Published on 30 d’ octubre 2025. Downloaded on 12/6/2026 23:36:49.

Environmental Py
Science OF CHEMISTRY
Nano -

CRITICAL REVIEW View Article Online

View Journal

W) Cheok for updates A physical chemistry lens on environmental
nanoplastics analysis challenges. Part Il: detection
techniques - principles, limitations and future
directions

Cite this: DOI: 10.1039/d5en00630a

Manpreet Kaur,® Christopher T. Gibson,” Sara J. Fraser-Miller,?
Sophie C. Leterme (22 and Melanie Macgregor (2 *?

Nanoplastics (NPs) have become a prominent environmental pollutant, garnering increasing scientific
and public attention due to their possible effects on ecosystems and human health. However, their
detection remains a major analytical challenge due to their small size, diverse polymeric compositions,
and unique surface properties facilitating strong interactions with complex environmental matrices. To
date, no single technique can provide complete information on their identity, morphology, and
concentration, and many existing methods fail when adapted from microplastics workflows. This review
aims to provide a comparative evaluation of current detection approaches for NPs, with a special focus
on the physical principles underpinning each technique and how these principles affect their
performance at the nanoscale. Spectroscopic (e.g. FTIR, Raman, XPS), mass-based (e.g. pyrolysis-GC-
MS, MALDI-TOF), imaging (e.g. SEM, TEM, fluorescence microscopy), and population-level (e.g. DLS,
NTA, flow cytometry) methods are discussed in terms of what they measure, how they work, and why
their applicability to NPs may be limited. Rather than presenting techniques as black boxes, this review
explains their working principle in the context of NPs research needs, offering a tangible way to
understand what each method can—and cannot—reveal about NPs in terms of polymer classification
and surface chemistry, quantification, morphological analysis, size distribution, and concentration. The
merits and drawbacks of each technique are assessed, emphasizing their complementary roles in
Received 11th July 2025, addressing the challenges of NP analysis. The originality of this review lies in its principle-based
Accepted 20th October 2025 evaluation of detection methods, a comparative synthesis table that informs multimodal workflows, and
DOI: 10.1039/d5en00630a a standards-oriented roadmap. This roadmap connects the current MP framework to the future
requirements of NP research—harmonised methods, cross-laboratory comparability, and reliable data to
rsc.li/es-nano underpin future monitoring and remediation efforts.

Environmental significance

Nanoplastics (NPs) remain difficult to characterise due to their small size, low signal strength, and complex composition. This review critically examines
current detection and characterisation techniques, highlighting how underlying physical principles constrain their performance. By clarifying the analytical
limits and suitability of each method, it supports the development of reliable workflows essential for environmental monitoring and regulatory decision-
making on NPs.

1 Introduction potential for biological interactions. Defined as plastic
particles smaller than one micrometer, NPs are significantly
more difficult to study than microplastics (MPs) due to their
nanoscale dimensions and complex interactions with
surrounding environmental matrices. Yet their presence in
terrestrial and marine ecosystems is expected to be just as
“College of Science and Engineering, Flinders University, Bedford Park 5048, Widespreadl and  their pOtential tOXiCity is increaSingly
Australia. E-mail: melanie.macgregor@flinders.edu.au recognised—with  reports demonstrating NPs affecting
b Adelaide Microscopy, The University of Adelaide, Adelaide 5005, Australia organisms from the base to the top of the food chain.>™

Nanoplastics (NPs) are an emerging class of environmental
pollutants that pose unique analytical challenges due to their
small size, distinct physico-chemical properties, and high
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Suitable analytical techniques tailored to NPs are essential to
addressing a critical gap in our understanding of their
environmental prevalence, fate, and potential toxicity.

In part 1 of this review, we explored the fundamental
differences between NPs and MPs, emphasizing how size
influences their physical, chemical, and optical behaviors.
We detailed the challenges associated with isolating NPs
from environmental samples, highlighting the limitations of
traditional separation techniques when applied to nanoscale
plastic particles. However, isolation is only the first step in
the comprehensive analysis of NPs. Once separated, these
particles must be reliably detected, identified, and
quantified.

This second part of our review shifts focus to the
analytical techniques used for NP detection, covering
chemical identification, morphological visualization, and
quantitative measurement approaches. While standardized
protocols exist for the analysis of MPs, as summarised in
Fig. 1, these methodologies often fail when applied to
NPs. For instance techniques such as stereomicroscopy
and confocal microscopy, effective for MPs, lack the
resolution required for NP detection.” Instead, high-
resolution approaches like electron microscopy or nano-
infrared spectroscopy (nano-IR) are necessary.® Fig. 2
illustrates the lateral resolution of different microscopy
techniques. If a particle's size is smaller than or
comparable to the system's lateral resolution, it cannot be
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imaged clearly or may appear merged with noise/
background. To date only advanced, low throughput,
instruments can resolve plastic  particles,
especially below 100 nm.

A crucial aspect of NP detection is the need for
standardized protocols and validated methodologies to
ensure comparability across studies. Unlike MPs, which
benefit from well-established analytical workflows, as those
described in ISO 24187:2023 and 5667-27:2025 for
instance, NP detection remains an evolving field with
significant methodological ~divergence.*  This
highlights recent progress toward standardization and
discusses the steps necessary to develop universally
accepted procedures for NP characterization. We critically
examine the strengths and limitations of currently
available methods, including spectroscopy-based techniques
(such as Raman and infrared spectroscopy), electron
microscopy, and emerging mass spectrometry applications.
Given the significant analytical hurdles in detecting sub-
100 nm plastic particles, we also discuss potential
advancements in technology that could improve sensitivity,
reproducibility, and accuracy in NP analysis.

Several recent reviews have addressed detection of
micro- and nano-plastics.’*™® What distinguishes this
review is its explicit physical chemistry lens, linking
detection performance to the underlying principles of each
method. Readers will (i) gain a clearer understanding of

nanoscale

review
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type havingsize 1 um to 5000 um.

Fig. 1 Examples of existing standards relevant to microplastics (ISO/CD 16094-1, ISO/FDIS 16094-2, ISO/DIS 16094-3, ISO 24187:2023, ISO 5667-
27:2025, ASTM D8332-20 and ASTM WK70831) along with their scope, techniques used, particle type with size limit and factors to consider for
microplastics/nanoplastics analysis, primarily in water matrixes. Note: although some of these standards are still under development (i.e. those
labelled DIS: draft international standard and FDIS: final draft international standard for ISO and WK: work item for ASTM, the American Society for
Testing and Materials) they are all applicable to microplastics at this stage.>®
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Fig. 2 Lateral resolution of microscopy techniques, determining the smallest resolvable distance between two objects and in turn the size-based
limit of detection for MNPs.*1°

why techniques succeed or fail at the nanoscale, enabling  to human and ecological health, and informing regulatory
more informed methodological choices; (ii) benefit from a  frameworks.

comparative table that collates working ranges, detection

limits, matrix compatibility, and representative references 2 Detection techniques

for rapid consultation; and (iii) find forward-looking

discussion and roadmap suggestions to stimulate ideas on  The detection of NPs is highly dependent on effective
where the field may move next in addressing this  isolation methods, as discussed in part 1, where we explored
environmental challenge.  Ultimately, improving NP  various separation techniques and their limitations. Once
detection capabilities is essential for assessing their isolated from their environmental matrixes, NPs need to be
environmental impact, understanding their potential risks  analytically detected to confirm their presence and/or gain
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Fig. 3 A selection of absorption, emission and scattering spectroscopic methods. The solid lines indicate photons derived from a light source and
dashed lines indicate photons generated in the phenomena. Far-infrared (far-IR), mid-infrared (mid-IR) and near infrared (near-IR) are absorption
processes associated with rotational and phonon vibrations (far-IR), fundamental (mid-IR), overtone and combination (near-IR) vibrational
transitions. Scattering can be elastic (Rayleigh) or inelastic (Raman) with energy given (Stokes) or taken (anti-Stokes) from the molecule. Stimulated
Raman scattering (SRS) uses an additional laser to stimulate the scattering process. Coherent anti-Stokes Raman scattering (CARS) uses SRS to
populate the vibrationally excited state which is then probed by the probe/pump laser and the anti-Stokes transition is detected. The fluorescence
pathway involves absorption of the photon into an electronic excited state, non-radiative vibrational relaxation and emission from the lowest level
of the electronic excited state back to the ground state. Adapted from ref. 14 with permission from Springer Nature, copyright 2016.
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quantitative  information on their shape, chemical
composition, and concentration. Various detection methods
that can be used to identify NPs are discussed below.

