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lling as a tool for identifying and
quantifying nanoplastics†

P. Merdy, * A. Bonneau, F. Delpy and Y. Lucas

Advancements in microplastic research are progressing rapidly, yet detecting and identifying nanoplastics

remain challenging, especially in natural samples. In this study, we addressed these challenges by

employing fluorescent labeling on nanoparticles of six prevalent plastic types (PP, LDPE, HDPE, PS, PET,

and PVC) to enable their specific detection via the analysis of 3D fluorescence spectra post-staining.

Four fluorescent molecules were tested: cyanine-3 phosphoramidite, rhodamine-6G, fluorescein sodium

salt, and Vat Red 15. Our observations indicated that adsorption onto nanoplastic particles resulted in

peak shifts in the fluorescence signal, providing sufficient specificity for nanoplastic identification. Among

the tested fluorophores, fluorescein was the most effective, successfully discriminating PP, PVC, HDPE,

LDPE, and PS. Rhodamine-6G produced shifted signals for HDPE, LDPE, and PS but grouped them

together. Cyanine-3 effectively distinguished PVC, PS, and PET, while Vat Red was only able to

discriminate PVC.
Introduction

Plastics pose a global issue due to their extensive presence in
various environmental compartments, such as soil, oceans, and
surface water. They originate from diverse sources, mainly
related to packaging, building and construction, textiles,
consumer products, transportation and electrical–electronics.1

It is estimated that by the end of 2017, 10 000 million metric
tons (Mt) of plastic had been produced, of which 7000 Mt
became plastic waste and 5300 Mt was discarded and are now
found in landlls, dumps or the natural environment.2

Over time, large plastic objects undergo degradation in the
environment, resulting in the formation of smaller debris down
to the microscale and nanoscale levels, primarily due to solar
UV oxidation, abrasion, and biological degradation. The
ecological and health risks related to the dissemination of
plastics in the environment are increasingly documented, both
in terrestrial and aquatic environments.3 Numerous studies
have addressed different aspects of this issue. Some focus on
the localization and quantication of plastics with the data
stored in databases.4,5 Others investigate extraction procedures,
particularly in natural samples; conduct ecotoxicity tests on
various organisms such as algae, mussels, copepods, and shes;
and perform physico-chemical experiments to better under-
stand the interactions between plastics and other pollutants
like metals, polycyclic aromatic hydrocarbons (PAHs), and
CNRS, IM2NP, Toulon, France. E-mail:

tion (ESI) available. See DOI:

7617
polychlorinated biphenyls (PCBs). Additionally, researchers aim
to gain insights into the degradation mechanisms. In all of
these studies, various techniques, including Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, and
pyrolysis-GC-MS/MS, have been used to identify and quantify
plastic particles.6 These techniques have a detection size limit of
around 1 mm. Detecting plastic particles smaller than 0.1 mm
remains challenging, especially when analyzing environmental
samples. Successful approaches have been developed using
oxidation techniques to remove natural organic matter (NOM)
and densimetric separation to exclude mineral materials from
the nal sample. These experimental protocols have yielded
numerous publications and can be applied to plastic particles
larger than 1 mm. However, addressing the nanoscale fraction of
plastics is muchmore complex as it surpasses the capabilities of
conventional techniques and protocols. Nevertheless, this
nanoscale fraction is of great signicance as it is suspected to be
the most toxic to smaller organisms as nanoplastics have the
ability to penetrate cell membranes.7,8 Consequently, the envi-
ronmental risk assessment in a given area requires the detec-
tion and identication of nanoplastics, even in complex natural
environments such as seawater, river water, and sediments, in
which many nanometric compounds such as organic matter,
clay, biological organisms, and iron oxides coexist.

