics and the term nanoplastics for particles smaller 93 

than 1 µm in at least two dimensions, no matter whether they are produced intentionally (primary 94 

sources73,74,75,76) or come from fragmentation of larger objects (secondary sources).22 We refer to 95 

microplastics smaller than 20µm as “the sub-20 µm fraction.” We call “large nanoplastics” those 96 

between 1 µm and 100 nm and “small nanoplastics” the ones smaller than 100 nm (Figure 1b). 97 

 98 
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Figure 1: Degradation flow and size-based definition of plastics. 99 

 100 

Optical Forces are due to the momentum exchange between light and particles during the scatter-101 

ing interaction,57 arising when tightly focusing laser beams. They confine particles in an optical 102 

potential well, giving rise to the so-called optical trapping. Different approximation models can be 103 

used to calculate optical forces.61 The size parameter 𝑥 = 𝑘$𝑎 defines the range of validity of each 104 

approximation, where 𝑘$ = 2𝜋𝑛$ 𝜆⁄ , is the light wavenumber in the medium surrounding the 105 

particle, 𝑛$ the medium refractive index (𝑛$ = 1.33 for water), a is the particle radius (10 nm – 106 

10 µm for the sub-20 µm plastics fraction) and λ is the laser wavelength in vacuum (400 – 1100 107 

nm for standard applications).  108 

 109 

Figure 2. Diagram illustrating the principle of OT in to the ray optics regime (a, b) valid for mi-110 

croplastics down to several microns in size, and in the Rayleigh regime (c) valid for the nanoplas-111 

tics.  112 

 113 

For particles much bigger than the wavelength (𝑥 ≫ 1), i.e. for microplastics down to sub-20 µm 114 

fraction, the ray optics approximation (ROA) is used.77 The optical field is split in a collection of 115 

light rays, each carrying a portion of the total power and linear momentum. When each ray 116 
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impinges on the particle, it will be partly refracted and partly reflected by the surface, according 117 

to Snell’s law (yellow and grey lines in Figure 2a,b). The total interaction force is the sum of the 118 

components generated by the reflection and refraction of each ray (Note S2, SI). When the particle 119 

is displaced laterally with respect to the optical axis (Figure 2a), a net transverse force arises (green 120 

arrow), proportional to the field intensity gradient (transverse gradient force), that pulls back the 121 

particle towards the optical axis, whenever the particle’s refractive index, 𝑛/, is larger than the 122 

medium one 𝑛0, i.e. 𝑛/ > 𝑛0. Figure S1(a), SI, shows the transversal gradient force acting on a 123 

10 µm diameter PE bead as a function of the position (x = 0 is the optical axis). For small displace-124 

ments, the force is proportional to the displacement (Hook’s law) and tends to bring the particle to 125 

the equilibrium position (x = 0), independently from the objective’s numerical aperture, NA (𝑁𝐴 =126 

𝑛0 	sin 𝜃, where 𝑛0 is the refractive index of the medium and θ is objective’s aperture angle). 127 

When the particle is displaced axially below the laser focus (Figure 2b), the overall direction of 128 

the laser propagation is not changed, but its divergence is. The transmitted rays are refracted in a 129 

way that they are more convergent upon leaving the particle (Figure 2b, yellow lines). This slight 130 

change of the rays’ orientation causes a restoring force acting upwards (green arrow) and propor-131 

tional to the field intensity gradient (longitudinal gradient force). If the particle is located above 132 

the focus the restoring force will point downwards. The gradient force (�⃗�;<=>), whether transverse 133 

or longitudinal, yields the trapping of the particle in the laser focus. A second optical force, the 134 

scattering force (�⃗�?@=A), due to the radiation pressure induced by the recoil of the reflected rays 135 

(Figure 2b, grey lines) tends, instead, to destabilize the optical trap, pushing the particle along the 136 

beam propagation direction. Stable 3D trapping (Movie S1, SI) requires that the longitudinal gra-137 

dient force overcomes the scattering force. In the ROA this occurs when the objective’s NA is large 138 

enough to create a field gradient capable to counterbalance the effect of the radiation pressure. 139 
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Figure S1(b), SI, shows this effect for a 10 µm PE particle. For NA > 1.0 (red, magenta) the net 140 

longitudinal force and the trap stiffness are strong enough to provide stable trapping. For NA = 0.3 141 

the force (green) is almost flat around z = 0 and the trap becomes unstable. NA = 0.6 (blue) is an 142 

intermediate situation in which weak trapping is expected. For non-spherical particles, shape-de-143 

pendent optical torques lead to alignment or rotation effects (Movie S2, SI).61  144 

For particles much smaller than the laser wavelength (𝑥 ≪ 1), e.g. small nanoplastics, the dipole 145 

approximation is adopted (Note S2, SI). The particle is modelled as a point-like dipole 𝑝 induced 146 

by the incident field 𝐸E⃗ . The (oscillating) induced dipole interacts with the (oscillating) incident 147 

electromagnetic field, leading to a force whose time-averaged expression is:61 148 