2.1 Chemical analysis: NPs polymer type identification

For the chemical identification of NPs, spectroscopic
techniques are the most commonly used. Spectroscopy
refers to a range of techniques that exploit how light
interacts with matter to identify and characterise materials.
Different type of light-matter interactions are wused
depending on the technique, including absorption (e.g.
infrared spectroscopy), and scattering (e.g. Raman
spectroscopy) phenomenon, Fig. 3.

2.1.1 IR spectroscopy. Infrared (IR) spectroscopy is an
essential tool in vibrational spectroscopy that is used for the
identification of molecular structure. It quantifies changes in
molecular vibrational energy levels caused by the absorption
of infrared radiation.” In plastic particles, it enables polymer
identification by detecting characteristic vibrational modes of
specific functional groups, such as C-H, C=O, and C-O
stretches, which produce distinct absorption patterns unique
to each polymer type.'*'® For a molecule to absorb IR, its
vibration must cause a change in its dipole moment. Only
such vibrations are IR active. Water, for instance, is a strong
IR absorber due to its strong dipole moment. When
analyzing aqueous samples, the water IR absorption can lead
to significant interference and obscure the signals from other
analytes of interest such as NPs.'?

Instrumental techniques for bulk IR spectroscopy analysis
typically involve mid-IR radiation (fundamental vibrational
transitions, 4000-400 cm™'), most commonly using Fourier
Transform Infrared (FTIR) spectroscopy.'” FTIR is nowadays
the most widely used experimental setup for collecting IR
spectra in plastics analysis.'> This is because FTIR offers high
throughput, multiplex detection, speed, simplicity, and
access to well-established, extensive spectral libraries for
reliable polymer identification. FTIR analysis can be
performed in three modes: transmission, reflectance and
attenuated total-reflectance (ATR) mode. Transmission mode
detects IR radiation penetrating through the entire sample.
Transmission mode is commonly used for detecting
environmental MPs but requires the sample and substrate to
be IR transparent and the sample to be thin (<100 pm).
While high-quality spectrum representative of the entire
sample thickness can be beneficial for MP identification,
total absorption can have a negative impact. For colored,
dark, or opaque particles, the IR beam can indeed be
partially or completely blocked, resulting in poor spectra.
Reflectance mode avoids this issue by measuring the IR beam
reflected off the sample. The suitability of reflectance mode
depends on the sample's morphology, as surface textures can
lead to light scattering and disturb the reflected signal.'
When present, NPs themselves can behave like a fine surface
roughness, with their abundance of sub-wavelength features
acting as scattering centers and further reducing spectral
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clarity. In ATR mode, spectra are generated with the sample
in close contact with an ATR crystal (such as zinc selenide).
IR light passes through the crystal, creating evanescent waves
that interact with the sample, allowing information to be
collected. ATR mode is often used for analysing thick or
highly IR-absorbent samples, such as large MPs particles
(>200-300 um)."* In a study by Liu et al.,'® it was for instance
used to provide information on MP ageing by detecting
surface oxidation. Ciprofloxacin was applied to polystyrene
(PS) and polyvinylchloride (PVC) particles to detect
differences between pristine and aged samples. Peaks
characteristic of -OH were observed at wavenumbers of
3446.17 and 3437.60 cm " for aged PS and PVC, respectively,
but they were not observed in the pristine samples. Moreover,
the observation of carbonyl and hydroxide radicals
demonstrated that MPs aging was a result of oxidation.'®
ATR mode is often the approach of choice because it requires
minimal sample preparation and avoids the complex
mathematical corrections needed for transmission or
reflection modes. However, the ATR crystal is expensive and
degrades over time. Additionally, direct contact between the
crystal and the sample can lead to cross-contamination and
sample loss. Furthermore, analyzing samples smaller than
the crystal may result in low-quality spectra, which limits the
applicability of this technique to the identification of NPs.'?
Therefore, when examining small plastic particles,
microanalysis techniques must be employed such as IR
microscopy. FTIR microscopy (u-FTIR) combines FTIR
spectroscopy with light microscopy for easy analysis of small
structures. The process starts with a visual examination of
the sample, allowing a specific area to be selected for
detailed  chemical analysis. p-FTIR  enables the
characterization of particles smaller than 200 pm in a
contactless way. The resolution is limited by the wavelength
of light and the microscope's objective. Modern p-FTIR
systems also provide chemical mapping and imaging,
allowing analysis of particles as small as 10 um with high
magnification."” To improve p-FTIR imaging, multi-detectors
like linear array (LA) and focal plane array (FPA) can be
added. These setups allow for automatic analysis of large
sample areas and can gather millions of spectra in a few
hours.”® For example, it has been used to analyse the
composition of teabags and their micro and nanoplastics
(MNPs) leachates.”® The results confirmed that the particles
released from plastic teabags, 11.6 billion MPs and 3.1 billion
NPs, shared the same composition as the original teabags,
namely nylon and polyethylene terephthalate. The
characteristic peaks corresponding to nylon-6,6 and
poly(ethylene terephthalate) (PET) in the range of 500 to 4000
cm™" were observed."® Another approach to improving u-FTIR
performance is the use of alternative light sources. Quantum
cascade laser (QCL) - based IR systems (e.g. LDIR) represent
the state of the art for high-throughput microplastic analysis,
automating particle imaging and classification across filters
at much higher speeds than conventional p-FTIR. However,
they remain diffraction-limited to ~10 pm and are therefore
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not applicable to NPs, underlining the gap between MP-ready
technologies and the lack of equivalent workflows for NPs.
Large Area ATR-FTIR (LAATR-FTIR), combines ATR-FTIR and
p-FTIR and has been used to analyse reference MPs smaller
than 10 pm. This technique involves placing an ATR crystal
on the sample and scanning it in reflection mode, requiring
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optical contact. LAATR-FTIR benefits from ATR-FTIR's ability
to provide chemical mapping and high-quality spectra.
Additionally, it offers enhanced spatial resolution compared
to pw-FTIR, due to the crystal's refractive index acting as a
magnifying lens."”® With this approach, LAATR units fitted
with zinc selenide (ZnSe) and germanium (Ge) crystals
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Fig. 4 a. Schematic of the AFM-IR study design and analytical set up (top) with an example of the AFM images of nanoparticles present in an
environmental water, achieving ~100 nm spatial resolution, and the corresponding IR spectra acquired at the mark locations showing good
match with the dashed spectra of polystyrene (PS) from the spectral library. Reproduced from ref. 22 with permission from Elsevier, copyright
2025. b. Principle of metal-NP based surface-enhanced Raman scattering (SERS) (top left), reproduced from ref. 23 with permission from the
American chemical Society, copyright 2025, SEM images of a polydomain-aggregating silver nanoparticles (PASN)-SERS chessboard substrate
with a 1000 nm PSNPs dispersed across the PASN substrate (scale bar: 500 nm) (bottom), along with Raman spectra measured on the PANS
substrate for different size of PSNPs in tap water, reproduced from ref. 24 with permission from Elsevier, copyright 2025. c. Schematic depicting
enhancement of the local electric field at the tip apex in a TERS configuration, significantly amplifying Raman signals from nearby samples
(top). Reproduced from ref. 25 with permission from the American chemical Society, copyright 2025. Also shown: AFM image of a PS-PMMA
(poly(methyl methacrylate)) blend with corresponding confocal Raman spectra collected at the designated points. Inset displays the chemical
structures of PS and PMMA, with their characteristic Raman bands at 1001 and 813 cm™* marked by dashed lines. Reproduced from ref. 26 with
permission from the American chemical Society, copyright 2022. d. Bright-field and CARS images of PS, PMMA, and LDPE particles. CARS
imaging detects vibrational frequencies of 3050 cm™ (PS), 2940 cm™ (PMMA), and 2840 cm™ (LDPE). Scale bars: 100 um. Reproduced from ref.
27 with permission from the American chemical Society, copyright 2021.
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effectively identified small MPs down to 1.3 um, but
struggled with large MPs due to uneven contact caused by
particle thickness.'® While this one particular variant of
advanced p-FTIR, successfully identified individual MPs
particles between 1.3 and 20 um in diameter, the resolution
of this instrument is generally too low to provide a unique
vibrational spectra for small microparticles among larger
ones, let alone NPs.*°

