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Overview

• Analytical tools for nanoplastics analysis: 
technological gaps
• Optical trapping and Raman spectroscopy

can help bridging the gap
• Analysis of model and environmental plastic particles
• Conclusions & outlook



Source, transport, and fate of MPs and NPs.

report how organic matter fouling and subsequent hetero-
aggregation with suspended solids, algae, or detritus will increase
MP settling. This could be even more important for NPs because
hetero-aggregation occurs frequently at the nanometer scale. Then,
river sediments could act as a sink for MPs and NPs of higher
density thanwater that act as a bridge for terrestrial and freshwater
system contamination problems.

Fresh aquatic biota can intakeMPs and NPs from both water and
sediments. Impacts of MPs and NPs in freshwater ecosystem biota
have been extensively described. They affect microalgae, fish, bi-
valves, zebrafish, daphnia, nematodes, etc. [38,39]. The toxicity of
MPs can be due to (i) intrinsic toxicity from physical damage and
leaching of chemicals present in the plastics and (ii) their ability to
sorb persistent organic pollutants (POPs) or to act as vector for
distinct microbial assemblages or even pathogenic bacteria [31]. A
recent study demonstrated that MP particles of polyamide (PA),
polyethylene (PE), polypropylene (PP), polystyrene (PS), and poly-
vinyl chloride (PVC) caused intestinal damage in Danio
reriodselected as a model of vertebrate fish living in the water
columndincluding the cracking of villi and splitting of enterocytes.
This study also found that MP particle-induced lethality and
reproductive dysfunction, reduction in intestinal calcium levels,
and increased expression of the oxidative stress gene gst-4 were
dependent on particle size in Caenorhabditis elegansdnematode
living in the sediments [40]. These MP effects are more related to
their sizes than to their chemical composition. Interestingly, Net
et al. [24] also pointed out that as common deposit feeder as Chi-
ronomus spp larvae ingested MPs and could serve as an indicator of
MP loads in freshwater systems. MPs and NPs can also absorb
organic contaminants, mainly POPs such as perfluoralkyl sub-
stances [17,34], polycyclic aromatic hydrocarbons, or organochlo-
rine compounds [8,41]. Not only POPs but also other emerging
contaminants absorbed into their surface can be introduced into
the food web through MP and NP ingestion [42]. Recently, inter-
esting studies have been published on the combined effects of MPs
and emerging contaminants in freshwater species. Guilhermino
et al. [38] performed exposure experiments with individual and
mixtures of the antimicrobial florfenicol andMPs on the freshwater

exotic bivalve Corbicula fluminea. The reported results indicated
that C. fluminea could uptake MPs and florfenicol from water. Evi-
dence of toxicological interactions was found, with the mixture of
MPs and florfenicol more toxic than their components separately.
Furthermore, microbial colonization seems to be a commonway, as
reported in a recent paper of MPs in an urban river [31,43].

Soils are major reservoirs of MPs and NPs, and they may contain
4e20 times higher MPs and NPs than marine environment [19,23].
Agricultural common practices like plastic mulching or the appli-
cation of treated sludge's to soil as amendments are important and
offer opportunities from the economic point of viewdhigher
yields, better fruit quality, and early marketing of seasonal crops.
However, these practices are main sources of plastics to soil
together with landfills. Several problems have been reported
including the increase in degradation rate of soil organicmatter and
emission of greenhouse gases [25], inhibition of tetracycline dissi-
pation, and antibiotic resistance genes in soil [44].

Different studies already reported the presence of MPs in sea-
food such as bivalves and fish and more recently in commercial
salts from different countries [27,28]. Consequently, humans can be
exposed to MPs through food. European shellfish consumers are
expected to ingest up to 11,000 plastic particles per year [45].

There are very few studies on the presence of MPs in air [29,30];
the airborne fibrous MPs that enter our respiratory system are
dependent on their size. In addition, fibers can be associated with
common air pollutants, such as PAHs. The question remains
because up until now, most of the studies reported the detection of
50 mm fibers, but the detection of smaller size, below 10 mm, fibers
is needed. Only in that specific case, we will be able to better assess
the impact of airborne MPs on human health. A very recent paper
[46] reported the issue of MPs and human health and indicated that
all different exposure pathways should be considered.