〈�⃗�〉 = H
I
	Re(𝛼)	∇EE⃗ P𝐸E⃗ (𝑟)P

R
STTTTUTTTTV

W<=>XYZA	[\<@Y

+ ^_
R@
	σYaA	Reb𝐸E⃗ 	× 𝐻EE⃗ ∗fSTTTTTUTTTTTV
g=>X=AX\Z	/<Y??h<Y

+ i	^_	j_
Ikl

	σYaA	∇EE⃗ × b𝐸E⃗ × 𝐸E⃗ ∗fSTTTTTTTUTTTTTTTV
m/XZn@h<o	[\<@Y

           (1) 149 

Here Re(𝛼) is the real part of the particle’s polarizability, P𝐸E⃗ (𝑟)P
R
 the intensity spatial profile of 150 

field, 𝐻EE⃗ ∗ is the complex conjugate of the magnetic field,	𝜔 the angular frequency, σYaA the extinc-151 

tion cross section of the particle,	𝜀$ the dielectric constant of the medium. The first term is the 152 

gradient force. Plastics, featuring positive values of Re(𝛼), will be attracted and trapped in the 153 

maximum of the laser intensity, i.e. the focus of the objective (Figure 2c). The second term is the 154 

scattering force. It accounts for the radiation pressure and pushes the particle outside the trap. The 155 

third term is a spin dependent force, negligible in most of the cases. Figures S1(c, d), SI, shows 156 

the transverse and longitudinal forces acting on a 90 nm PS particle at 830 nm excited through 157 

objectives of different NA. Again, a restoring force attracts the particle in the laser focus for small 158 

displacements from the equilibrium. Objectives with numerical apertures NA ≥ 1 are necessary to 159 

achieve stable trapping in the longitudinal direction (the force is flat for NA ≤ 0.6).  For PS spheres 160 

at 830 nm, the dipole approximation provides accurate predictions for particles < 100 nm,61 namely 161 
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for all small nanoplastics, while the ROA can be safely applied for particles > 1 µm, that is for all 162 

microplastics, including the sub-20 µm fraction.  163 

In the intermediate regime, typical of large nanoplastics, where the particle size is comparable with 164 

the wavelength (𝑥~1) or for highly non-spherical or non-homogeneous particles, a complete wave-165 

optical modelling is needed.57 166 

Optical trapping of nanoplastics. Raman spectroscopy of micro- and nanoplastics requires meas-167 

urement times up to few minutes, during which the particle must be stably trapped. For micron 168 

scale particles this is achieved when the refractive index of the particle is larger than the medium 169 

and when the objective’s NA is large enough. For polymers 𝑛/ varies in the 1.3 – 1.7 range.78 170 

Values relative to the most common plastics (Table S1, SI) are indeed larger than water (nw = 171 

1.33). Therefore, using an objective with NA=1.3 (100X, oil immersion), stable trapping is always 172 

expected. The same does not necessary hold for nanoplastics, for which the laser power becomes 173 

important. For small enough particles, in fact, the Brownian motion can destabilize the optical trap. 174 

Having a gradient force stronger than the radiation pressure is a condition no more sufficient for 175 

stable trapping. In addition, the depth of the trapping potential well must be sufficient to overcome 176 

the thermal kinetic energy of the particle. This requires (Note S3, SI) that the laser power exceeds 177 

a certain threshold value, proportional to the square of the laser wavelength (𝑃At<~𝜆R) and to the 178 

inverse of the particle’s volume (𝑃At<~𝑎nu). More intense lasers are, therefore, needed to trap 179 

smaller particles or whenever we use longer wavelengths (e.g. in the NIR). Figure S2(a), SI, shows 180 

that powers of 1 – 50 mW are sufficient for stable 3D trapping of PS particles with diameter down 181 

to 100 nm (small nanoplastics limit), while several hundreds of mW are needed to access the sub-182 
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50 nm regime. Figure S2(b), SI, shows that powers of several tens of mW are needed for stable 183 

3D trapping of nanoplastics (100 nm) made of all common plastics materials.   184 

 185 

EXPERIMENTAL SECTION 186 

Raman Tweezers setup. A RT is an inverted microscope provided with a high NA objective, 187 

coupled to a Raman spectrometer. The high NA ensures the large intensity gradient necessary for 188 

trapping and, at the same time, the power density needed to maximize the Raman signal. The setup 189 

used for our experiments is a homemade single beam RT (Figure 3) in which the same laser is used 190 

for both Raman excitation and trapping. 191 

 192 

Figure 3. Sketch of the single beam Raman Tweezers setup used in our experiments. 193 

It is coupled to several laser sources, among which a He-Ne (633 nm, P = 11 mW on sample) and 194 

a diode (785 nm, P = 21 mW on sample). The beam is expanded and sent to a notch filter that 195 

reflects it towards the objective (100X, oil immersion objective, NA 1.3, WD 200 µm). Light is 196 

focussed onto the particle’s located in a glass microchamber mounted on a piezoelectric table for 197 

positioning purposes. The backscattered light (Rayleigh + Raman) is filtered by the same notch 198 

filter to remove most of the Rayleigh scattering (OD = 7). A CCD camera is used for imaging 199 
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trapped particles. A monochromator with a 1200 groves/mm grating and a Peltier-cooled silicon 200 

CCD camera (1024×256 pixels, spectral resolution at 633 nm is ~ 8 cm-1) is used for detection.  201 