Nano IR spectroscopy is a technique which integrates IR
spectroscopy with atomic force microscopy (AFM) to enable
chemical characterization at spatial resolutions far beyond
the capabilities of traditional IR techniques. Unlike
conventional IR-based methods that are limited to
resolutions in the range of 5 to 10 microns, typically achieved
through attenuated total reflection spectroscopy (ATR), nano
IR measurements can achieve resolutions as small as 50 to
200 nanometers.® It is a probe-based setup wherein an AFM
tip scans the sample surface, detecting local variations in IR
absorption induced by molecular vibrations, Fig. 4a. A
pulsed, tuneable IR source excites the sample, which then
undergoes localized heating, leading to thermal expansion
detected by the AFM cantilever. This localised
thermomechanical response is used to generate IR spectra at
the nanoscale, surpassing the diffraction limit of light. The
reading integrates topographical, mechanical, and thermal
analyses at the nanoscale. Combining the spatial resolution
of AFM with the chemical specificity of IR spectroscopy, this
instrument opens new avenues for research in NPs analysis.®
Recent investigations have so far reported the successful
detection and characterisation of different forms of NPs in
environmental samples using nano IR spectroscopy. These
include TiO,-coated PP particles, NPs made of poly(3-
hydroxybutyrate) (P3HB) and epoxy resins, and PS NPs down
to 30 nm, Fig. 4a.>>"?> However, for accurate nano-FTIR
analysis, sample preparation is crucial, and the method itself
is expensive.

2.1.2 Raman spectroscopy. Raman spectroscopy is a form
of vibrational spectroscopy that utilises the scattering
interactions of light with molecules. Scattering processes are
two-photon events, where the first photon hits the sample
and a second photon is scattered back, these events can be
elastic (no energy change, Rayleigh) or inelastic (energy
change, Raman). The dominant scattering process is elastic
scattering, however one in every 10° to 10° photons will
undergo spontaneous inelastic scattering, where the photon
will have a change in energy corresponding to a jump in
molecular vibrational energy levels with the scattered photon
being lower energy than the incident photon (Stokes) or
higher energy than the scattered photon (anti-Stokes), Fig. 3.
Monochromatic light is used to probe a sample and the
difference in the energy between the incident and scattered
photons is recorded to generate a spectrum with the x axis
given in Raman shift (cm™) and the y-axis intensity of signal
(e.g. counts s™*). The Raman scattering process occurs when
vibrations exhibit a change in polarizability (deformation of
electron cloud/orbital during the vibration) which tends to
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occur to a greater extent in molecules with n-bonds and
delocalised systems, such as the styrene groups of
polystyrene. In contrast, water is a poor Raman scatterer and
as such Raman spectroscopy can be undertaken for aqueous
systems with minimal interfering water signals, unlike
FTIR‘IS,ZS

To enable small sample volumes and high lateral
resolution, Raman spectroscopy can be coupled into
microscopes (Raman microscopy or Raman micro
spectroscopy). The sample volume measured is governed by
the diffraction limited spot size which is dependent on the
wavelength of light and the numerical aperture of the
objective. The visible wavelengths of light typically used can
provide smaller spatial resolution compared to p-FTIR
spectroscopy. Raman microscopy can achieve a spatial
resolution as low as 1 um and even below (approximately
300 nm) depending on the wavelength and objective setup
utilised." However competing phenomenon, such as
fluorescence, can mask the relatively weak Raman signals,
in such instances longer wavelengths are often utilized. One
downside to this is the Iy oc v* relationship between Raman
signal intensity (Iz) and excitation frequency (v) with longer
wavelengths resulting in reduced signal intensity.”® This
trade-off is particularly acute for NPs, where emissive
plastics often require longer excitation wavelengths to avoid
fluorescence, resulting in intrinsically weaker Raman signals
and reduced spatial resolution.

PS-NPs ranging from 30 to 600 nm were identified using
Raman imaging combined with an image algorithm analysis
that relied on distinguishing the laser spot, the pixel size/
image resolution, the NPs size/position (within a laser spot)
and the Raman signal intensity.** Raman microscopy has
also been used to characterize paint-polishing dust samples
collected from a driveway after manually polishing a
vehicle's poly-acrylic clear coating. Analysis of the dust
samples estimated this polishing process to be responsible
for the generation of billions to trillions of MPs/NPs, with
sizes ranging from approximately 7 um down to 200 nm.*'
Raman imaging has also been used in association with 2D
optical tweezers or coupled with asymmetrical flow field-
flow fractionation (AF4), to identify irregularly shaped,
aggregated, and polydisperse NPs.*> The main drawback of
this process was that non-homogeneous hot-spot densities
(uneven  concentrations of  electromagnetic  field
enhancement) and non-uniform distribution of NPs over the
substrate caused poor reproducibility.®® This limitation
could be addressed by using a capture material promoting
homogeneous adsorption densities. Other limitations
associated with Raman include size-range detection and
penetration depth. For instance, analysing polished silicon
wafers with different laser wavelengths reveals varying
penetration depths—12 pum at 785 nm, 3 pm at 633 nm,
and 0.7 pm at 532 nm.** In the UV range, penetration
depth can drop to 5-10 nm.** Nonetheless Raman has the
advantages over XPS and FTIR to cover a wider spectral
range, to have higher sensitivity to nonpolar functional
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groups, lower water interference and narrower spectral
bands.*

Surface-enhanced Raman spectroscopy (SERS) is a version
of this technique that significantly amplifies the Raman
signals of molecules by several orders of magnitude.*® Such
amplification is particularly critical for NPs, whose small
volume makes conventional Raman signals intrinsically weak
and prone to baseline interference. It involves adsorbing
molecules on colloidal metal nanoparticles or rough metal
surfaces, typically silver or gold,”** leading to higher
scattering efficiencies, Fig. 4b. The proposed enhancement
mechanisms include electromagnetic (EM) and chemical
enhancement (CE) theories. EM enhancement results from
the unique properties of metal nanoparticles, such as surface
plasmon oscillations, which concentrate light energy and
increase Raman scattering.’> CE involves interactions
between probe molecules and a metal surface, facilitating
changes in electronic structure and electrical charge sharing,
thereby strengthening and sensitizing the Raman signal and
contributing to overall enhancement.’” Using SERS, PSNPs of
varying sizes (30, 100, 200, and 1000 nm) were examined on
Ag nanoparticles, Fig. 4b.>* In the presence of potassium
iodine, acting as coagulant, this approach showed a marked
degree of sensitivity, particularly in the case of 100 nm
PSNPs, where a detection limit of 6.25 ug mL™" was achieved.
The method was successfully applied to real-world lake water
samples, detecting more than 87.5% of various NPs sizes and
concentrations.*® SERS also proved to be an efficient tool for
NPs (PS, PE, and PP) < 500 nm in both pure water and
seawater. Notably, PS, PE and PP NPs down to 100 nm
exhibited strong signals compared to MPs due to their higher
surface area.’” This highlights that nanospecific properties
can sometimes enhance detection, as the increased surface-
to-volume ratio improves scattering efficiency relative to
larger MPs. Moreover, in biological samples, SERS has been
used to visualize fluorescently labelled NPs involved in bio-
nano interactions. Unfortunately, this approach is prone to
autofluorescence which led to low quality spectrum as the
fluorescence masked the Raman signal. To overcome this
drawback and improve the accuracy of NP visualization,
researchers have proposed a novel near-infrared (NIR) SERS
labelled NP with anti-interference properties. Using this
technique, the uptake of NPs in Zebrafish was successfully
confirmed without autofluorescence.*® Despite this progress,
it remains crucial to investigate the nature of this interfering
signal and how it is influenced by factors such as the size,
surface charge, structure, the presence of additive, dyes or
the chemistry of the NPs under study.

