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ABSTRACT: Microplastics (MPs, < 5 mm) and nanoplastics (NPs, <
1 ym) have emerged as pervasive environmental contaminants due

° Nanoplastlcs °

to the extensive use and continuous release of plastic materials. Q ©O op _© <O °0o° ° e
Despite growing awareness of their ecological and health risks, o O o @ Q o ® .
achieving rapid, accurate, and multidimensional detection of these ‘ % o o ° O o O o o ©
particles remains a formidable analytical challenge. This review e .. o,y.Hig,,w
identifies the major analytical challenges in detecting NPs within %, © & "“ea;
environmental matrices and synthesizes recent advances across y“ev ’%@ g‘%\'
mass spectrometry, spectroscopy, and optical/electron microscopy, %E
supported by machine learning and microfluidics. These emerging H
techniques enable faster, more accurate detection of smaller NPs =
and improve discrimination among polymer types and coexisting g ”’m}%.a \@f 5’
q q q q q %, ‘< % o \
materials. We introduce a functionality and performance-oriented '%% s @90
framework that classifies detection strategies into four capability .° .s ssauwmﬁ S ©

domains reflecting future requirements: (1)

high-throughput

quantification of particle concentration, (2) accurate polymer identification, (3) spatially resolved imaging of particle
distributions, and (4) in situ multimodal analysis. By transcending traditional instrument-based classifications, this
framework enables meaningful cross-method comparisons under shared analytical objectives and underscores a broader
transition in the field toward multimodal integration, advanced data analytics, and in situ characterization. We synthesize the
strengths of emerging analytical strategies, propose quantitative performance benchmarks, and provide guidance for their

effective translation into real-world environmental monitoring.
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1 Introduction

Driven by the pervasive use of plastic materials and their continual
release into natural systems, microplastics (MPs, < 5 mm) and
nanoplastics (NPs, < 1 pm)—collectively termed MNPs—have
become contaminants of growing global concern. Attributable to
their chemical inertness and minute dimensions, MNPs exhibit
exceptional environmental persistence and mobility, leading to their
ubiquitous distribution across diverse matrices, including the
atmosphere [1-4], aquatic systems [5-9], soils [10], sediments [11],
solid wastes [12], and even remote ecosystems such as the polar
regions [13] and high mountains [14, 15]. With their high specific
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surface area and strong hydrophobicity, MNPs serve as vectors for
organic pollutants [16, 17], heavy metals [18], and antibiotic
resistance genes [19], forming complex pollutant composites.
Furthermore, as plastics undergo photochemical, mechanical,
chemical, and biological aging, their physicochemical properties
undergo dynamic transformations. These changes modulate the
ecotoxicological effects of MNPs, resulting in increasingly complex
environmental behaviors and elevated health risks [20].

The threat of MNPs to ecological safety and human health
manifests through dual pathways. On one hand, MNPs can be
ingested by organisms across multiple trophic levels, exerting direct
toxicological effects [21-31]. On the other hand, acting as a unique
plastisphere niche [32, 33], MNPs can selectively enrich specific
bacterial communities and drive the dissemination of antibiotic
resistance genes (ARGs) [34], constituting an insidious yet
profound indirect biological hazard.

Concerning the direct exposure risks, NPs exhibit significantly
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higher potential toxicity than MPs. This is primarily attributed to
their nanoscale dimensions approaching the pore size of biological
membranes, endowing them with penetration characteristics
similar to engineered nanomaterials in tumor microenvironments
[35]. This distinct size effect enables NPs to easily traverse biological
barriers, accumulate in intracellular compartments, and induce
DNA damage via reactive oxygen species (ROS)-mediated oxidative
stress pathways [21]. Mechanistically, NPs disrupt gut barrier
integrity by downregulating the expression of tight junction
proteins, triggering the release of pro-inflammatory cytokines and
gut dysbiosis [36]. This persistent inflammatory microenvironment
further perturbs the homeostasis of activating and inhibitory
receptors on natural killer (NK) cells, inducing functional
exhaustion and impairing immune surveillance capabilities [37]. As
host immune defenses are compromised, commensal microbes
may transform into opportunistic pathogens, disrupting host health
homeostasis [38]. These cascade reactions collectively foster a
microenvironment conducive to tumor immune escape and
proliferation. Furthermore, acting as a “trojan horse”, NPs adsorb
environmental toxins (e.g., bisphenol A) and pathogens, creating
synergistic cytotoxicity that further activates carcinogenic signaling
pathways [36]. Consequently, the precise identification and
quantification of NPs within complex environmental and biological
matrices are indispensable prerequisites for deciphering their
environmental fate and toxicological mechanisms. Driven by this
imperative, the research frontier is rapidly expanding from NPs to
the biologically more potent yet analytically elusive NPs.