For analysis, 10 µL of particles solution is cast between a flat microscope slide and a soda-lime 202 

coverslip, forming a 25 µm thick microchamber. The drop is let to spread on the coverslip surface 203 

and sealed with nail polish. microchamber. The drop is let to spread on the coverslip surface and 204 

sealed with nail polish. Thanks to the inverted geometry of the setup, particles denser than water 205 

that precipitate at the bottom of the microcell are visible and can still be analyzed. As well, particles 206 

less dense than water will settle at the top of the microcell and, thanks to the small thickness (25 207 

µm) of the microcell, will be still in the field of view and analysis of the high NA objective.  208 

PS beads with diameters of 50, 90, 500, 1000 and 2000 nm in distilled water are purchased from 209 

SERVA (90 nm) and Polysciences (50, 500, 1000, 2000 nm). Nominal particles densities are 210 

3.64×1014 particles/mL, 3.64×1011 particles/mL, 4.55×1010 particles/mL and 5.68×109 parti-211 

cles/mL for the 50, 500, 1000, 2000 nm samples. For the 90 nm plastics, the producer only provides 212 

information on the PS volume fraction in the dispersion (10%). Particles are diluted up to 1:107 213 

v/v in in both distilled water and seawater sampled from the Mediterranean Sea, in Torre Faro 214 

(Italy). Dilution allows us to have a few particles visible in the field of view of the microscope 215 

(50×40×25 µm3), and eases the process of localization and trapping. Freely floating individual 216 

particles of 90 and 50 nm diameter are not identifiable under our microscope, differently from 217 

aggregates which can be localized and trapped.  218 

PMMA beads of 300 nm diameter are purchased from Polysciences. The producer provides in-219 

formation on the solid volume fraction in the dispersion (2.5%). Particles are diluted in seawater 220 

with 100 µL of diluted 1:20 v/v surfactant to avoid aggregation, in order to have a few particles 221 
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visible in the field of view. Individual particles are easily distinguished from dimers and oligomers 222 

under the microscope.  223 

PP microparticles have been kindly provided by Two H Chem ltd. (Propolder FPP4010). They 224 

come in fine particle powder form with a size distribution nominally centered around 11µm and 225 

standard deviation of 3.5 µm. The powder is first dispersed in distilled water (5 mg in 5 mL). To 226 

avoid aggregation, we add 100 µL of surfactant diluted 1:20 v/v in distilled water. For experiments 227 

the solution is further diluted 1:100 v/v in distilled or seawater.  228 

Thermoplastic polyamide-6 particles have been produced by artificial ageing at IFREMER. Pol-229 

ymer sheets 200 µm thick are placed in stainless steel vessels filled with pure water. They are 230 

placed in a ventilated oven at 140 °C for 14 days. The internal pressure is set to 15 bars. The 231 

resulting solution is used “as prepared” or diluted 1:10 v/v in seawater.  232 

 233 
 234 
PE particles with diameter between 400 nm and 1.6 µm have been prepared at Le Mans University 235 

using toluene-in-water emulsions after total dissolution of PE in the toluene phase.79 Particles fea-236 

ture a concentration smaller than 0.2% (w/w) and are covered with a biosurfactant derived from 237 

algae in order to improve stability. The two samples analysed are prepared dispersed in ultrapure 238 

water and after addition of sea salt to reach the typical concentration of seawater (35 g/L). 239 

PVC, PET and PMMA particles have been artificially produced by rubbing against a grinding 240 

wet stone for sharpening knives. We start from cm-scale plastic fragments extracted from a credit 241 

card (PVC), a plastic bottle (PET) and a plastic cup (PMMA). The plastic is rubbed against the 242 

stone and then the stone is repeatedly rinsed with distilled water. The process is repeated three 243 

times. Surfactant is added for experiments in seawater. 244 
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Marine sediments have been extracted from below the water level of the Torre Faro (Italy) sea-245 

shore, around the high-tide line, and put in an 8ml vial with sea water. 100 µL of surfactant is 246 

added and the sample is shaken for 10 min to ensure that most sediments get in suspension. Prior 247 

to analysis, the sample is decanted for 1 min in order to let sand and other heavy sediments deposit. 248 

The supernatant is pipetted and directly put in the fluidic cell for RT analysis.  249 

Naturally aged PE microparticles have been obtained from a bottle cap found along the shores 250 

of Torre Faro, which had visibly undergone long exposition to solar radiation and subject to weath-251 

ering. Microplastic particles have been produced by breaking the cap in seawater, similarly to what 252 

happens when a plastic bottle is accidentally stepped on. Samples are collected in a vial and shaken, 253 

prior to extracting the supernatant used for analysis. In air, 0.1 mg of sub-mm fragments is released 254 

during each fragmentation event on average. We expect, therefore, that the total plastic dispersed 255 

in the seawater sample is of the order of some hundreds of µg/mL. 256 

Naturally aged PP microparticles have been obtained from a paint bucket found along the shores 257 

of Torre Faro (Messina, Italy). The bucket looked aged and brittle, suggesting long exposure to 258 

weathering. Residual paint was present on the interior walls and it contained clam shells. Very 259 

little mechanical pressure was required to fragment the bucket walls into a large number of milli-260 

meter and sub-millimeter particles. The analysed samples have been produced by fragmenting 261 

parts of the bucket directly in seawater in a vial. After shaking, the supernatant has been pipetted 262 

and used for analysis. In air, circa 1 mg of sub-mm fragments is released during each fragmentation 263 

event on average. We expect, therefore, that the total plastic analysed in seawater is of the order 264 

of some mg/mL.   265 

 266 
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RESULTS AND DISCUSSION. 267 