Fluorescent labelling offers a way for identifying and quan-
tifying nanoplastics. Fluorescent nanoplastics are indeed widely
used in medical imaging. Their labelling is achieved by the
formation of covalent bonds between a uorescent molecule
and a plastic polymer. Commonly used uorescent molecules
for in vivo imaging include uorescein isothiocyanate (FITC),
indocyanine green (ICG), cyanine-5 (Cy-5), DiR, rhodamine 800,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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5-TAMRA, Bodipy 6RG, methylene blue, naphtho-uorescein,
IR-dye800CW, LS479, and IR-783.9 However, the labelling
methods require a rst step: the introduction of chemical
groups such as carboxylic acids, amine, or entities capable of
undergoing click reactions onto the polymer backbone. These
groups will then react with the dye molecules. Similarly, the
dyes themselves must possess at least one functionality that can
react with the polymer without affecting their uorescence
properties. Articles discussing the functionalization of plastic
materials propose complex chemical reactions, which vary for
each type of polymer and that oen require drastic conditions
like plasma treatment, the use of strong acids (e.g., chromic
acids), or the incorporation of uorescent molecules during
polymerization.10–14 Therefore, this type of plastic labelling is
inadequate for environmental samples containing various types
of polymers. Alternative methods that are less intensive and
better suited to the heterogeneous and complex nature of
environmental samples are required.

Currently, the most commonly employed method for quan-
tifying microplastic fragments in seawater or sediments is the
Nile Red pigment marking method using non-covalent uo-
rescent labeling.15 This method combines the densimetry
approach (using ZnCl2) with uorescent marking.16 However, it
lacks discrimination as Nile Red reacts with all plastic poly-
mers, with the only distinction between plastic types being their
varying uorescence intensity, inuenced by factors such as
persistent biolm presence and abrasion. Based on uores-
cence intensity, three groups of plastic polymers are proposed:

- strong: unplasticized polyvinyl chloride (uPVC), cellulose
acetate (CA), polycarbonate (PC), polyethylene terephthalate
(PET), and polymethyl methacrylate (PMMA);

- medium: polyvinyl chloride (PVC), polystyrene (PS), poly-
amide 6 (PA6), and polyamide 12 (PA12);

- low: low density polyethylene (LDPE), polytetrauoro-
ethylene (PTFE), high density polyethylene (HDPE), and poly-
propylene (PP).

The Nile Red uorescent labeling technique is commonly
paired with stereomicroscope observation using epiuor-
escence. Nile Red pigment emits uorescence ranging from
yellow to dark red, depending on the hydrophobicity of the
plastic surface. However, the emitted color can be affected by
changes in hydrophobicity caused by environmental surface
contamination. To accurately differentiate between plastic
types, the incorporation of non-overlapping colorants becomes
necessary. Karakolis et al. empirically explored this approach
using commercially available pigments such as iDye pink, iDye
blue, and Rit DyeMore Kentucky Sky.17 These ndings present
new possibilities for simultaneously marking plastic polymers
with specic dyes. However, the presence of plastic additives,
including llers, plasticizers, ame retardants, colorants,
stabilizers, lubricants, foaming agents, and antistatic agents,
makes this challenging. Stabilizers can be categorized into
various groups based on their specic functions, such as anti-
oxidants, antiozonants, thermal stabilizers, UV stabilizers, and
biocides. In the case of PVC or polyethylene (PE), the incorpo-
ration of additives, such as Irganox B900 as an antioxidant,
during manufacturing can cause uorescence.18 Therefore,
© 2024 The Author(s). Published by the Royal Society of Chemistry
selecting suitable uorescent markers to differentiate the types
of plastics in a natural sample is not a straightforward task.
Molenaar et al. (2021)19 successfully labelled PS nanoparticles
with Nile Red and employed single particle tracking (SPT) to
count and size them, which demonstrated the capability of
using this type of technique to detect and quantify nanoplastics.

Finally, a recent article by Liu et al. (2020)20 discussed the
top-down synthesis of luminescent microplastics and nano-
plastics through the incorporation of upconverting nano-
particles for environmental assessment. The disadvantage of
this technique is that it requires the pre-incorporation of dyes in
the plastic material during manufacturing.