Tip-enhanced Raman spectroscopy (TERS) is another
variant of Raman, which like SERS aims to amplify the signal.
TERS uses scanning tunnelling microscopy to scan a
plasmonic metal nanostructure across a sample surface to
locally amplify the field, Fig. 4c.>® During TERS examinations,
the nano-enhanced probe tip is placed above the sample and
a laser is used to stimulate the localized surface plasmon
resonance (LSPR) of the particle of interest. The LSPR, a
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synchronized  oscillation  of  conduction electrons,
significantly amplifies (by a factor of 100-1000) the electric
field in the immediate vicinity of the nanoparticle, resulting
in enhancement factors of up to 10%3° TERS allows for
precise chemical analysis with a spatial resolution of around
30-50 nm. In certain cases, such as with carbon nanotubes,
the resolution can even reach as low as 1.7 nm when using
STM. TERS has the potential to offer detailed nanoscale
chemical information on NP particles.’® However, studies
using TERS have so far focused on the analysis of polymer-
blend thin films, rather than individual particles. In PMMA
and PS polymer blend, TERS used in combination with XPS
provided information on phase separation with vertical
resolution lower than 10 nm,?® while lateral resolution below
100 nm were achieved for PS and polyisoprene (PI) blends,
Fig. 4c.'' Therefore, further exploration is needed to
determine the extent to which this highly promising
technique can be applied in the field of NPs.

2.1.3 X-ray photoelectron spectroscopy. X-ray
photoelectron spectroscopy (XPS) is used to obtain
information regarding binding energies of specific electron
orbitals by irradiating samples with an X-ray radiation.** XPS
is a surface-sensitive method that provides much higher
resolution in the z-direction compared to FTIR or Raman.
However, the lateral resolution of XPS (or spot size) is still
~10 pum. XPS is a powerful tool to study the chemical
composition of the top 10 nm of a surface.*> The X-ray
radiations emitted by photoelectrons in XPS analysis provides
information about the bonding environment of specific
elements. For instance, high resolution C1s spectra of PSNPs
can be used to confirm the presence of aromatic carbon and
hydrocarbon groups within the C1s envelop with components
at ~284.3 and 284.7 eV, respectively.”®> C1s XPS spectra has
also been used to confirm the chemical composition of PS
and PENPs in cosmetics and the presence of polymeric
substances in wastewater treatment plant microorganisms.>’
XPS is capable of detecting surface oxidation in NPs through
changes measured in the oxygen high resolution spectrum.”?
Surface functional group changes in pristine PS and aged PS
nanoparticles were investigated using XPS. The analysis
revealed decreasing C/O ratios with irradiation time, as seen
in pristine PS (C/O ratio: 2.48), PS aged for 12 hours (C/O
ratio: 2.24), and PS aged for 24 hours (C/O ratio: 2.07).
Results aligned with FTIR findings, and high-resolution scans
identified increased C-O, C=0, and O-C=0 bonds in the
aged PS, confirming the oxidation of PSNPs during aging.**
However, XPS is a very expensive technique to use on a
routine or commercial basis due to the cost of the instrument
itself and it is therefore typically only used for research
purposes.*®

2.1.4 Non-linear spectroscopic methods. Recent studies
have demonstrated that non-linear optical methods,
specifically techniques like stimulated Raman spectroscopy
(SRS), coherent anti-Stokes Raman scattering (CARS), and
two-photon excited autofluorescence (TPEAF), could play a
crucial role in the detection and characterization of NPs.*>*’
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The hyperspectral imaging capabilities of SRS allow for
precise chemical characterization of NPs, aiding in the
differentiation of complex mixtures and the study of particle
heterogeneity.”®"” SRS enables high-resolution, 3D imaging
of NPs down to 50-100 nm. This technique has proven
effective in identifying various types of NPs such as PS,
PMMA and PE in environmental and biological samples,
including bottled water, atmospheric particles, and human
lung tissues, revealing a much higher abundance of these
tiny particles than previously detected by traditional
methods.**™*® However, SRS requires extensive spectral
libraries and resolving overlapping signals is complicated,
which makes the identification of NPs in complex matrices
difficult.*>*

Coherent Anti-Stokes Raman Scattering (CARS) microscopy
is another technique used to increase the Raman signal,
which could be proved useful for NP detection due to its non-
invasive, label-free imaging capabilities, coupled with high
sensitivity and chemical specificity. To date, CARS has been
used to identify and classify PMMA, PS, and LDPE MPs, even
in challenging environments like continuous water flow,
without the need for labour-intensive sample preparation,
Fig. 4d.”” This could make CARS particularly useful for real-
time monitoring and in situ analysis of NP pollution, should
high enough resolution be achieved. The integration of CARS
with  other  techniques, like two-photon  excited
autofluorescence (TPEAF), was shown to enhance its ability
to differentiate between plastic and organic particles,
providing high spatial and temporal resolution.>” However,
like most advanced spectroscopic techniques, the practical
application of CARS faces significant technical barriers, in
terms of miniaturization and integration of advanced
features without sacrificing performance and acquisition
times. Though the field is rapidly progressing and could soon
see Raman imaging become a tool of choice for NPs
identification, as reviewed in details elsewhere.*®

IR is widely used for MPs but lacks the resolution needed
for NPs unless applied as nanoIR, which is a new and
promising technique, though still very slow and limited to
specialised laboratories. Raman is more accessible: even
relatively common models can achieve <1 pm resolution,
and with confocal mapping they can also provide imaging
capabilities. This means size and shape information can be
obtained alongside polymer identification in a single
instrument. When newer approaches such as faster mapping,
TPEAF or SERS substrates are used, both resolution and
throughput improve further. SERS in particular is attractive
because it can be implemented on existing Raman systems
with appropriate substrates, unlike other advanced variants
that require major hardware upgrades. In all cases, relevant
spectral libraries, automation and faster acquisition remain
critical if these methods are to become routine, as
demonstrated by LDIR for MPs. XPS is probably best
regarded as a niche method: while it provides valuable
information on surface chemistry and oxidation states, its
lateral resolution is too low to probe individual NPs, so
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meaningful data can only be obtained on beds of particles
with similar properties.