Experiments are carried out with the aim of (i) demonstrating that micro and nanoplastics made of 268 

different materials, shapes and sizes can be easily trapped and quickly analysed by RT in distilled 269 

and in sea water, (ii) showing that the Raman fingerprints of different plastics present in the same 270 

dispersion can be easily discriminated; (iii) showing that the plastics can be unambiguously dis-271 

tinguished from optically trapped sediments microparticles; (iv) provide a demonstration of RT 272 

analysis on two naturally aged, brittle samples found in the environment; (v) determining the best 273 

excitation wavelength in terms of ease of trapping, maximum signal, minimum acquisition time, 274 

minimum background. A database of the Raman fingerprints of different plastics has been prelim-275 

inarily acquired using the RT setup, for reference purposes, on cm-scale fragments in dry condi-276 

tions. Spectra, modes assignment and discussion are reported in SI (Figure S3, Note S4, Tables S2 277 

– S8). 278 

Detection and identification of micro- and nanoplastics in distilled water. Diluted solutions of 279 

PS spheres have been analysed at 785 nm (2 µm to 90 nm diameter) and on a larger dimensions 280 

range at 633 nm (5 µm to 50 nm diameter), in order to compare the trapping potentialities and 281 

signal levels. Pictures of the trapped particles are shown in Figure S4, SI. Size determination of 282 

the trapped beads is easily achieved down to 500 nm from the calibrated optical images [Figure 283 

S4(b – e)]. Below this limit, images are influenced by diffraction and become not representative 284 

of the actual particle size, but only of the laser spot size. Images like Figure S4(a) are obtained for 285 

both 50nm and 90nm samples. Stable 3D trapping of PS spheres is achieved at both wavelengths 286 

on particles with 𝑑 ≥ 500	nm, provided that the objective pupil is duly overfilled. Conversely, the 287 

floating structures visible in the 50 and 90 nm dispersions are always pushed away from the beam 288 

focus along the propagation axis, indicating a prevalence of the scattering force over the gradient 289 
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one. Stable trapping (2D trapping) is, however, recovered by pushing the particle against the mi-290 

crocell surface, in order to counterbalance the axial pushing force (see schematic in Figure S5, SI). 291 

Exploiting this stratagem, we are able to immobilize an analyse very small structures also in the 292 

50 nm and 90 nm samples. Raman spectra of particles optically trapped at 633 nm are shown in 293 

Figure 4a (coloured lines indicate different diameters, d = 50 nm – 5 µm) and exhibit the typical 294 

fingerprint of PS. Figure S6, SI, displays a zoom of the spectrum acquired on the 50 nm particles, 295 

highlighting a good signal to noise ratio (S/N ~ 3). Power on the sample is 11 mW and integration 296 

times are of the order of tens of seconds. Faster analysis (seconds) can be carried out down to the 297 

nanoplastics regime, as shown in the inset of Figure 4a (d = 500 nm, integration time 1 s, S/N ~ 2 298 

for the 1000 cm-1 band). Better performances are expected, indeed, from more powerful lasers. 299 

Optical images of the trapped particles confirm that analysis is, indeed, performed at the single 300 

particle level for d ≥ 500 nm. For the 50 and 90 nm samples, diffraction prevents us from counting 301 

the number of particles actually trapped.  302 

 303 

 304 

Figure 4: (a) Raman spectra of PS beads (50 nm to 5 µm) optically trapped in distilled water at 305 

633 nm. Power is 11 mW out of the objective. Integration time is T = 10 s (2 acquisitions) for d = 306 
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0.5, 1, 2, 5 µm, T = 4 s (2 acquisitions) for d = 90 nm, T = 30 s (2 acquisitions) for d = 50 nm. 307 

Spectra plotted in (a) are normalized to the integration time and offset for clarity, after subtraction 308 

of the background continuum. This latter signal is typically acquired using integration times 10 309 

times larger in order to reduce its noise contribution to the subtracted spectrum. The inset displays 310 

the spectrum (black) and the smoothed curve (red, Savitzky–Golay filter, 16 points) of a 500 nm 311 

bead acquired with an integration time of T  = 1 s. (b) Normalized Raman signal Vs particles 312 

diameter. Experimental data (symbols) are compared to theoretical calculations (black line) for a 313 

single trapped particle, and to the trends expected for a particle much smaller than the laser spot, 314 

