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Microplastics are a recognised global pollutant, contaminating
almost all aspects of our daily life, the detection of which
primarily relies on visual inspection. The use of a stable and
consistent imaging agent is therefore of paramount importance.
In this report, we describe the use of conjugated polymer
nanoparticles as staining agents, which can, in specific cases,
provide a positive stain up to 30 months after initial marking.

Plastic waste is a global issue. According to Geyer et al. 8.3
billion metric tons of total plastic have been produced to
date, and of the 6300 metric tons of plastic waste produced
since 2015, under 10% has been recycled whilst 79%
accumulated in the environment (including land fill) and
12% was incinerated." Left unchecked and unregulated,
plastic waste in the environment will hit 12000 metric tons
by 2050." Although not all waste plastics are classified as
such, microplastics are often the product of chemical and
photochemical action on waste plastics and have been
identified and recognised as a major pollutant since 2004.”
Microplastics have since been detected on Mount Everest,® in
the Mariana Trench,* the Arctic,” in the human reproductive
system,® in the human brain” and have been implicated in
the alteration of the immune response,® gene function,
neurological issues and cancer.’ In a study on the American
diet, it was estimated that an individual could consume up to
121000 microparticles per year (depending on numerous
variables) and that this is likely to be an underestimation.'®
In response to the emergence of microplastics, the European
Commission has restricted the use of microplastics from
October 2023 (Commission Regulation 2023/2055) in
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Stable staining of microplastics using conjugated
polymer nanoparticlesy
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Environmental significance

The peer reviewed literature highlights the importance and urgency
required in addressing issues associated with microplastic pollution.
We also highlight the limitations of the existing techniques for visual
inspection, the initial step in detecting microplastics. This study
concludes by presenting a new tool in the optical detection of
microplastics, notably highlighting that the materials described can be
used to image the polystyrene pollutants for at least 2.5 years after
initial staining, thus presenting a significantly superior analytical tool
to existing staining materials.

everyday products, defining microplastics as insoluble,
organic, synthetic polymer particles smaller than 5 mm that
are resistant to degradation."” Notably, California addressed
the issue of microplastics in drinking water as early as 2018
through Senate Bill 1422,"” and the United Nations has
explored the problem and produced a key report in 2021."*

A major issue surrounding microplastics is their
identification and analysis. Their polydispersity, shape, size,
differing chemical composition and types alongside their
location and subsequent purification and isolation methods
present a notable challenge for their routine detection and
identification. Thermal degradation techniques such as gas
chromatography/mass spectrometry (GC/MS) can be effective,
as can vibrational spectroscopic methods such as Raman and
infra-red spectroscopies, however, these require significant
capital outlay and experience in analysing the results."* For
microplastic particles towards the higher end of the defined
size range, optical detection methods,"”” notably visual
sorting, after dye staining, is a standard and accepted
method for detecting microplastics. Such methods have
numerous attractive advantages, such as simplicity and rapid
time scales, and can make microplastic identification
routine. As a result, 79% of all analysis uses manual counting
via optical microscopy.®

One such staining agent is Nile Red, a luminescent
organic molecular material commonly used as a lipid
imaging dye in biology. Application of Nile Red to the
analysis of microplastics have, for example, resulted in
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effective protocols for the detection of particulate
polyethylene, polypropylene, polystyrene and nylon-6, in the
size range 10-1000 pm.'”'® Like the majority of simple
organic molecules used as imaging agents in biology, Nile
Red exhibits limited stability, the propensity to precipitate
and inconsistent optical properties such as the lack of
emission in polar solvents, whilst certain microplastics, such
as fibres cannot easily be stained with the dye. Analogous to
biological imaging, better imaging agents are desirable for
the detection of microplastics, and conjugated polymer
particles (CPNs) offer an attractive alternative. Conjugated
polymer nanoparticles are self-assembled nanostructures
composed of strands of molecular light emitting polymers,
similar in chemistry to the light emitting materials in OLED
displays and were developed as biological labels due to their
water solubility, stable bright emission (essential for
detecting low level disease states), organic
character, which can be engineered to decompose and hence
be cleared from biological systems.'® The stable optical
properties, non-cytotoxic nature and commercial availability
make CPNs ideal labels for the visual detection of
microplastics.

In this study, optical detection of microplastics was
explored using a Nikon Eclipse TS100 optical fluorescent
microscope at x10 magnification, coupled with a commercial
illuminator (pE-200) with variable irradiance intensities.
Incubation of CPNs (Stream Bio, CPN 530 but with no surface
passivation) with a variety of virgin conventional plastics
showed positive staining as observed through fluorescent
microscopy, as described in the ESLf Polypropylene, high-
density polyethylene (HD-PE) and polystyrene were initially
chosen for their ubiquity as microplastics, and all three
samples were clearly visible through luminescent imaging
after staining with CPNs (Fig. 1) overnight and excited at 470
nm with 3% irradiance intensity on the illuminator. Likewise,
incubation of CPNs with virgin biodegradable plastics,
notably polybutylene adipate terephthalate (PBAT), polylactic
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acid  (PLA),  poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and polybutylene succinate (PBS) all gave similar,
positive staining after incubation for the same time period
using the same excitation power. Clothing microfibres are a
known source of microplastics from repeated washing,
notably, from polyester and acrylic fabrics. Overnight
incubation of acrylic and polyester fibres with CPNs, (and
imaged with 3% excitation intensity) again gave positive
stains, whilst incubation of cotton, a non-oil-based fabric that
does not shed microplastics, gave a negative result.
Incubation of a 50:50 blend of cotton and polyester gave a
weak positive result (Fig. 2). The nature of the coordination
of the CPNs to the microplastics and fibres is, as-yet,
unresolved. We further note that in the case of Nile Red
staining microplastics, van der Waals and dipole interactions
were stated to be the mode of coordination."”