2.2 Morphological analysis: techniques for NPs visualisation

2.2.1 Atomic force microscopy. Atomic Force Microscopy
(AFM), a form of scanning probe microscopy, is one of the
most effective techniques for imaging and characterising
surfaces at the nanoscale with a lateral resolution of 2 nm,
and vertical resolution down to 0.1 A.°**' AFM operates
with a sharp tip affixed to a flexible cantilever which
engages with the sample surface. Minute deflections of the
cantilever are tracked by a photodetector measuring
reflected light, while a piezoelectric scanner moves the tip
or sample in tiny steps to reconstruct the surface
topography. A feedback mechanism continuously modifies
the tip's elevation to ensure consistent engagement with
the surface, facilitating the creation of a three-dimensional
map.’! It can be operated in contact mode, where the tip
remains in constant contact with the surface while the
cantilever deflection is maintained at a steady state or in
tapping mode. Here the cantilever oscillates close to its
resonance frequency minimising damage to fragile or soft
specimens. Tapping mode is therefore optimal for
polymers, biological samples, or NPs. It is this fundamental
principle that both nanoIR and TERS rely on for tip
positioning to achieve their nanoscale resolution. Though
AFM can also be used on its own to image NPs. In
addition to imaging, advanced AFM modes can quantify
elastic modulus, adhesion, conductivity, and surface
potential.>* AFM studies on NMPs (0.5-10 pm) showed that
natural aggregates have higher roughness and surface area
than lab-aged particles, indicating greater adsorption
potential. Surface analyses of aged polyethylene (PE) lobster
trap tags and polypropylene (PP) fragments confirmed
severe fragmentation and degradation, influenced by
colorants and environmental factors. These results highlight
AFM's ability to provide high-resolution morphological and
mechanical insights beyond what chemical analysis alone
can reveal.”>? On the downside, image acquisition and
processing can be laborious and the scanned areas are so
small (typically 100 um? maximum) that AFM images may
not statistically represent the entire sample, particularly in
heterogeneous materials. Also the vertical range seldom
surpasses 5 um which makes imaging highly textured or
stacks of nanoparticles challenging. For NP analysis care
should be taken for the particles to be strongly adsorbed
onto the surface of tip-induced artefacts may manifest in
the data. Delicate or fragile specimens are susceptible to
tip-sample interactions, especially in contact mode.>>*"
Nonetheless, when combined with techniques like TERS or
Nano-IR, AFM offers a more holistic understanding of
complex materials, such as NPs, providing information not
only on their morphology and surface roughness but also
their chemical and physical properties, which makes them
intrinsically multimodal detection techniques.
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2.2.2 Scanning electron microscopy. Scanning electron
microscopy (SEM) can be wused to get quantitative
information about NPs size, shape, surface morphology, and
aggregation state® with resolution below 3 nm. When
equipped with EDX detectors (Energy Dispersive X-ray-
Spectroscopy) SEM can also provide data about the chemical
composition of the samples.> In SEM, the sample is scanned
with an electron beam. When the electrons from the beam
come in contact with the atoms in the sample, they
experience elastic and inelastic scattering which result in the
production of backscattered and secondary electrons, X-rays
and other signal that are processed by the instruments
detectors and rendered into a high-resolution image of the
sample's surface features. The advantage of SEM is its high
resolution with 3 nm size limit, the ability to acquire images
within minutes and to survey rather large areas of samples.”
SEM is typically used to visualise the actual size and shape
NPs, such as the PS and PMMA nanospheres (50 nm, 100
nm, and 500 nm) shown in Fig. 5a. The size distribution
observed are often compared to DLS data to confirmed or
infirmed consistency with commercially reported sizes.”
SEM analysis can also be used to observe adsorption of NPs
onto the surface of other compounds,” or to study NPs
morphological stability, for instance when subjected to hot
water during takeaway food consumption, high-temperature
sterilization, and other simulated food scenarios.>>

SEM offers high-resolution imaging with excellent surface
sensitivity, providing detailed static images. However, its
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reliance on conductive coating and a vacuum environment,
along with the potential for electron beam-induced sample
damage, and low throughput makes its application to routine
analysis unpractical.

2.2.3 Transmission electron microscopy. Transmission
electron microscopy (TEM) is commonly used to visualise
nano-sized particles, providing high-resolution images and
chemical information at the atomic scale.’® TEM's ability to
provide detailed information about NPs relies on an
electron beam generated from a thin foil within the
instrument and directed at the sample. As the beam
interacts with the sample, electrons ae scattered and
subsequently detected to create a detailed image. Operating
at higher voltages than SEM (beyond 80 kV), TEM can be
coupled with EDS and image software, allowing the
identification of elemental composition in nanoparticles,
with the software aiding in image processing. One of the
only study reporting on the use of TEM for NP analysis in
environmental samples (Fig. 5b) focused on snow samples.*®
Another laboratory based study used TEM to analyse the
morphology of PS NPs and CeO, NPs, revealing a spherical
shape with an average diameter of approximately 50 nm
confirmed with DLS for PS-Bare, PS-COOH, and PS-C,H,O0,
and around 80 nm for PS-NH, and PS-SO;H.’®*° Despite
TEM's widespread use for characterizing the morphology
and size of nanomaterials, its application in detecting NPs
is limited. The amorphous nature and elemental
composition of polymers present an intrinsic challenge in

C. P100
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10 pg/mL
m 50 pug/mL
100 pg/mL §
LS
Al Merged Fluorescence

Fig. 5 a. Scanning electron microscopy (SEM) images polystyrene (PS) and poly(methyl methacrylate) (PMMA) nanoplastics. Reproduced from ref.
54 with permission from the American Chemical Society, copyright 2021. b. Transmission electron microscopy (TEM) images showing cerium
oxide (CeO,) nanoparticles and PS NPs in environmental samples collected from seawater (left) and lake water (right). Reproduced from ref. 56
with permission from Elsevier, copyright 2020. c. Fluorescence microscopy images of macrophages (cytoskeleton actin is labelled in green)
exposed to blue-labeled 100 nm PS NPs at concentrations of 10, 50, and 100 ug mL™ for 48 hours, highlighting cellular uptake and dose-
dependent interactions. Reproduced from ref. 57 with permission from Elsevier, copyright 2024.
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TEM analysis as the ineffective elastic interaction of organic
elements with the electron beam results in weak contrast.
As with SEM, conductive or high-Z samples provide much
better contrast, making plain polymer NPs intrinsically
difficult to image. Enhancing detection efficiency requires
staining NPs with heavy elements; when these stains are
purposedly added they may impact the chemical
composition and structure of the polymers.” However, in
the case of environmental NPs, which are often reported to
adsorb heavy metals or form complexes with inorganic
colloids, this very contamination may enhance electron
contrast and thereby improve detectability.

2.2.4 Fluorescence. Fluorescence labelling of NPs to track
them in the environment and in living organisms has been
the focus of multiple studies, Fig. 5c. This is the only
approach that actively uses the nano-specific physical
properties of NPs to enable their detection. Specifically,
fluorescence-based methods build on the hydrophobic nature
of most hydrocarbon-derived plastics and the enhance
surface reactivity of NPs, which together promotes the
adsorption of lipophilic fluorescent dyes. This strong surface
affinity is advantageous for NPs compared with MPs, where
dye uptake is often less efficient. Nile Red (NR) is the most
widely used dye for MNPs detection because of its high
fluorescence intensity, fluorescence quantum yield (®¢ = 0.42)
in non-polar media,®® high adsorption, and solvatochromic
properties, which allow it to effectively stain various plastic
polymers. NR has been successfully applied across a range of
environmental samples, including sediments, water, and
biota, thanks to its ability to categorize MNPs based on their
hydrophobicity. However, its use is not without challenges;
NR can exhibit weak signals with certain plastics and faces
issues with staining fibers. Rhodamine B (RhB) also shows
promise as a NP dye, particularly for PS microspheres,
though it is limited by toxicity and partial staining of smaller
particles. Safranine T (ST) and Eosin B have been used with
some success, but their applications are hindered by
potential harmful effects and limited testing in complex
environmental matrices."”

However, due to dye leakage, photobleaching, and
organism autofluorescence, this approach often shows poor
accuracy and false-positive results.'® Another significant
limitation of fluorescence-based methods is the non-specific
labelling of other hydrophobic particulate matter and high
background fluorescence levels, which can also lead to false
positives.’® Pre-treatment steps, such as separation or
digestion techniques, are crucial to minimize interference
from suspended solids and organic matter. Despite these
precautions, the detection of NPs presents additional
challenges compared to MPs due to their smaller size, which
requires highly sensitive and specific staining techniques.
Current research emphasizes the need for optimized staining
protocols and the development of new fluorescent dyes or
counterstaining methods to enhance the accuracy and
efficiency of fluorescence-based detection of NP in
environmental and biological samples."*>”
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SEM and TEM provide the highest resolution and are
unrivalled for shape details at the nanoscale, but the weak
contrast and charging artefacts of pristine polymer NPs limit
their value as a standalone tool. Interestingly, environmental
NPs that bind metals or mineral colloids may yield stronger
EM signals than laboratory standards, suggesting a potential
advantage if exploited carefully. In practice, however,
concentrating environmental NP samples sufficiently to
“find” particles without introducing excessive mineral
artefacts remains a challenge, as discussed in part I of this
review. Fluorescence microscopy, by contrast, is significantly
cheaper and is the only imaging approach that directly
leverages nano-specific surface properties, making it a
realistic high-level screening option. In both cases, reliable
identification requires pairing with spectroscopic methods.