𝑆 ∝ 𝑉, (red dashed line) and for a particle much larger than the laser spot, 𝑆 ∝ 𝑑, (green dashed 315 

line). The shadowed area indicates the noise level detected in our measurements for an integration 316 

time of 60 s. 317 

 318 

Figure 4b(symbols) shows that the Raman signal at 633 nm, S, increases when trapping larger and 319 

larger particles. The 𝑆 ∝ 𝑉 signal dependence [Figure 4b(red dashed line)] is, however, not veri-320 

fied. For particles larger than the laser spot diameter (dlas ~ 440 nm) this is expected, since only a 321 

limited region of the particle’s volume is effectively illuminated (Figure S7), suggesting a sub-322 

volumetric dependence of the Raman signal. A more precise calculation for a single sphere is 323 

carried out by integrating the Gaussian intensity profile of a tightly focussed beam over the volume 324 

of the sphere, for different diameters (Note S5, SI). The calculated curve [(Figure 4b (black line)] 325 

matches well the experimental data for d ≥ 500 nm. For large particles (d ≥ 1 µm), 𝑆 ∝ 𝑑 (green 326 

dashed line), due to the fact that only the effective volume of the particle intercepted by the light, 327 

scaling with d, will give rise to a Raman signal (Figure S7). For the smallest particles (d ≤ 300 nm) 328 

our model correctly predicts the 𝑆 ∝ 𝑉 trend (red dashed line). The fact that the experimental signal 329 
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on the d = 50 and 90 nm trapped structures is more than one order of magnitude larger than that 330 

expected for a single particle, suggests that we are trapping aggregates composed of ~ 20 – 30 331 

nanoplastics particles. These measurements, however, show the capability of RT to investigate 332 

aggregates of the small nanoplastics.     333 

Measurements at 785 nm on beads from 90 nm – 2 µm (Figure S8, SI) have been carried out with 334 

21 mW power and integration times from 10 to 180 s. The signal (after normalization to power 335 

and integration time) turns out to be ca. 4 – 5 times less intense than at 633 nm, due to a worse 336 

sensitivity of the detection system in the NIR and to the 𝜆nI wavelength dependence of the Raman 337 

scattering. Further advantages at 633 nm are: a smaller power (11 mW against 21 mW at 785 nm), 338 

a better signal to noise ratio at equal integration time (50 Vs 30) and a larger spectral range (200-339 

4000 cm-1 at 633 nm against 500 – 2500 cm-1) due to the limited response of the detector in the 340 

NIR. However, operation at 633 nm induces a signal background due to emission from the soda-341 

lime coverslip, more intense than at 785 nm.  342 

Microplastics of different materials (PET, PA6, PVC, PPMA, PP) have been dispersed in distilled 343 

water and analysed by RT at 633 nm. The ground particles (PET, PA6, PVC, PPMA) show a size 344 

distribution from several tens of microns to the sub-micron scale, with different shapes. The PP 345 

particles are quasi-spherical. Most of them have dimensions compatible with the nominal values 346 

(11 µm). Smaller particles, from 5 µm down to the sub-micron level are also found. For each 347 

material we show in Figure S9, SI, the optical images (a – e) and the Raman spectra (f) of repre-348 

sentative trapped particles, chosen among the smallest found in each sample. The dimensions span 349 

from 2 µm (PVC) to ~ 1 µm (PET, PA6), down to the sub-micron scale (PMMA, PP). In all cases 350 

we easily identify the nature of the trapped particles using the reference spectra.  351 
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Detection and identification of micro- and nanoplastics in seawater. RT operation in seawater 352 

is somehow complicated by (i) the presence of a more intense background; (ii) the tendency of the 353 

smallest particles to form homo- and/or hetero-aggregates; (iii) the presence of microorganisms 354 

and mineral particles in the sediments dispersed in seawater. Background at 633 nm (Figure S10a, 355 

black line, SI) is 10 times more intense than in distilled water, probably due to substances dissolved 356 

therein. At 785 nm the background (Figure S10a, green line, SI) consists of two small peaks before 357 

1000 cm-1 and a broad band at ~ 1450 cm-1 that originates from the fluorescence of the soda-lime 358 

coverslip. At both wavelengths, however, chemical identification of optically trapped PE particles 359 

of few microns diameter is straightforward and unambiguous (Figure S10a, red and blue lines), 360 

especially after background subtraction (Figure S7b, red and blue lines). Raman spectra of opti-361 

cally trapped particles in seawater of common plastic pollutants are shown in Figure 5, together 362 

with their optical images. The particles feature dimensions in the micrometre (PET, PVC, PP, PE) 363 

and sub-micron scale (PMMA, PA6) and have been chosen among the smallest found in each 364 

solution. Measurements at 633 nm require integration times from 2 s to 60 s. Unambiguous Raman 365 

signatures are found for all the micro and nanoplastics analysed. 366 

 367 
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 368 

Figure 5: Raman spectra of optically trapped micro- and nano- plastics made of different materials, 369 

dispersed in seawater. Particles dimensions are: PET 2.6 µm, PVC 3 µm, PP 2.8 µm, PMMA sub-370 

micron, PA6: sub-micron, PE 2 µm. Laser wavelength 633 nm. Power 11 mW out of the objective. 371 

Integration times are 20 s (2 acquisitions) for PE and PVC, 60 s (2 acquisitions) for PA6 and 372 

PMMA, 4 s (2 acquisitions) for PP, and 2 s (2 acquisitions) for PET. Spectra are background-373 

subtracted, rescaled (factors indicated in parentheses) and offset for clarity. 374 