3. Analysis of MPs and NPs

Fig. 3 shows schematically the procedure for MP and NP char-
acterization and quantification and highlights the principal
methods for each step, and Tables 1e3 provide an overview on
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Fig. 2. Conceptual map of the source, transport, and fate of MPs and NPs.
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Between 5 and 13 million tons of plastic debris are released into freshwater per year through domestic/industrial 
discharges and sewage plants. Among this, an indetermined fraction is NANO.
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• Primary sources: Waterborne paints, adhesives, cosmetics, 3D printers
• Secondary sources: Photo/Thermal oxidation yields fragmentation of micro- into nano- plastics
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Table 1
A summary of recent worldwide studies that reported microplastics from commercial drinking products for human consumption.

Country Source Sample container Microplastics
(average items
L!1)

Shape Size Color Polymer types References

Bottled drinking water
Germany Bottled (mineral

water)
NR 1 Fiber NR NR Cellulose Wiesheu et al.

(2016)
Germany Bottled (mineral

water); Commercial
store

Single use PET
Reusable PET
Glass

2649 ± 2857
4889 ± 5432
6292 ± 10,521

NR >5 mm NR PET in plastic
bottles, PE and
styrene butadiene
copolymer in glass

Obmann et al.
(2018)

Germany Bottled (mineral
water)

Single use
Returnable
Glass
Beverage

14 ± 14
118 ± 88
50 ± 52
11 ± 8

Fragments 5, 10
and < 20 mm

NR PET, PP, PE Schymanski et al.
(2018)

Global Bottled (mineral
water)

Single use PET 315 Fragments,
fibers and films

NR NR PP, Nylon (50%
samples analyzed)

Mason et al.
(2018)

Italy Bottled (mineral
water)

Single use PET
capped with HDPE

148 ± 253 NR 0.5e40 mm NR PET, HDPE Winkler et al.
(2019)

Italy Mineral still and
sparkling

Single use PET 10
brands

5.42 " 107

±1.95 " 107
NR NR NR Zuccarello et al.

(2019)
Thailand Bottled (sparkling

and still water)
Single use PET
Returnable glass

140 ± 19
52 ± 4

Fibers and
fragments

6.5-> 50 Blue, reddish brown, bluish
green, transparent, black.

PET, PE, PP, PA and
PVC

Kankanige and
Babel (2020)

U.K. Bottled water Single use plastic
bottle

NR Fibers and
fragments

NR NR NR Stanton et al.
(2019)

Beer
Germany NR NR Fibers: 2-79

Fragments: 12-
109
Granules: 2-66

Fibers,
fragments and
granules

NR Transparent, blue, black
and green

NR Liebezeit and
Liebezeit
2014

Germany NR Glass bottle Fibers: 16 ± 15
Fragments:
21 ± 16
Granules:
27 ± 10

Fibers,
fragments and
granules

NR NR NR Lachenmeier et al.
(2015)

Germany Pilsener beer NR 10e19 Fibers 1e5000 mm NR PE, Cellulose, PS,
PET and PE-PS

Wiesheu et al.
(2016)

USA Glass bottles and
aluminium
container

0e14.3 Fibers and
fragments

0.1e5 mm Purple, black, brown, red/
pink and blue

NR Kosuth et al.
(2018)

Mexico Industrial and craft Glass bottles 0e28 ± 5.29 Fibers and
fragments

0.1e3 mm Blue, red, brown, green
and black

PA, PEA and PET Shruti et al.
(2020)

Ecuador Industrial
Craft

Glass bottle 47
32

Fibers and
fragments

0.13
e6.7 mm

Green, yellow, red, violet
and blue

HDPE/LDPE, PP and
polyacrylamide

Diaz-Basantes
et al. (2020)