2.3 Population analysis: size distribution and concentration

2.3.1 Dynamic light scattering. Dynamic light scattering
(DLS), also known as photon correlation spectroscopy or
quasi-elastic light scattering,’’ is an analytical technique
used to measure the size of particles and macromolecules by
measuring their Brownian motion in a dispersion and
determining their hydrodynamic radius. Smaller particles
move or diffuse more rapidly than larger ones, with the rate
of Brownian motion quantified as the translational diffusion
coefficient D. The hydrodynamic size determined by DLS is
defined as the size of a sphere that diffuses at the same rate
as the particle being measured, including the core particle
and anything strongly bound to its surface, such as ions,
adsorbed molecules. DLS involves illuminating particles with
a laser to measure diffusion rates.’’ Particles that are not
moving show a consistent level of scattered light intensity.
However, when diffusion occurs, there are variations in the
scattered light that are proportional to the size of the
particles and how fast they are moving. These rapid light-
scattering signal fluctuation are analysed over time through
autocorrelation functions, where a faster decay indicates
smaller, more mobile particles. The Stokes-Einstein equation
relates this diffusion behaviour to the particle's
hydrodynamic diameter, allowing the size of nanoparticles to
be estimated from DLS data:

kT
N 3nnD

(1)

du

where dy is the hydrodynamic diameter, k& is Boltzmann's
constant, T is the absolute temperature, # the viscosity of the
medium and D the diffusion coefficient. For accurate
calculations and particle sizing, the solvent viscosity and
temperature must be known, but this is not always the case.
While DLS offers quick and non-invasive measurement of
particle sizes its accuracy can be compromised by
contaminants, viscosity, and temperature fluctuations,
particularly when analysing non-spherical shapes.>*° DLS
was used to determine the stability of 0.01, 0.1, and 1 g L™
solutions of PS and PMMA NPs in ultrapure water. Particles
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having a mean diameter of 142.70 + 5.53 nm (PS) and 96.46 +
5.52 nm (PMMA)® were detected. DLS was also used to
investigate the aggregation of dissolved organic matter in the
marine environment and how it formed particulate organic
matter, in the presence of 25 nm PS/PMMA. The study
concluded that this induced aggregation may pose a potential
hazard to the marine carbon cycle.®®

2.3.2 Nanoparticle tracking analysis. Just like DLS,
Nanoparticle Tracking Analysis (NTA) is used to determine
the size of particles within the range of 10 nm to 1000 nm. It
is a cutting-edge method that harnesses particle scattering
and employs an optical microscope to observe the Brownian
motion of particles, illuminated by laser light. This high-
precision approach records the motion of particles frame by
frame through a high-sensitivity camera, which enable
concentration measurements.®*

Unlike Dynamic Light Scattering (DLS), NTA provides
accurate measurements even in the face of polydisperse
nanoparticles suspensions. The key lies in NTA's capability
for single particle tracking, enabling real-time analysis and
superior resolution of overlapping size distributions. In
practical terms, this translates to more precise size
distribution measurements, especially in polydisperse
samples.® For instance, Filipe et al. conducted a comparative
study using both NTA and DLS, focusing on PS submicron-
and nanoparticles (60-1000 nm). The results highlighted
NTA's suitability to accurately characterize individual particle
populations within polydisperse samples, a task that proved
challenging for DLS.®® Also, it can be useful for secondary
NPs, where the presence of aggregates or agglomerates can
complicate size analysis using traditional DLS.?® For instance,
this method achieved approximately 90% recovery for various
fluorescently labelled NPs, namely, 76 nm PVC, 100 nm PS-
COOH, and 750 nm PS.°® NTA was used to estimate the
concentration of poly(ethylene terephthalate) (PET) NPs in
commercially bottled drinking water, with a concentration of
approximately 10° particles per mL.®” NTA was employed to
detect particle sizes and number concentrations in teabag
leachates. The study revealed that the particles in the
leachates exhibited spherical or elliptical shapes, with sizes
ranging from 100 to 300 nm. NTA measurements reported
hydrodynamic sizes of 156, 173, and 165 nm for PET/PE, PLA,
and PET teabag leachates, respectively. The NTA-derived
particle number concentration for the blank experiment was
3.5 = 0.6 x 107 particles per mL, significantly lower than the
teabag groups.®® In another study, the physical degradation
of nanosized PS particles from MPs via rotation mixing,
shaking, and flowing was investigated. The NTA analysis
showed that the resulting particles had an average size of
204.0 + 2.1 nm. Additionally, the shaking samples had fewer
aggregates compared to the rotating mixing and flowing
samples.®® One of the limitation of NTA is its rather narrow
operating range: it can only accurately measure the
concentration of particles in the range of 107-10° particles
per mL.°® In samples that are too concentrated overlapping
particle tracks can distort the results. If it is too dilute, the
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particles counts are too low for reliable statistical analysis.
Also like other scattering based technique (i.e. DLS) NTA is
biased towards larger particle, which are overrepresented in
number-based distribution because they scatter more light.
2.3.3 Flow cytometry. Flow cytometry is a technology that
is not typically categorized as a spectroscopic technique,
though it does incorporate principles of light interaction
similar to those used in spectroscopy. Flow cytometry
provides rapid multi-parametric analysis of single particles as
they flow past single or multiple lasers while in suspension.”
Flow cytometers utilize lasers as light sources to produce
both scattered and fluorescent light signals. The light scatter
by each particle is measured in two different directions, the
forward direction (forward scatter or FSC) which can indicate
the relative size of the particle and at 90° (side scatter or SSC)
which indicates the internal complexity or granularity.”® Flow
cytometry/imaging is mainly utilized to characterize size
distribution, particle count, and sometimes surface charge.”®
In face masks, PP particles of sizes >100 nm were quantified
by flow cytometry. The FSC was set at the lowest voltage
(photomultiplier tube (PMT) = 200 V) to maximize the size
range of detectable particles, while the SSC was set at 350 V
to obtain a better resolution for sizing submicrometric
particles.”" Fluorescent staining and high-throughput flow
cytometry were used to identify and quantify nine polymers
in freshwater: PS; PE; PET; HDPE; LDPE; PVC; PP; nylon (PA);
PC. All nine plastic types were stained with 10 mg mL™" Nile
red in 10% dimethyl sulfoxide for 10 minutes. PS, PE, PET,
and PC were clearly identified, but PVC, PP, PA, LDPE, and
HDPE were partially obscured by Nile red aggregation and
precipitation.”” Mixtures of PS particles that varied in size
(500 nm to 5 pum) and varied in labelled populations were
analysed and sorted into distinct populations reaching
sorting efficiencies >90%.”> The lowest spatial detectable
limit for plastic particles was 200-500 nm.”> However, newer
instruments are being developed that lower the size detection
limit of flow cytometry down to ~30 nm. Referred to as nano
flow cytometers, these systems incorporate enhanced side
scatter optics (e.g. violet laser excitation combined with a
high numerical aperture lens and narrow collection angle to
improve detection of weakly scattering particles), a narrower
core stream to efficiently centre small particles, and high-
sensitivity detectors such as avalanche photodiodes (APDs) or
low-noise photomultiplier tubes (PMTs). These features make
nano flow cytometers well-suited for detecting low-scattering
NPs, which are often missed by conventional flow cytometry.
DLS, NTA, and flow cytometry are the only techniques that
directly analyse particles in suspension, making them the
natural first choice for liquid samples, especially relatively
clean water (e.g. bottled or tap). They exploit nanospecific
behaviours such as Brownian motion and scattering to
deliver high-throughput, real-time size distributions, and in
the case of NTA and flow cytometry, particle numbers. DLS
instruments can additionally measure particle surface charge
(zeta potential), which is highly relevant in studies of stability
and cytotoxicity. Outputs from all three methods rely on
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assumptions of spherical particle shape and known refractive
index, and are easily skewed by bubbles, aggregation, or low
particle numbers. The operating concentration ranges for
DLS and NTA are narrow, and readings outside this window
may appear valid which can be misleading without careful
calibration. Nonetheless these methods have the advantage
to be widely available in materials and chemistry laboratories
(though less so in environmental sciences) and, when used
critically, provide valuable bulk screening tools before more
definitive chemical identification.