 375 

Detection of single nanoplastics in seawater. The use of commercial nanobeads as model sys-376 

tems for environmental studies has been questioned22 due to their artificial origin and the different 377 

physical/chemical properties with respect to nanoplastics originating from the natural degradation 378 

of microplastics (e.g. random shapes, polydisperse dimensions, …). In particular, it is pointed out 379 

that nanoplastics form homo- or hetero-aggregates with other natural or man-produced particles. 380 

We have carried out experiments on 300 nm PMMA beads and 90 nm PS beads in seawater.        381 

PET

PVC

PP

PMMA

PA6
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 382 

Figure 6: (a) Background subtracted spectra of 1, 2 and 4 PMMA particles (d = 300 nm) optically 383 

trapped at 633 nm (power 11 mW, integration 10 s, 6 acquisitions). Inset: intensity of the 810 cm-384 

1 mode Vs number of particles (symbols) and linear fit (red line) of the data. (b) Raman spectra of 385 

a micrometric (red line) and of a nanometric (black line) PS particle (d = 90 nm) optically trapped 386 

at 633 nm (power 11 mW, integration time 60 s, 2 acquisitions). Spectra are normalized to the 387 

integration time, so that the intensities are directly comparable. Insets: optical images of the parti-388 

cles (images size 5×5 µm2).  389 

Figure 6a shows the Raman signal of np = 1, 2, and 4 PMMA particles stably trapped in 3D at 633 390 

nm. The particles can be individually counted after being released from the trap (Movie S3, SI). 391 

For np = 4, we see two individual particles and a dimer. The intensity of 810 cm-1 Raman band 392 

(inset of Figure 6a) increases linearly with np, confirming that the dimer is a PMMA homodimer. 393 

Individual PMMA nanoparticles are clearly identified with a S/N ratio ~ 4 in 60 s integration time. 394 

The PS particles, stable for months in distilled water, aggregate into micron scale structures after 395 

few minutes from dispersion in seawater.80 Upon addition of a drop of surfactant and vigorous 396 

shaking, however, nanoscale PS structures can be observed in the dispersions. Figure 6b (insets) 397 

shows the optical pictures (5×5 µm2) and the Raman spectra of a micron scale (red line) and a 398 
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nanoscale (black line) particle optically trapped in 2D at 633 nm, present, respectively, in the nat-399 

ural dispersion and in that with the surfactant. The signal intensity of the nanoparticle (black) is 400 

similar to what expected from an aggregate of ~ 35 particles. The micron scale particle is charac-401 

terized by a continuum background (not related to glass) on which the Raman peaks are superim-402 

posed. The intensity on the 1000 cm-1 peak is only 1.5 time more intense than on the nanoparticle, 403 

in spite of a much larger volume. This suggests that we are probably trapping a hetero-aggregate 404 

composed of about 50 PS particles bound to some slightly fluorescent larger structure. 405 

 406 

Artificially aged PE particles covered with organic over-layers. RT have been used to detect PE 407 

microparticles that have undergone ageing in seawater. Two samples are studied, one of them 408 

covered with a biosurfactant from microalgae exudates.79 Raman spectra of optically trapped par-409 

ticles between 0.7 µm and 2 µm display the characteristic bands of PE (Figure 7). The higher 410 

intensities generally measured in the seawater sample, are maybe due to the presence of homo-411 

aggregates or particles larger than those present in the sample with the biosurfactant. No Raman 412 

fingerprint of this latter molecule is detected, indicating that plastics can be identified despite the 413 

presence of an eco-corona, too thin to be detected. Finally, we have optically trapped particles in 414 

both samples that do not provide any Raman signal (Figure 7, cyan and black lines), although we 415 

set an acquisition time as long as 300 s. These maybe microorganisms present in the seawater.   416 
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 417 
Figure 7. Background-subtracted Raman spectra of PE particles optically trapped in seawater with-418 

out (red, green) and in presence of the biosurfactant (blue, magenta). Laser wavelength 785 nm, 419 

power 21 mW, integration time 300 s, 3 acquisitions. In both samples we found particles that, upon 420 

trapping, do not provide any Raman signal (cyan and black lines) even after 15 min integration 421 

time.  422 

 423 

Marine sediments. Marine sediments in form of micro and nanoparticles have been optically 424 

trapped and analysed in seawater samples (Figure 8), in order to acquire a reference database of 425 

the species present in the hosting liquid and allow for unambiguous monitoring of plastic particles 426 

in presence of sediments.81 Modes assignment is reported in Note S6, SI. Several minerals are 427 

found, such as Anatase (pink), Laumontite (blue), Calcite (which was the most common, green). 428 

and Alginate (red). In addition, we find particles of Alginate (red) and spectra that we attribute to 429 

hetero aggregates of Hematite-Jarosite (dark green) and Hematite-Alginate (black).   430 
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 431 

Figure 8. Raman spectra of different sediments dispersed in sea water optically trapped. Asterisks 432 

dark green asterisks in the Hematite-Jarosite spectrum (dark green line) indicate the Hematite 433 

modes. The orange ones refer to Jarosite. The black asterisks in the Hematite-Alginate spectrum 434 