Milk
Mexico Adult and kid milk Tetrapak and PE

pack
6.5 ± 2.3 Fibers and

fragments
>11 mm Blue, red, brown, green

and pink
Polysulfone Kutralam-

Muniasamy et al.
(2020b)

Ecuador Fat < 1% skim milk Tetrapak and PE
pack

40 Fibers and
fragments

0.13
e6.7 mm

Green, yellow, red, violet
and blue

HDPE/LDPE, PP and
polyacrylamide

Diaz-Basantes
et al. (2020)

Refreshments
Mexico Soft drinks Single use PET

(non-returnable
bottle)

40 ± 24.53 Fibers and
fragments

0.1e3 mm Blue, red, brown, green
and black

PA, PEA and PET Shruti et al.
(2020)

Energy drinks Single use PET
(non-returnable
bottle)

14 ± 5.79

Cold Tea Single use PET
(non-returnable
bottle)

11 ± 5.6

Ecuador Citrus flavor to
orange or lemon

PET or Tetrapak 32 Fibers and
fragments

0.13
e6.7 mm

Green, yellow, red, violet
and blue

HDPE/LDPE, PP and
polyacrylamide

Diaz-Basantes
et al. (2020)

White wine
Italy e Glass bottle capped

with synthetic
stoppers (classic
green 23, select
green, smart green
23 and reserva)

Upto 5857 Fibers and
fragments

7e475 mm PE (29 samples
analyzed)

Prata et al.
(2020b)

PET: polyethylene terephthalate; PP: polypropylene; PS: polystyrene; PE: polyethylene; PVC: polyvinyl chloride; PA: polyamide; PEA: polyester amide; HDPE: high density
polyethylene; LDPE: low density polyethylene; NR: not reported.

V.C. Shruti, F. P!erez-Guevara, I. Elizalde-Martínez et al. Environmental Pollution 268 (2021) 115811
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types of approaches, with one focusing entirely on filtration for
microplastics separation from packaged beverages, and the other
employing a pre-treatment process followed by filtration.

3.1. Filtration

Filtration is an easy-to-use mechanical separation process to
remove particles from liquids. It is timesaving and based on a
membrane (filtration or ultrafiltration) that does not require any
special equipment. The basic requirements for filtration are a
driving force such as a pressure difference to cause fluid to flow and
a mechanical device (the filter) that holds the filter medium,
allowing the application of force. At laboratory conditions, the
liquid to be filtered is passed through the filter medium by the
application of pressure on the fluid, retaining different sizes of

particles above the surface of membrane filter. As shown in Fig. 1,
the filtration method has been the popular choice for extraction of
microplastics in most of the recent publications. It is well known
that the more viscous a product is, the more complicated it is to get
it through a filter. Having superior fluidity with less viscosity
(Table S1), most of the beverages tested, including, bottled water,
beers, wine and refreshments can undergo rapid filtration within a
short period of time. The advantage of this protocol lies in its ability
to process higher amounts of samples in less time. There are a
number of different filters that can be used within microplastics
separation. The types of filters used widely in the studies are cel-
lulose nitrate, mixed cellulose ester, polycarbonate, glass fiber, gold
plated polycarbonate and aluminium coated polycarbonate filter
(Table 2). Apart from microplastics separation, filters like gold
plated polycarbonate and aluminium coated polycarbonate could

Fig. 1. Illustration showing the detailed information on the methods used in previous studies on the detection and characterization of microplastics in commercial drinking
products for human consumption; n ¼ number of studies.

V.C. Shruti, F. P!erez-Guevara, I. Elizalde-Martínez et al. Environmental Pollution 268 (2021) 115811
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particles, such as shells, fish scales, ceramic flakes, and other ma-
terials from plastics ly thanks to the elemental analysis [62, 65, 66,
72]. TGA-DSC achieves simultaneously qualitative and quantitative
analysis of different MP polymer types by differences in their
melting characteristics. However, Majewsky et al. [70] remarked
how due to overlapping transition temperatures among the several
types of polymers, only PE (high and low-density) and PP showed
clearly separated peaks. Py-GC-MS uses pyrolysis to break polymers
into smaller moieties that are then separated and identified using
GC!MS [45, 63]. Indeed, py-GC-MS can identify the polymer type
and contained additives simultaneously. This technique is prom-
ising because there are already existing GC-MS libraries on MPs
(polymers) available. However, some problems regarding the
introduction of MPs in the pyrolysis chamber have also been
reported.