2.4 Quantification in mass

2.4.1 Pyrolysis-gas chromatography-mass spectrometry. Py-
GC-MS is a chemical analysis technique where a sample is
heated in the absence of oxygen, causing it to break down into
smaller, stable fragments. This process, known as pyrolysis,
allows researchers to analyse the components of environmental
samples. Unlike traditional GC-MS methods, Py-GC-MS doesn't
require complex sample preparation like extraction and
dilution. It can effectively identify a wide range of polymers and
composite materials, making it particularly useful for studying
micro- and nano-plastic pollution in the environment. In an
early study on NPs in oceanic waters, Ter Halle et al.”* utilized
ultrafiltration for sample concentration, analysing the
resulting colloidal fraction with Py-GC/MS. Despite
determining the relative abundance of the three major
polymers through chemometric principal component analysis
of aromatic pyrolyzates, quantification by weight was not
undertaken.” Wahl et al., employing py-GC-MS, identified PE,
PS, and PVC NPs in water extracts from agricultural soil
samples.”> Additionally, Materi¢ et al reported low
concentrations of PET NPs (5.4-27.4 ng mL™") in surface snow
samples from the Austrian Alps using Thermal-Desorption
Proton-Transfer-Reaction Mass Spectrometer (TD-PTR-MS).”®
However, these methods have been only tested at laboratory
scale and are difficult to be applied in more complex field
samples that contain other particles. Once again, this approach
relies on the development of selective separation steps for
environmental matrixes reduction, such as those established
by Okoffo and Thomas.””

2.4.2 Thermogravimetric analysis. Thermogravimetric
analysis (TGA) is a destructive analysis used for the
identification and quantification of polymers by tracking the
weight change of a particle subjected to increasing
temperature. When utilizing thermal analysis for the
assessment of polymer particles, the initial procedure entails
exposing the sample to heat. As the temperature increases,
the sample efficiently absorbs a substantial quantity of heat,
leading to a progressive transformation of the polymer
components from a solid state to either a liquid or gaseous
state. Consequently, an endothermic peak emerges at a
specific ~ temperature. By studying the distinctive
thermograms of polymers, it becomes possible to analyse the
composition and type of polymers along with their additives.
This is feasible due to the varying thermal stability exhibited
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by different polymer types.”® TGA cannot identify specific
sample components, lacks structural and morphological
data, and does not provide kinetic information. However,
combining TGA with complementary techniques like
Differential scanning calorimetry (DSC), FTIR, or Py-GC/MS
has been used to provide a more comprehensive analysis of
the sample's thermal behavior and composition. Diimichen
E. et al analysed unknown polymers (PP/PE/LDPE) by
coupling TGA with thermal desorption gas chromatography
mass spectrometry (TDU-GC-MS).”® Another group coupled
TGA with FTIR to identify PE, PP, PS, PET, PVC in sea water
and soil samples.®® There is no lower size limit of detection
for thermal analysis, which can be an attribute when it comes
to quantifying NPs. However, the challenge then lies in
sample preparation, as extracting and concentrating NPs
above the instrument limit of mass detection (LOD) may
require very large volume of stock sample.

2.4.3 Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) is a mass spectrometry
technique that employs MALDI as an ion source and TOF
detection as the mass analyser. MALDI works in three steps
to ionize the sample: (1) the sample is mixed with a matrix
material consists of crystallized molecules (e.g., sinapinic
acid and 2,5-dihydroxybenzoic acid) and applied to a target
plate, (2) the matrix-sample mixture is irradiated with a
pulsed laser, causing desorption from the target plate, and
(3) the analyte molecules are ionized within a hot plume of
ablated gases and then analysed by Mass Spectrometry (MS).
TOF MS determines the ions’ m/z (mass to charge) ratio by
accelerating ions in an electric field of known strength and
length. The time taken for ions to fly through a fixed distance
depends on the velocity of the ions and is further used to
calculate the m/z ratio and identify the ion.*’ MALDI-TOF
can detect various synthetic polymers.

MALDI-TOF-MS achieved the detection and
characterization of plastic components present in trace
amount in various environmental matrixes.** This technology
was for instance used in the analysis of MNPs in biological
samples to identify and quantify micrometrics, as depicted in
Fig. 6. In another instance, MALDI was used for the ultra-
trace quantification of micro and nanoplastics (MNPs) in
snow and water. The combination of nanostructured laser
desorption/ionization time-of-flight mass spectrometry
(NALDI) with MS allowed for highly sensitive detection, even
at the picogram level.”® This high sensitivity makes MALDI a
versatile method for direct quantification of NPs and
molecular identification of the polymer types. Though this
approach does not provide morphological data (size, shape,
distribution) and would need to be complemented by imaging
techniques to achieve comprehensive characterisation.

Thermal and mass-spectrometric techniques such as Py-
GC-MS and MALDI-TOF are widely used for polymer
identification and quantification, particularly in complex
matrices such as soils and sediments, where optical and
spectroscopic methods are limited by light scattering and
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Fig. 6 Schematic illustrating the procedure and underlying mechanism for defining and quantifying the thermally assisted ionisation of PS MNPs
using MALDI-TOF MS at room temperature. Reproduced from ref. 82 with permission from Elsevier, copyright 2020.

matrix opacity. Py-GC-MS instruments are relatively common
in industrial and environmental laboratories, where they are
routinely employed for contaminant analysis, and they can
detect polymers down to the nanogram level. This could
make them valuable as high-level NP screening tools: if
polymer signals are detected at such concentrations, the
sample can be considered sufficiently contaminated to
warrant more targeted analyses. Though, achieving such
detection limits typically requires concentrating or pre-
enriching environmental samples, using techniques as those
described in part I of this review. Their main limitation is the
loss of particle-level information: they quantify total polymer
mass but cannot resolve individual particle size, shape, or
count. Nonetheless useful size-fractioned compositional data
can be gathered when mass-based detection techniques are
applied to sequentially filtered samples. Py-GC-MS can
robustly identify polymer types and additive fingerprints,
providing reliable bulk quantification, whereas MALDI-TOF
offers sensitive polymer fingerprints but remains difficult to
standardise because polymers ionise with different
efficiencies, introducing compositional bias. As inherently
destructive techniques—particularly Py-GC-MS—they are best
positioned at the end of a multimodal workflow, once non-
destructive, particle-based characterisation has been
completed. Ultimately, their main contribution may lie in
confirming polymer composition and mass balance,
complementing optical methods that provide spatial and
morphological detail.

3 Discussion

Alongside improvements in NPs isolation methods -
discussed in part I of this review - advancing detection

This journal is © The Royal Society of Chemistry 2025

techniques using sophisticated analytical methods is crucial.
The type of information that can be gathered through NPs
characterisation includes chemical composition, particle
count, size distribution, shape, surface characteristics, as well
as information about sorbed organic and inorganic
contaminants.