(black line) indicate the hematite modes, the red asterisks the Alginate modes. Excitation wave-435 

length 633 nm, power 11 mW, integration time 20 s, 2 acquisitions. Particles dimensions are: an-436 

atase 8 µm, hematite-Jarosite 20 µm, Laumontite 7 µm, calcite < 1 µm, alginate 1 µm, hematite-437 

alginate 1.4 µm.  438 

 439 

Detection of Nylon fibres in PP samples. Experiments on commercial PP particles dispersed in 440 

seawater allow us to show unambiguous chemical discrimination of different microplastics. Figure 441 

9(a) displays a micrometric fibre found in a sample of spheroidal PP particles (b). The Raman 442 

signatures (c, blue and red lines) compared to the reference spectra (green and black lines) allow 443 

us to conclude that the spheroidal particle is made of PP, as expected, whereas the fibre is com-444 

posed mostly of nylon. Some weaker peaks (indicated with red asterisks) are compatible with the 445 
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presence of smaller PP particles, suggesting the occurrence of a hetero-aggregate. The origin of 446 

the nylon fiber in the sample is unknown. Some textile fibres could have been accidentally mixed 447 

to the PP during fabrication, or maybe the fibre was already present in the seawater sample. This 448 

is a very interesting result, since micro and nanofibers are suspected to be prevalent in the aquatic 449 

environment whereas their detection and identification remains particularly challenging.8,34  450 

 451 

Figure 9. Optical images of (a) a nylon fiber and (b) a spheroidal PP particle dispersed in seawater. 452 

(c) Raman spectra of the optically trapped particles (blue and red) compared with the reference 453 

spectra (green and black lines) acquired on bulk samples. The red asterisks highlight additional 454 

peaks in the nylon spectrum that can be attributed to PP. Excitation wavelength 633 nm, power 11 455 

mW, integration times 4 s, 2 acquisitions. 456 

 457 

Naturally aged PE and PP plastics. Mechanical shock and stress applied to aged plastics, brittle 458 

because of weathering-induced crystallization, causes the release of microplastics in the environ-459 

ment. Typical situations are those in which plastic litter impacts against the rocks or it is stepped 460 

on, or shattered during cleaning operations or collection in open sea. Indeed, the degree and scale 461 

of fragmentation depend on ageing time, weathering conditions and polymer nature. We have first 462 

analysed the fragmentation of a naturally aged PE bottle cap. Upon application of a mechanical 463 
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pressure, it spontaneously breaks into millimetric and sub-millimetric debris (Figure 10a). Part of 464 

the cap has then been broken in seawater, and the resulting solution analysed by trapping the float-465 

ing particles with RT (spectra are displayed in Figure 10b, optical images in c – e).  As expected, 466 

we find several PE fragments some of which have dimensions as small as few microns (Figure 467 

10b, black line and Figure 10e).  468 

 469 

Figure 10. (a) Picture of a naturally aged PE bottle cap and of the fragments generated after its 470 

breaking. (b) Raman spectra of optically trapped particles obtained from fragmentation of the cap 471 

in seawater, alongside with their images: (c) quartz particle (7.2 µm), (d) anatase particle (6.5 µm), 472 

(e) PE microplastic (2.3 µm). Laser wavelength 633 nm, acquisition time 10s (2 acquisitions). 473 

 474 

Together with plastics, microscopic anatase particles are detected (Figure 10b, red line and Figure 475 

10d), probably due to residual sediments, as well as microscopic quartz particles (Figure 10b, green 476 

line and Figure 10c), probably sand, that can be identified by its Raman signature82 dominated by 477 

a peak at 467 cm-1, followed by a small band at 800 cm-1 and preceded by a small band at 358 cm-478 

1. 479 
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We have finally investigated the microplastics release arising from the crushing of an old, naturally 480 

aged PP bucket (Figure 11a). Figure 11b shows the fragmentation level of a cm scale piece broken 481 

in air highlighting the presence of debris with dimensions from the mm to the sub-mm (micromet-482 

ric) scale. Microscopy images (Figure 11c) show that the fragmentation level reaches the micro-483 

metric and even the sub-micrometric scale. MicroRaman spectra (not shown) confirmed the PP 484 

nature of the fragments. A piece of bucket was then broken in seawater and the chemical nature 485 

and size of the debris analysed by RT (d) and optical microscopy (e – j). Apart from the expected 486 

large presence of PP microparticles, we have detected few PP particles with nanoscale size, as the 487 

one shown in Figure 11j which is ~ 750 nm large, and whose spectrum is displayed in Figure 11d 488 

(black line). Together with this, we find micrometric rutile particles, both pure and in form of 489 

hetero-aggregates with PP (red and green lines), originating from the residual paint in the inner 490 

wall (Fig. S12, SI). Amorphous carbon particles, also in combination with PP (magenta and orange 491 

lines), are observed. They have been trapped in 2D because of the high radiation pressure due to 492 

strong light absorption. The origin of such particles is probably related to traces of carbon-based 493 

contaminants. Finally, we find particles that display the spectral fingerprint of β-carotene, charac-494 

terized by intense bands at 1510 cm-1 (νC=C) 1148 cm-1 (νC-C) and 1000 cm-1 (νC-CH3). These 495 

are likely algae83 absorbed at the surface of the bucket. 496 

The analysis reported so far is, indeed, enabled by the capabilities of RT to work at the single 497 

particle level. Spectra on liquid dispersions of PP with configurations typical of Raman spectros-498 

copy in liquid (e.g. using a 10X objective) did not provide any detectable plastics signal (Note S6, 499 