In contrast to MPs, there are currently no robust analytical
methods for the detection and quantification of NPs in environ-
mental matrices. Theoretically, some of the analytical methods
used for detecting and characterizing inorganic NPs, such as metal
and metal oxide NPs, should be applicable for the detection of MPs
[92,93]. Not only SEM, transmission electron microscopy (TEM),
and other electron microscopy techniques but also optical micro-
scopy such as confocal laser scanningmicroscopy (CLSM) have been
widely used in polymer science (including the SEM application to
characterize MPs in environmental samples) and are considered as
the reference techniques to characterize several types of nanosized
plastic structures and particles. These techniques were found to be
suitable to detect and characterize the intake of NPs in simple
matrices (e.g., Daphnia magna and Oryzias sinensis). Fig. 5 shows the
analysis of D. magna by CLSM, and Z-stack imaging was used to
confirm the presence of nPS in the inner guts.

However, the detection of NPs in a fish matrix is more chal-
lenging as it is difficult to distinguish the NPs from the organic fish
matrix because of their similar densities (typically between 0.9 and
1.4 g cm!3) and chemical composition (mainly carbon and
hydrogen). Correia& Loeschner [85] used AF4 for separating PSNPs
from the digested fish and multiangle light scattering (MALS) to

determine their size. PSNPs could be easily detected by following
their light scattering (LS) signal with a limit of detection of 52 mg/g
fish. However, AF4-MALSmethod failed to detect the PE particles in
fish, because of the presence of an elevated LS background; this
indicates that an analytical method developed for a certain type of
NP may not be directly applicable to other types of NPs and may
require further adjustment. Despite the current limitations of AF4-
MALS, it is a promising methodology for detecting NPs in complex
environmental matrices.

4. Control and remediation techniques

There are different ways to control and reduce any type of
plastic contamination, and these are summarized in Table 4. The
consumption of plastics has promoted the creation of a legislative
body in many countries, which regulates the use and disposal of
plastics to reduce their presence in the environment. This issue is
related to the topic of this review. However, there are two excellent
reviews that are highly recommended for the interested reader that
covered the situation in the United States of America [3] and Europe
[96] from the perspective of the life cycle of plastics (LCP). Both
reviews identified regulatory gaps and limitations and described
how they can be addressed to limit and prevent environmental
exposure and hazards of MPs and NPs.

Both reviews also identified the pressing need for implementing
and enforcing the existing legislation and improving measures of
source control, waste management, and clean-up. Strategies based
on citizens’ enrollment and behavior changes, involving recycling
and consumption/demand of disposal plastics, should also be
prioritized for more ambitious recycling and recovery targets.

In addition to these regulatory and social measures, several
remediation technologies are currently used to overcome plastic
pollution [97,99e105]. These remediation measures could be
divided into technological and biotechnological techniques. The
former involved advanced wastewater treatment technologies
because waste water treatment plants (WWTPs) can offer a solu-
tion to reduce the point source input of MPs into the environment.

Fig. 5. CLSM images of Daphnia magna that were not exposed to nano-sized polystyrene (nPS; green emissions) (A) and that were exposed through diet (B, C). Z-stack image of
individuals exposed through diet (B), observed using CLSM (D). Z-stack image (D) provides evidence of nPS uptake through dietary exposure of D. magna. Green fluorescent nPS was
observed in the gut of exposed D. magna. Scale bar ¼ 200 mm [88].