In this study, we took a step further and conducted a series of
tests in an aqueous medium. We used six types of plastics (PP,
LDPE, HDPE, PS, PET, and PVC) and four uorescent molecules
(cyanine-3 phosphoramidite, rhodamine-6G, uorescein
sodium salt, and Vat Red 15). These molecules were selected
based on their uorescence properties and potential affinity
towards plastic polymers. We then examined the uorescence
signal in 3D to determine if peak shis could provide sufficient
specicity for nanoplastic identication.
Material and methods
Nanoplastic production and analysis

Nanoplastic suspensions were prepared according to the
experimental procedure described by Merdy et al.21 Briey,
larger particles were dissolved under reux in specic solvents:
toluene for LDPE, HDPE, PVC, and PP; acetone for PS; and
NaOH for PET. Aer the addition of NaCl and Tween80 as
a surfactant, vigorous mechanical stirring was applied to create
a microemulsion. Upon cooling, nanoplastic precipitation
occurred within the emulsion microdroplets. Two consecutive
frontal ltrations were then performed to remove the solvent
and surfactant, yielding a water-based suspension of particles
ranging in size from 20 nm to 200 nm. The size distribution and
concentration of the nanoparticles were determined using
Nanoparticle Tracking Analysis (NTA) with a Nanosight NS500
instrument (Fig. 1). This analysis conrmed that the nano-
plastic suspensions used in our study contained particles within
the desired size range of 20–200 nm, with concentrations
ranging from 107 to 108 particles per mL.
Labelling procedure

Four uorescent dyes—cyanine-3, Vat Red 15, rhodamine 6G,
and uorescein sodium salt—were procured from Sigma-
Aldrich. Stock solution of each dye was prepared by dissolving
the dye in water at a concentration of 1 mg L−1.

For each uorophore and plastic type, two solutions were
prepared by successively introducing the uorophore stock
solution, nanoplastic suspension and water into a test tube, in
proportions of 500, 200 and 2500 mL, respectively, for solution 1
and 1000, 200 and 2000 mL, respectively, for solution 2. Both
solutions had a nal volume of 3.2 mL. The test tubes were
sealed with stoppers and placed in a water bath at 70 °C for 2
RSC Adv., 2024, 14, 37610–37617 | 37611
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Fig. 1 NTA size distributions of nanoplastics in suspension. Statistical values are given in nm.
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hours. Subsequently, the samples were transferred to sealed
tubes and stored at 5 °C until use.

Analysis by molecular uorescence

The Shimadzu-F6000 spectrometer was used to acquire the 3D
uorescence excitation–emission matrix (EEM). Before con-
ducting sample analysis, the samples underwent dispersion in
an ultrasonic bath for 30 minutes. Quartz cells were employed
for measuring uorescence. To completely remove any traces of
uorescent dye from previous experiments, the quartz cells
underwent a meticulous washing procedure: rst with water,
then ethyl acetate, and nally water again. The excitation
wavelength ranged from 200 to 500 nm and the emission
wavelength from 250 to 600 nm. The scanning process involved
a wavelength step of 5 nm for both excitation and emission, and
the window slit width was set at 5 nm for emission and 10 nm
for excitation. To eliminate interference from Rayleigh and
Raman water diffusion bands, the water spectrum was sub-
tracted from the obtained spectra. The absence of uorescence
saturation was veried from solutions 1 and 2 of each
uorophore/plastic type combination by checking the pro-
portionality of the uorescence intensity with the dye
concentration.
Fig. 2 3D fluorescence spectra of cyanine-3 in solution (10 mg L−1),
using arbitrary units for intensity.

37612 | RSC Adv., 2024, 14, 37610–37617
Results and discussion
Cyanine 3

The 3D uorescence spectrum of cyanine-3 in solution exhibi-
ted three main peaks characterized by their excitation (lex) and
emission (lem) wavelengths in nm (Fig. 2). We focused on peaks
1 and 3, as peak 2 was challenging to monitor due to its prox-
imity to the Rayleigh scattering band.

Neither of these two peaks (1 and 3) showed a shi in the
presence of PP, HDPE or LDPE. However, both peaks exhibited
signicant shis in the presence of PS, PVC and PET for both lex

and lem (Fig. 3).
To investigate the correlation between nanoplastic (nP)

concentration and uorescence intensity, samples with
increasing nP concentrations in the presence of the uorescent
probe were analyzed using 3D molecular uorescence. First, it
was veried that the excitation and emission wavelengths
showed minimal uctuations with nP concentration:
a maximum 3 nm shi for excitation and amaximum 5 nm shi
for emission.

Fig. 4 illustrates the changes in uorescence intensity for
peak 3 with varying quantities of nanoplastics. Unfortunately,
Fig. 3 Molecular fluorescence excitation (lex) and emission (lem)
wavelength of peaks observed for cyanine-3 alone and that adsorbed
on the nanoplastics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of nP quantity on cyanine-3 fluorescence intensity.