Figure S11, SI). 500 
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 501 

Figure 11: (a) Picture of a PP paint bucket naturally aged, from which we have extracted our sam-502 

ples (the yellow box indicates the zone which has been sampled). (b) Typical fragments generated 503 

when a piece of bucket is broken. (c) Microscope image of a fragment of PP and its smaller debris. 504 

(d) Raman spectra of optically trapped particles obtained from fragmentation of pieces of the 505 

bucket in seawater, alongside with their images: (e) carotene particle (6.4µm), (f) amorphous car-506 

bon mixed with PP (1.2 µm), (g) amorphous carbon particle (1.8 µm), (h) rutile and PP hetero-507 

aggregate (6.7 µm), (i) rutile particle (2.2 µm), (j) PP nanoplastic particle (0.75 µm). Laser wave-508 

length 633 nm, power 11 mW, acquisition time 10 s, 2 acquisitions. 509 

 510 
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In conclusion, we have applied RTs for chemical qualitative analysis of different plastic particles 511 

with sizes in the sub-20 µm fraction in seawater. Aggregates of some tens of nanoparticles with 512 

diameter of 50 nm and 90 nm (small nanoplastics) can be trapped and detected, as well as individ-513 

ual PMMA nanoplastics of 300 nm diameter and larger particles of PS and other common pollu-514 

tants. RTs enable analysis at the single particle level, overcoming the limitations of conventional 515 

Raman spectroscopy in liquid. Optical images provide information on the size of the trapped par-516 

ticles down to ~ 500 nm, whereas the Raman spectra permit unambiguous chemical identification 517 

of the different materials, even in presence of thin organic over-layers. Discrimination of PP mi-518 

croplastics from small microfibers in seawater is shown. Fast analysis (few seconds to few tens of 519 

seconds per spectrum) is achieved exciting in at 633 nm with powers of 11 mW. NIR lasers (785 520 

nm) require longer analysis times (10 to 100 times). Raman fingerprints from micrometric and 521 

sub-micrometric marine sediments have been acquired, and they could be unambiguously distin-522 

guished from plastics. Experiments on PP and PE particles extracted from naturally aged plastic 523 

litter show that RTs can be used to identify nanoplastics that would be present in a marine sample. 524 

Furthermore, RTs appear as a suitable tool to study the degree of release of micro and nanoplastics 525 

in the aquatic environment through fragmentation of macro and microplastics, mechanisms that 526 

are still not well understood. Thanks to the chemical discrimination capabilities, we could here 527 

unambiguously show that accidental fragmentation of old PP and PE objects is a source of small 528 

microplastics and, for the case of PP, also of nanoplastics.  529 

RTs, as all other analytical techniques capable to operate at the single particle level (µRaman, 530 

µFTIR, …), require concentrated samples. Experiments on model particles show that concentra-531 

tions of ~ 104 – 105 particles per mL are required in order to easily spot, trap and analyse the 532 

samples. Such a high density can be potentially reduced by a factor 100 using wide field objectives 533 
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(5X or 10X) to spot the particles and then switch to a 100X objective for trapping and analysis. A 534 

strong experimental effort in terms of particles concentration is, however, needed for applications 535 

in marine research. RTs is a spectroscopic tool capable to study the fate of micro and nanoplastics 536 

in marine environments and to determine the effect of ageing and fragmentation on plastic mate-537 

rials. Future experimental developments should be directed towards quantitative analysis, through 538 

the implementation of RT for liquid flow operation in suitable microfluidic cells,84,85,86 artificial 539 

intelligence routines to spot, count and analyse the nature particles, and adopt big data analysis 540 

tools to treat the thousands of spectra required to provide reliable particles size distributions of 541 

different polymeric materials.  542 

 543 
Supporting Information.  544 

Movie S1 and S2 show the optical trapping, manipulation and optically-induced rotation of spher-545 

ical and non-spherical microplastics. Movie S3 shows the trapping and release of 1, 2, 4 PMMA 546 

particles in seawater. Additional notes and tables on: micro and nanoplastics definitions, optical 547 

forces calculations, thermodynamic-related issues on nanoplastics trapping, refractive index of 548 

common plastic pollutants, Raman modes assignment for most common plastic pollutants, calcu-549 

lation of the Raman signal in an optical trap, Raman modes assignment of mineral sediments, 550 

Raman spectroscopy in liquid. Additional figures on: optical forces calculations on 10 µm PE 551 

beads and 90 nm PS beads, trapping power threshold for nanoplastics, Raman spectra of common 552 

plastics, schematic of 2D trapping, spectrum of 50 nm particles aggregate optically trapped, sche-553 

matic of the model used to calculate the Raman scattering in a RT, Raman spectra of optically 554 

trapped PS beads at 785 nm, background signal on the Raman signal of microplastics at 633 and 555 

785 nm in distilled water and seawater, Raman spectra of several optically trapped micro and 556 
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nanoplastics in distilled water, conventional Raman spectroscopy of sparse PP microplastics in 557 

seawater.  558 
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