Y. Pico et al. / Trends in Analytical Chemistry 113 (2019) 409e425422

200 µm
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Scientific Reports 8, 284 (2018)



Analytical tools and 
size limits
• Particle size analysis:
• Dynamic Light Scattering, 
• NP-Tracking
• Microscopy
• SEM/TEM/EDX
• AFM

• Chemical analysis:
• FT-IR spectroscopy
• Raman spectroscopy
• Py-GC-MS

• NanoPlastics < 1 µm
• Small micro– and nano- plastics analysis … in liquid
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MicroRaman spectroscopy
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Criticalities of Raman for µPlastics analysis

Raman spectra at 633nm of (red) PP microplastics dispersed in seawater and (black) pure seawater. 
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Light can exert a force on matter by means of momentum 
exchange on scattering1. !e existence of this force was "rst 
experimentally demonstrated by Lebedev2 and Nichols and 

Hull3 in 1901 using thermal light sources (electric or arc lamps) and 
a torsion balance. When the light was focused on a mirror attached 
to the balance, the radiation pressure moved the balance from its 
equilibrium position2,3. But the magnitude of these e#ects was con-
sidered insigni"cant for any practical use: to quote J. H. Poynting’s 
presidential address to the British Physical Society in 1905 (reported 
in ref. 4), “A very short experience in attempting to measure these 
forces is su%cient to make one realize their extreme minuteness — 
a minuteness which appears to put them beyond consideration in 
terrestrial a#airs.” It was not until 1970, and because of the advent 
of lasers, that Arthur Ashkin showed that the use of optical forces to 
alter the motion of micrometre-sized particles5 and neutral atoms6 
could have applications in the manipulation of microscopic parti-
cles and of single atoms4. 

!ese pioneering works have developed into two very successful 
research lines. On one hand, early techniques for laser cooling of 
atoms7–10 paved the way to modern ultracold atom technology11. On 
the other hand, what is now commonly referred to as optical twee-
zers — that is, a tightly focused laser beam capable of con"ning par-
ticles in three dimensions12 — has become a common tool for the 
manipulation of micrometre-sized particles13,14 and as a highly sen-
sitive force transducer15. But optical forces acting between ~1 and 
100  nm, a range of primary interest for nanotechnology (Fig.  1), 
have not been widely exploited because of the challenges in scal-
ing up the techniques optimized for atom cooling, or scaling down 
those used for microparticle trapping. Indeed, e%cient laser cooling 
of atoms relies on light scattering close to a narrow spectral line, 
without radiative losses, to reduce the atomic velocity distribution11. 
Nanostructures lack these features, limiting both the cooling rate 
and the minimum achievable temperature11. !e techniques used 
for manipulating microparticles rely on the electric dipole interac-
tion energy16,17. Because this scales down approximately with the 
particle volume, thermal &uctuations are large enough to over-
whelm the trapping forces at the nanoscale18.

New approaches were thus developed to stably trap and manip-
ulate nanoparticles. Over the past few years, these techniques 

Optical trapping and manipulation of nanostructures
Onofrio M. Maragò1*, Philip H. Jones2, Pietro G. Gucciardi1, Giovanni Volpe3 and Andrea C. Ferrari4*

Optical trapping and manipulation of micrometre-sized particles was first reported in 1970. Since then, it has been successfully 
implemented in two size ranges: the subnanometre scale, where light–matter mechanical coupling enables cooling of atoms, 
ions and molecules, and the micrometre scale, where the momentum transfer resulting from light scattering allows manipula-
tion of microscopic objects such as cells. But it has been di!cult to apply these techniques to the intermediate — nanoscale — 
range that includes structures such as quantum dots, nanowires, nanotubes, graphene and two-dimensional crystals, all of 
crucial importance for nanomaterials-based applications. Recently, however, several new approaches have been developed and 
demonstrated for trapping plasmonic nanoparticles, semiconductor nanowires and carbon nanostructures. Here we review the 
state-of-the-art in optical trapping at the nanoscale, with an emphasis on some of the most promising advances, such as con-
trolled manipulation and assembly of individual and multiple nanostructures, force measurement with femtonewton resolution, 
and biosensors.