Fig. 6 Molecular fluorescence excitation (lex) and emission (lem)
wavelengths of peaks observed for fluorescein alone and that adsor-
bed on the nanoplastics.
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under the current experimental conditions, no proportional
relationship was found between nP concentration and uores-
cence intensity.
Fig. 7 Effect of nP quantity on cyanine-3 fluorescence intensity.
Fluorescein

Fluorescein exhibited a 3D uorescent spectrum with ve
distinct peaks, as identied in Fig. 5. Our analysis was focused
on peaks 1 and 5, which showed the most intense signals at lex
and lem wavelengths of 250 and 510 nm and 488 and 515 nm,
respectively. When uorescein was adsorbed onto the nano-
plastics, signicant shis of peak 1 excitation wavelength (lex)
were observed for PP, PVC, and HDPE (Fig. 6). Additionally,
peak 5 emission wavelength (lem) exhibited a small but signif-
icant shi for LDPE and PS (lex below 440 nm) compared to the
initial uorescein signal (488 nm). However, uorescein was
unable to differentiate PET.

The characteristic wavelengths of the peaks showed minor
variations with the quantity of nP. Specically, there was
amaximum shi of 9 nm for excitation (ranging from 479 to 486
nm) and a maximum shi of 2 nm for emission (ranging from
515 to 517 nm). Similar to the results with cyanine-3, no
proportional relationship was found between nP concentration
and uorescence intensity under the current experimental
conditions (Fig. 7).
Fig. 5 3D fluorescence spectra of fluorescein in solution (10 mg L−1),
using arbitrary units for intensity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Rhodamine-6G

The 3D uorescent spectrum of rhodamine-6G is shown in
Fig. 8, with a focus on the main peaks emitting around 550 nm.
Aer contact with the nanoplastics (Fig. 9), rhodamine-6G
exhibited shied signals that clustered closely together for
HDPE, LDPE, and PS, making it difficult to distinguish between
Fig. 8 3D fluorescence spectra of rhodamine-6G in solution
(10 mg L−1), using arbitrary units for intensity.

RSC Adv., 2024, 14, 37610–37617 | 37613

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04526b


Fig. 10 3D fluorescence spectra of Vat Red in solution (10 mg L−1),
using arbitrary units for intensity.

Fig. 11 Molecular fluorescence excitation (lex) and emission (lem)
wavelengths of peaks observed for Vat Red alone and that adsorbed on
the nanoplastics.
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these three plastics, although they are clearly distinct from the
uorophore alone. PVC and PP had emission and excitation
wavelengths close to those of the uorophore alone, preventing
their differentiation from the uorophore.

Vat Red

The 3D uorescence spectra of Vat Red (Fig. 10) exhibited two
peaks that showed slight shis in signals when in contact with
all nanoplastic types, except for PVC, which induced a signi-
cant shi in the excitation wavelength (lex) of peak 1 (Fig. 11).

Dye adsorption and uorescence peak shi and intensity

The shi in uorescence peaks upon adsorption onto polymers
can be attributed to alterations in the local microenvironment
of the uorescent dye, which affect the orientation and
conformation of the adsorbed molecule. This can result in
changes in intermolecular vibronic interactions,22–24 intra-
molecular electron density redistribution (internal Stark
effect),25 or energy transfer between coupled molecules,26

leading to a shi in the uorescence peaks.
In our observations, the most signicant shis occurred

approximately parallel to the line (lex = lem), resulting in only
minor modications to the Stokes shi of the uorescence
(Fig. 12). However, the shi direction and magnitude varied
among dyes. Cyanine and rhodamine exhibited hypsochromic
shis (towards shorter wavelengths), whereas uorescein and
Vat Red displayed bathochromic shis (towards longer
wavelengths).

The non-linear relationship between nanoplastic (nP)
concentration and uorescence intensity can be attributed to
several mechanisms. A simple reduction in the quantum yield
of the adsorbed uorophore compared to the solvated uo-
rophore could explain this observation. Alternatively, more
complex mechanisms could be involved if the analyzed peak is
a composite of two neighboring peaks. Adsorption mechanisms
may vary depending on the polymer and environmental condi-
tions, including hydrophobicity, van der Waals bonding,
Fig. 9 Molecular fluorescence excitation (lex) and emission (lem) wavelen
the nanoplastics.