Based on the above evaluation of detection techniques, it
is clear that while several existing analytical approaches can
provide valuable information on NPs, no single instrument is
sufficient to deliver a complete picture of their identity,
morphology, and concentration across environmental
matrices. To assist comparison across techniques, Table 1
summarises their practical operating windows. For each
method we report whether analysis is resolved at the single
NP level, what information it provides (identity, size, count,
mass), conservative detection limits or ranges, sample and
matrix compatibility, and typical throughput. We also flag
common interferences and QA considerations. This synthesis
highlights where techniques are complementary rather than
redundant. For instance, coupling a particle-counting
approach such as NTA or flow cytometry with a spectroscopic
method (e.g. Raman/SERS or pFTIR) provides both
quantitative and polymer-specific information. Where
resources are limited or only a screening-level analysis is
required, an accessible workflow could involve fluorescence-
based staining and DLS/NTA to flag samples above a given
particle concentration. If thresholds are exceeded, more
advanced analyses such as SERS, AFM-IR, or pyrolysis-GC-MS
can then be applied to confirm polymer identity, shape, and
mass. Such tiered multimodal workflows balances
throughput, cost, and information depth, and represents a
practical strategy for developing harmonised monitoring
protocols.
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Technique NP - Information provided Practical range / | Sample / matrix | Throughput Limitations/QA Examples
resolved? _le LOD type
g |E|E|E|E 2
@ |53 >|€E °
< [s}
a
ATR-FTIR, N* N [N[N][Y][N 10 pn/ films ~1 pm o High ] o ] 18,19
- - Dry solids, filters, - Diffraction limited; organics overlap, water
WFTIR/FPA imaging o Y Y [N v - 10 ym extracts VI interference/rely on spectral libraries
LDIR N* Y Y|NJ|Y [N - 10 ym High
LAATR-FTIR N* Y |[Y|N|Y|N 1.3pm Flat solids Low Optical contact 2
§ Raman micro- Y Y Y[N]|]Y [N routine ~1 pm Solids, filters Low Fluorescence interference, weak signals/ 3
S spectroscopy Fluorescence suppression, LOD reporting
8 SERS Y Y Y |N|Y|[N 30 nm; LOD Solids, filters Medium [Substrate variability, fouling, blanks needed/| 224
§ ~0.03 pg/mL suspensions Spike-recovery, replicate blanks
@« TERS Y Y Y[N]|]Y I[N 10nm Solids, filters Very low Needs AFM tip+Raman; costly/ No report
Proof-of-concept only yet
CARS/SRS Y Y Y|N|Y|N 350 nm Biological thin Low-Med Complex, expensive/ 46,47
microscopy sections Bio uptake, not routine enviro
Nano-IR (AFM-IR) Y Y Y|N|Y [N 50 nm Flat Solids Very low Specialised instrumentation 8
AFM Y Y Y | N | N | N modulus| 2nm Flat Solids Very low Slow, non-representative 2
SEM Y Y Y| N|N|N <10 nm Dry solids Low Charging, low contrast, vacuum operation/ 20,55
o Correlative Raman/EDX option
o TEM Y Y Y| N|N|N <1nm Thin sections Very low |Low contrast, artefacts, vacuum operation/ 20,56
£ Validation, not quantification
Fluorescence Y Y Y [N|NI[N ~100 nm Suspensions, Medium Non-specific staining, autofluorescence/ 57
microscopy sludge Use orthogonal ID
DLS N Y [N |N|N [N]|charge 1nm=1pm; Clear suspensions High Polydispersity, colloids/ 62,63
S 0 20.01-0.1 g/L Refractive Index correction
B g NTA N Y N|Y|[N]|N 30 nm; Liquids Medium Tracking overlap, scatter/ 66-68
2g >10°-10"/mL PS standards; report lower limit
€ ®°[ Flow cytometry Y Y N|Y|[N|N 30 nm Liquids High Non-specific staining, scatter limit/ 7
Standardise gating, dye controls
< Py-GC/MS N N N|N|[Y|Y LOD ~0.1-1 pg; Solids, filters, Medium Matrix organics, overlapping pyrolysates / 54
§ ] LOQ ~1-10 pg tissues Internal standards, mass balance
83 TGA N N | N|N/[Y|Y]|kinetic ug-mg Solids, filters High Additives confound/ 79.80
é 72 Bulk confirmation only
S % MALDI-TOF MS N N [N|N|Y]|Y 25ng; Extracted solids Low lonisation bias, poor aged plastic sensitivity/| %8
>200 nm Complementary fingerprint

Reflecting on the progress of microplastics research, a few
directions for the nanoplastic field come to mind both
opportunities to fast-track progress by building on lessons
learned, and pitfalls to avoid. The MP community now
benefit from a international standards that guide not only
academic researchers but also government and industry.
These standards cover statistically sound sampling protocols
for environmental specimens, procedures to minimise
contamination during processing, appropriate techniques
and instruments for quantification and identification (e.g.
stereomicroscopy, Raman and IR spectroscopy, Py-GC-MS),
and agreed reporting norms including units, accuracy, and
repeatability. The NPs field would likewise benefit from such
globally standardised—or at least widely accepted—workflows
if data are to be comparable across laboratories and useful
for regulators and decision-makers. Much work is still
needed to reach that point, and the following roadmap
outlines some of the key steps that could get us there. First,
promising detection techniques need to be optimised in
parallel with the development of realistic reference materials
that reflect the diversity of environmental NPs. Second, these
materials should then be used to establish robust calibration
curves and comprehensive spectral libraries, providing the
foundation for reproducible and comparable analyses. Third,
only then can these validated approaches be applied to tackle

Environ. Sci.: Nano

the unresolved challenges of environmental complexity, such
as interferences from co-existing natural colloids,
aggregation, and low particle concentrations, to name a few.
Finally, large-scale interlaboratory and intercontinental
studies will be required to test and consolidate harmonised
workflows, ensuring that the community can move toward
global comparability and standards.

Step 1: optimising techniques. In our view, improvements
should prioritise throughput and reproducibility in already
promising techniques, rather than chasing prohibitively
expensive frontier instruments that remain out of reach for
most laboratories. For example automated Raman systems
could be improved by expanding spectral libraries and
optimizing measurement parameter (wavelength, power,
exposure time, spectral resolution, integration time, spectral
range, accumulation, objective lens, and temperature
control). Using machine learning or Al tools to automate the
parameter optimisation routine over a large variety of
samples could fast track the development of analytical
software packages. This also holds for other spectroscopic
(FTIR, XPS) and spectrometric (py-GC-MS, MALDI-ToF)
techniques. Indeed, using advanced data analytics and
machine learning algorithms to identify patterns and
anomalies and process large data sets can further enhance
the accuracy and scalability of these techniques, leading to

This journal is © The Royal Society of Chemistry 2025
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more reliable and effective environmental monitoring. EM
and AFM-based techniques used for morphology, which are
currently low throughput, would also benefit from
innovations in automation. Recent advances on this front in
flow cytometry are a step in the right direction,®* with some
manufacturer developing instrument specifically made to
analyse sub-micron vesicles and particles.

Step 2: Concurrent step 1: standards and QA. Another
important challenge in NPs analysis is controlling the quality
of the data. At present, there is the lack of standardized
validation protocols, insufficient diversity in reference
materials, and unclear implementation of quality assurance
(QA) and quality control (QC) measures, including the use of
blanks and accurate identification of false positives and
negatives. Model NP reference materials are needed for
calibration and QC. These should mimic environmental
reality by covering multiple shapes, sizes, weathering states,
and additive contents. Following the lead of MP standards,
these materials would underpin harmonisation and serve as
benchmarks for interlaboratory studies. As for MPs,
standardized validation methods should, from the onset,
require performing procedures in environments with
minimal plastic contamination, such as using ceramic and
glass equipment and cotton lab coats ideally in a laminar
flow cabinet to control airborne contaminants. Ultimately,
only with appropriate reference materials can the accuracy of
detection techniques be properly evaluated.

Step 3: tackling environmental complexity. Once
optimised techniques and reference materials are in place,
they can be applied to real samples where unresolved
challenges remain. To date, most validation relies on
pristine PS in simple media, but natural colloids such as
clays, silica, humics, and proteins overlap with NPs in
size,  charge, and  spectral features,  producing
misidentifications and false positives. Homo- and hetero-
aggregation further bias distributions towards larger,
easier-to-detect particles, reducing ecological
representativity. Standardisation and method development
must therefore explicitly account for these interferences to
evaluate the accuracy of detection techniques. Using
realistic standards and spectral/calibration libraries will
allow methods to be stress-tested under environmental
conditions, and identify which workflows are most robust
to matrix effects.

Step 4: cross-laboratory studies. The final stage is
validation through interlaboratory and intercontinental
comparisons, akin to those already common in the MP field.
Open-access databases and collaborative platforms will be
essential for maintaining current QA/QC practices and
providing community resources. Such efforts are critical not
only for harmonising detection but also for supporting
global monitoring programmes—allowing NP levels to be
compared across regions, and enabling assessment of
remediation strategies. Ultimately, these steps will determine
whether NP research can deliver reproducible, policy-relevant
datasets.

This journal is © The Royal Society of Chemistry 2025
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4 Conclusion

To sum up, present research does not adequately address the
substantial challenges posed by the existing methods of NP
detection and quantification. When it comes to accurately
assessing NPs in different environments, many of these
methods have limitations due to their sensitivity and
specificity. In order to better monitor and analyse NPs, it is
crucial to refine and develop innovative methods that can
improve detection capabilities. We can better understand and
reduce the risks of NPs pollution if we can close the gap
between theoretical understanding and its practical
application. Developing reliable detection methods is an
important part of keeping the public and the environment
safe as this field of study continues.
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