have been successfully applied to a variety of objects, for exam-
ple metal nanoparticles (MNPs)19–21, plasmonic nanoparticles 
(NPs)22–30, quantum dots31,32, carbon nanotubes (CNTs)33–37, gra-
phene &akes38,39, nanodiamonds40, polymer nano"bres41 and semi-
conductor nanowires42–49. Typically these techniques rely either 
on special properties of the trapped objects themselves — for 
example force enhancement related to plasmonic resonances sup-
ported by the trapped particles22–30, or highly anisotropic geom-
etries, such as in CNTs and nanowires35,38,43,44,46,47 — or on new 
approaches to optical manipulation, such as exploiting the "eld 
enhancement due to plasmons supported by nanostructures on a 
substrate50–57, or the feedback on the optical forces of the trapped 
object58. Optical manipulation has been used to build compos-
ite nanoassemblies32,42,43,59. Optical tweezers have been developed 
to measure forces with femtonewton resolution, enabling the 
study of interactions between nanoobjects34,59–64. !ey have also 
been integrated with spectroscopic techniques, such as Raman 
spectroscopy33,36,38,65–71 and photoluminescence40,44,45,48,49,72, pav-
ing the way to the selection and manipulation of NPs a'er their 
individual characterization36,38. Optically levitated nanoparti-
cles have been  laser-cooled towards their quantum-mechanical 
ground state73–76.

Here, we review the state-of-the-art, open questions and future 
directions in optical trapping and manipulation of nanostructures, 
and show how the development of these techniques can a#ect nano-
science and nanotechnology.

Optical forces on nanostructures
In this section, we review how optical forces arise. We "rst consider 
the case of particles much smaller than the trapping wavelength 
where one can make use of the Rayleigh approximation. We then 
address the case of larger particles, where the full electromagnetic 
scattering theory must be employed. We "nally discuss plasmon-
enhanced forces and optical binding, particularly relevant for opti-
cal trapping and manipulation of nanostructures.

Forces in the dipole approximation. !e optical response of 
a nanostructure can be o'en modelled as that of a dipole16 or a 
collection of dipoles17. !e dipolar polarizability determines the 

1CNR-IPCF, Istituto per i Processi Chimico-Fisici, I-98158 Messina, Italy, 2Department of Physics and Astronomy, University College London, London 
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strength of interaction with an optical !eld16. For a sphere of 
radius a and relative permittivity ε, this can be written as77:

 α = α0

6πε0
ik 3α01−

 (1)

where α0 is the point-like particle polarizability given by the 
Clausius–Mossotti relation77 α0   =  4πε0a3(ε  –  1)/(ε  +  2); k is the 
!eld wavevector; and ε0 is the vacuum dielectric permittivity. $e 
denominator in equation (1) acts as a correction to the Clausius–
Mossotti relation to account for the reaction of a !nite-sized dipole 
to the scattered !eld at its own location77. $e time-averaged force 
acting on such a dipole is16:

 =F j = x,y,z αEj∇Ej  Re ∑ ∗
2
1  (2)

where Ej are the electric !eld components. Equation  (2)  can be 
recast into the more explicit form78:

 = Re(α)∇

Intensity gradient Radiation pressure Polarization gradient

2 +F E Re(E × H  ) + ∇ × E × E
2c
σ

4ωi
σcε0

4
1 ∗∗  (3)

where σ is the extinction cross-section, E the electric !eld, H the 
magnetic !eld, c the speed of light in vacuum, and ω the angular 
frequency of the optical !eld. $e !rst term in equation (3)  is the 
force due to the gradient of the electric !eld intensity, which per-
mits three-dimensional con!nement in optical tweezers12 as long as 
it dominates the second and third terms. $e second term, responsi-
ble for the radiation pressure, corresponds to a force in the propaga-
tion direction5. $e third term is a force arising from the presence of 
spatial polarization gradients78.