37614 | RSC Adv., 2024, 14, 37610–37617
hydrogen bonds, p–p bonds, and electrostatic interactions.27,28

Notably, for all the dyes studied, the direction of the peak shi
was consistent regardless of the polymer, although the intensity
of the shi varied from one polymer to another. This suggests
a common underlying mechanism for a given dye.
gths of peaks observed for rhodamine-6G alone and that adsorbed on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Direction of variation of the shift of fluorescence peaks of dyes after adsorption on nanoparticles.
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Cyanine-3 exhibits a negative solvatochromism correspond-
ing to a hypsochromic shi.29 Over a concentration ranging
from 10−3 to 10−6, cyanine dyes undergo a hypsochromic
dimerization.30 One might expect that adsorption would reverse
these variations that turned out to be bathochromic, but this is
not what was observed.

Fluorescein exhibits a hypsochromic shi with increasing
hydrogen bonding in its environment.31 Therefore, when the
dye, dissolved in an aqueous solvent, absorbs onto a hydrogen-
rich surface, a shi can be expected. However, the direction of
this shi cannot be predicted beforehand. Fluorescein uo-
rescence, however, can be quenched when adsorbed on
a hydrophobic polymer surface because of energy transfer in
regular 2D arrangement derived from self-organization.32

Rhodamine-6-G, like uorescein, exhibits hypsochromic
shi with an increasing hydrogen bonding environment.33 It
exhibits a bathochromic shi when adsorbed onto a thin
polymer lm [poly(methyl methacrylate)] because of the
formation of homoaggregates and signicant quenching when
adsorption increases.34 A similar behaviour is observed aer
adsorption on mineral surfaces.35 In water, dimers form with
a bathochromic shi when the Rhodamine-6-G concentration is
greater than 30 mM, and quenching due to collisional mecha-
nisms occurs at concentrations greater than 60 mM.36

To our knowledge, there are no studies on uorescence
variations of Vat Red depending on its chemical environment.

In future studies, the effect of the curvature of nanoplastics
on adsorption should be taken into account, as has been shown
for organic compounds.37 Elucidating the precise mechanism(s)
at play will necessitate further investigations, particularly by
ensuring the complete removal of residual free uorophores
through ultraltration.

Conclusion

The data presented indicate that the adsorption of uorescent
molecules onto nanoplastics can cause signicant shis in the
emission and/or excitation wavelengths of these molecules' uo-
rescence peaks. These shis are specic to the type of plastic,
enabling its identication. Among the four uorescent molecules
tested on six types of nanoplastics (PS, PP, HDPE, LDPE, PVC, and
PET), uorescein was the most discriminating. Its peak shis
allowed for the differentiation of PP, PVC, HDPE, LDPE, and PS.
Cyanine-3 enabled the discrimination between PS, PVC, and PET.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Rhodamine-6G showed shied signals for HDPE, LDPE, and PS,
but the signals remained too clustered to differentiate between
these plastics. Vat Red only differentiated PVC.

Under our current experimental conditions, we have not yet
achieved proportionality between nanoplastic (nP) concentra-
tion and uorescence intensity, which is necessary to quantify
nP from these molecular uorescence spectra. Experimental
conditions need to be optimized to achieve this goal. One
potential research direction is to establish the relationship
between dye concentration, number of nanoparticles, and
uorescence intensity. In future studies, mixing different types
of nanoplastics and observing if they can still be identied
when labeled with one of the best labeling uorophores will be
essential. This procedure can then be tested on environmental
samples. Kinetics of labeling, variation in temperature, and
monitoring the uorescence intensity during the labeling
experiment are additional prospective work to develop as well.

The proposed methodology has the potential to expand the
scope of scientic research on nanoplastics. Our method can be
used to observe the differences in the behavior of various types
of nanoplastics in interaction experiments with living organ-
isms or under simulated environmental conditions. It can also
be applied to environmental samples following pretreatment
steps, such as the oxidation of natural organic matter to
suppress its uorescence. Finally, our study paves the way for
the development of specialized instruments for the identica-
tion of nanoplastics.
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