Although overnight incubation is ideal, a rapid staining

procedure for microplastics is desirable in certain
conditions, so a 30-minute incubation protocol (with
imaging irradiance intensity increased to 15%) was

explored. The resultant stained conventional microplastics
could be imaged easily, as shown in ESI{ Fig. S1, with little
visible difference when compared to the microplastics
imaged using the overnight staining and lower irradiance
method. Staining and imaging the virgin biodegradable
plastics using the shorter time protocol gave similar positive
results, except for PHBV, which, whilst visible, was
significantly reduced (ESI Fig. S2). Imaging clothing fibres
after a 30-minute incubation period required a significantly
higher irradiance intensity of 75%, with acrylic the most
visible (yet less visible than the fibres incubated for the
longer period). In contrast polyester stained
significantly less (ESIT Fig. S3).

One of the key characteristics of conjugated polymer
nanoparticles, alongside their brightness, is their enhanced
optical stability, in stark contrast to most luminescent
organic dyes. The samples which were initially imaged using

was
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Fig. 1 Optical microscopy and fluorescent images (x10 magnification) of a range of virgin conventional plastics and virgin biodegradable plastics -
control samples and stained with CPNs (excitation wavelength 470 nm, overnight incubation and 3% irradiance power).
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Fig. 2 Optical microscopy and fluorescent images (x10 magnification) of a range of clothing fibres - control samples and stained with CPNs
(excitation wavelength 470 nm, overnight incubation and 3% irradiance power).
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Fig. 3 A) Optical microscope image (x10 magnification) of mussel faeces. B) Optical microscope image (x10 magnification) of mussel faeces with
470 nm excitation, 75% irradiance power. C) Optical microscope image (x10 magnification) of mussel faeces incubated with CPNs (30 minutes). D)
Optical microscope image (x10 magnification) of mussel faeces incubated with CPNs (30 minutes) with 470 nm excitation, 75% irradiance power.
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the overnight staining protocol (and 3% irradiance intensity)
were stored in ambient conditions for 30 months and then
re-examined. Stained polypropylene could not be imaged
after 30-month storage; however, stained HD-PE was still
visible (although not as bright as when imaged initially)
when imaged with the excitation radiance increased from 3%
to 7% (ESI{ Fig. S4). Stained polystyrene was clearly visible
after 30 months storage when imaged with the same radiance
(3%), with a slight reduction in brightness. Increasing the
radiance to 7% resulted in almost indistinguishable imaging
when compared to the initial images (ESIT Fig. S5). Imaging
of the virgin biodegradable microplastics 30 months after
staining gave similar results. Imaging of stained PLA using
7% irradiance gave extremely weak emission, and PBAT was
visible yet significantly weaker than the original sample
which used 3% irradiance (ESIf Fig. S6). Similarly, stained
PHBV gave no visible images after 30 months storage,
whereas PBS showed weaker, yet visible images using 7%
irradiance (ESIf Fig. S7). Stained clothing fibres gave no
appreciable signals after 30 months storage and excitation at
7% irradiance (ESI} Fig. S8).

To initially determine the suitability of the staining agent
in ‘real life’ samples obtained from the environment, CPNs
were used to image microplastic contamination in mussel
faeces, as mussels have long been used to monitor marine
pollution due to their general location, ease of harvesting,
and resilience to salinity and pollutants. There have been
several reports on finding microplastics in mussels.>*>* In
preliminary work, harvested mussel faeces
incubated and imaged with CPNs in a similar manner to the
lab-based microplastic samples described above (30 minutes
incubation, 75% irradiance). As shown in Fig. 3, a positive
stain was recorded consistent with the presence of
microplastics, and a control experiment confirmed the
absence of a natural background emission. Further work is
needed to confirm the identity of the materials, but it is
noted that optical detection of microplastics is often used in
conjunction with other methods mentioned earlier, such as
mass spectrometry.

In conclusion, conjugated polymer nanoparticles have
been identified as effective optical staining materials for the
visual identification of microplastics. The well-documented
issues with photobleaching and instability of Nile Red, for
example, may lead to underestimating the amount of
microplastics in a sample, whereas the prolonged stable
emission from CPNs will result in a more accurate visual
assessment.

It is noteworthy that CPNs were used to image a range of
microplastic and clothing fibres, giving a negative result
with natural fibres that do not produce microplastics. Of
note is the enhanced stability afforded by the labels, notably
in imaging polystyrene, which was clearly still detectable
after 2.5 years of ambient storage after initial staining. The
efficiency of the particles was then demonstrated by their
application in a rapid detection of microplastics in a real-
life environmental sample (mussel faeces).
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2232 | Environ. Sci.: Nano, 2025, 12, 2229-2233

View Article Online

Environmental Science: Nano

Data availability

All data is available from the corresponding authors upon
reasonable request.
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