Forces beyond the dipole approximation. When a particle cannot 
be approximated as a dipole, for example in the case of CNTs, 
nanowires, graphene and other two-dimensional material %akes, 
the time-averaged radiation force Frad on the centre of mass due to 
scattering of an electromagnetic !eld is equal in magnitude, and 
opposite in sign, to the rate of change of momentum of the electro-
magnetic !eld itself 79–84. $erefore, Frad can be calculated by inte-
grating the optical momentum %ux over a closed orientable surface 
S surrounding the object81,83: 

 Frad = ∫S 〈TM〉 · dS (4)

where TM is the Maxwell stress tensor, accounting for the interaction 
between electromagnetic forces and mechanical momentum79,80, 
which can be calculated from the scattered !elds, and dS is an out-
ward-directed element of surface area. $e time-averaged radiation 
torque Γrad on the centre of mass can be calculated in an analogous 
way as85:

 Γrad = −∫S 〈TM〉 × r · dS (5)

where r is the position of the element of surface area.
$e scattered electromagnetic !elds in equations (4) and (5) can 

be calculated using Maxwell’s equations. O)en, however, this turns 
out to be a cumbersome procedure79. Various algorithms have 
therefore been developed to handle this79. In the transition-matrix 
(T-matrix) method82–89, the total electromagnetic !eld — that is, the 
sum of incident and scattered !eld outside the particle and the !eld 
internal to the particle — is calculated by expanding all !elds in a 
common orthogonal basis set of functions and imposing boundary 
conditions on the object surface82,84,86,87. Most o)en, the T-matrix 
method uses vector spherical wavefunctions79 to take advantage of 
the spherical symmetry of the scatterer, for example Au or poly-
mer NPs84,88. Because the T-matrix works best with objects highly 

Figure 1 | The three size ranges of optical trapping. Objects of di!erent sizes can be trapped within three main regimes (from left to right): atom trapping 
(a few ångstrÖms to a few nanometres), nanotweezers (a few nanometres to a few hundred nanometres) and optical tweezers (from a fraction of a 
micrometre up). The horizontal scale bar shows the average object size and the corresponding light wavelength. NV, nitrogen vacancy. Image of layered 
material reproduced from ref. 169, © 2011 NPG.
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Optical Tweezers + Raman = Raman Tweezers
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such as entanglement74, quantum superposition of motional states73, 
and long quantum coherence74 in systems larger than atoms or mol-
ecules. One technique suggested for reaching the quantum regime 
is NP optical levitation in a high-!nesse cavity73 (Fig. 7a). In this 
scheme, a subwavelength particle is held by optical tweezers inside 
the cavity. A second laser excites a cavity mode that couples with 
the trapped particle’s centre-of-mass motion. #is optomechanical 
coupling shi$s the cavity modes yielding a velocity-dependent force 
responsible for laser cooling74,75.

Experimentally, the !rst step towards this goal is the trapping 
and laser cooling of nanostructures in vacuum, extending the meth-
odologies used for neutral atoms and ions11 (Fig.  7b,c,d). Kane164 
has reported levitation of graphene %akes. Starting from a liquid 
suspension of graphene38,165, charged %akes were injected into an 
ion trap10,11 using electrospray ionization164. By monitoring the 
light scattering from the %akes (Fig. 7d) it was possible to infer the 

particle dynamics in the trap, the starting point for implementing 
laser cooling166.

Gieseler et al.76 demonstrated laser cooling of a silica NP 
(Fig. 7b). In this case, optical tweezers were operated in vacuum, 
where motion of the particle in the trap is underdamped166. Light 
scattered by the particle was monitored with photodiodes to infer 
the particle motion, then used in a feedback loop that modi!ed the 
trapping light intensity76. #is was adjusted so that the trap sti&ness 
increased when the particle moved away from its equilibrium, and 
reduced otherwise. #e e&ective temperature (as low as ~50 mK) 
was then measured by observing residual thermal %uctuations166. In 
this feedback cooling scheme166 the particle internal structure has 
no role. But just as the internal structure of atoms enables sub-Dop-
pler cooling mechanisms11, the engineering of complex coupled or 
hybridized nanostructures enables the interaction with light to be 
modi!ed so that even lower temperatures (μK) can be achieved167.
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Figure 6 | Spectroscopy of nanostructures in optical traps. a, Set-up integrating optical tweezers and spectroscopy. The trapping and excitation beams 
are focused through a high-numerical-aperture objective lens (OBJ). The trapping and excitation beams are combined using dichroic mirrors (DM). For 
scattering spectroscopy the sample can also be excited using a halogen lamp focused by a dark-field condenser (C) from the top (Illumination). The 
signal is collected through the trapping objective lens. Notch/edge filters are used to cut out the elastic scattering at the excitation/trapping wavelengths. 
A beam splitter (BS) divides the imaging light from the spectral signal. Grating spectrometers provided with CCD cameras or avalanche photodiodes 
acquire the spectroscopy signal. b, Example of a photoluminescence spectrum of a SWNT bundle confined by optical tweezers (data from ref. 34). 
c, Raman spectrum of an optically trapped graphene flake with 633-nm trapping and excitation wavelength. d, SERS of bovine serum albumin (BSA) 
proteins performed in liquid by optically trapping Au colloidal aggregates on which the protein is adsorbed. The enhanced BSA peaks are indicated in 
blue(SS, disulfide bridges; Ty, tyrosine; Trp, tryptophan, amide bands, stretching modes); the asterisks indicate the SERS signal from pyridine. Figures 
adapted with permission from: c, ref. 38, © 2010 ACS; d, ref. 71, © 2011 ACS.

REVIEW ARTICLENATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2013.208

© 2013 Macmillan Publishers Limited. All rights reserved

Marago et al. Nat Nanotechnol 2013;              Bernatova et al., JPCC 2019, 123, 9; Gillibert et al. Environ. Sci. Technol. 2019, 53, 15, 9003

TRAPPING

RAMAN

• Lasers: 633 (11mW), 785nm 
(21mW)

• Spectrometer: JY Triax 190
• Objectives: 60X (water), 

100X (oil)
• Detector: CCD (JY Synergy)
• Imaging: CCD CMOS 

(Thorlabs)

SINGLE BEAM RAMAN TWEEZERS2 BEAMS RAMAN TWEEZERS



Photo of the setup

CCD camera

Avalanche
PhotodiodeTriax190

Spectrometer

Ar++ laser 

HeNe laser
Diode Laser 

Edge/Notch
Filter

Mirror

Piezo-Table

Objective

Illumination

Sample compartment
Laser Sources

Optical Tweezers Spectroscopy

Polystyrene



Can we trap micro and nanoplastics ? 
2"

Microplastics (d > 1 µm) in water are always trapped
nplast (~1.5) > nH2O (1.33)

Brownian fluctuations
can drive the particle
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PS particles in distilled water

633nm

Gillibert et al. Environ. Sci. Technol. 2019, 53, 15, 9003

Once the particle is trapped we can «Raman» it

Identification of 500nm PS particle in 0.5s



Single particle detection

Raman of PMMA 300 nm beads

Single particle analysis is demonstrated down to 300nm

OPTICAL IMAGING OF TRAPPING PROCESS



Raman Tweezers analysis of different microplastics
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Optical trapping and analysis of fibers in PP 
particles dispersd in seawater

Textile fibres could have been accidentally mixed to the PP during fabrication, or maybe the fibre was
already present in the seawater sample



Environmental sample 1: 
a weathered polyethylene bottle cap
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Environmental sample 2: 
a weathered polypropylene paint bucket
Naturally aged PP paint bucket from Lakes of 
Ganzirri, fragmented under mechanical pressure 
in seawater
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Conclusions

• 3D trapping and Raman detection of PE, PP, 
PET, … microplastics in seawater and 
distinction from sediments
• Single particle sensitivity proved down to 

300nm
• Detection of aggregates 50nm particles (few

tens)
• Observation of nanoplastics in weathered

environmental samples mechanically
broken



Raman Tweezers can play a role
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