Extensive research efforts regarding NP detection have spurred a
plethora of reviews summarizing the analytical landscape. These
reviews generally fall into two primary frameworks. The first
comprises method-oriented reviews, which comprehensively
evaluate approaches such as Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy (Raman) [39-46], mass
spectrometry (MS) [47], electrochemical sensing, and thermal
analysis. These discussions emphasize analytical performance,
detection limits, and applicability [48—53], with machine learning
increasingly highlighted as a pivotal tool for data enhancement
[54, 55]. The second category includes environment-oriented
reviews, which examine detection strategies and contamination
characteristics across diverse environmental matrices, including
water, soil, air, and sediments [1-12, 21, 23, 24, 40, 56]. Early
studies laid a solid methodological foundation for NPs analysis,
primarily addressing the fundamental question of detection
feasibility. With continued advancements, the research focus has
evolved toward strategies for achieving faster, more accurate, and
multidimensional detection. Recent breakthroughs increasingly rely
on the synergistic integration of multidisciplinary approaches,
multifunctional platform designs, and multimodal characterization.
Drawing upon principles from optics, electrochemistry, materials
science, and precision instrumentation, these developments mark a
paradigm shift in NPs analysis—from conventional environmental
science toward a more comprehensive, interdisciplinary framework.
Given this diversification, categorizing detection methods solely by
analytical principles no longer suffices to capture their performance
nuances or practical relevance, nor does it facilitate effective
comparison. Accordingly, future research should be driven by real-
world detection needs and adopt a problem-oriented perspective to
establish more targeted, comparable, and application-oriented
detection strategies.

To address the expanding complexity of NP detection, this
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review proposes a functionality-driven classification framework.
The manuscript is organized as follows: Section 2 identifies critical
bottlenecks hindering current detection efforts. Section 3
categorizes emerging strategies into four performance-oriented
domains: (i) rapid quantification, prioritizing high-throughput and
cost-effective workflows; (ii) polymer identification, focusing on
minimized pretreatment and expedited analysis; (iii) spatial
imaging, highlighting high-resolution visualization in complex
matrices; (iv) multimodal integration, enabling comprehensive in
situ characterization. Section 4 synthesizes the current research
landscape and introduces the R’ES framework—a disclosure
protocol designed to benchmark the operational performance of
detection methods. This initiative aims to accelerate the translation
of NPs detection from exploratory research to standardized, real-
world applications.

2 The dilemma of NPs detection

The detection of NPs constitutes a formidable analytical challenge,
driven by their intrinsic colloidal heterogeneity and trace-level
occurrence in complex environmental matrices. The critical
bottlenecks manifest across four dimensions:

1) Methodological incompatibility in pre-treatment: Sample
pretreatment is undeniably critical for reliable detection, yet
conventional protocols designed for NPs often hit a wall at the
nanoscale. The first major hurdle is chemical stability. Aggressive
digestion methods, while effective for larger plastics, can inflict
irreversible damage on NPs [57, 58]. This degradation has a dual
negative impact: It reduces recovery rates, leading to
underestimation in mass-based quantification via pyrolysis-gas
chromatography/mass  spectrometry  (Py-GC/MS)  [59-62].
Consistent with the findings of Shi et al. [61], measured nanoplastic
concentrations were generally lower using the filtration-based Py-
GC/MS method compared to direct spectroscopic enrichment.
Taking river water as a representative example, the Py-GC/MS
method detected 5.6+0.6 pgL”, significantly lower than the
6.5-8.5 pg-L" range obtained spectroscopically. It also distorts
spectral fidelity, and in techniques like Raman and FTIR, surface
oxidation often introduces misleading carbonyl peaks that mask the
polymer's true fingerprint [59]. Second, separation strategies relying
on size exclusion and density flotation frequently fail. NPs exhibit a
high propensity for membrane fouling (pore blocking) during
filtration or irreversible aggregation during enrichment [59]. Such
phenomena result in significant analyte loss, leading to
underestimation in mass spectrometry and inducing artifacts in
light-scattering assays like dynamic light scattering (DLS) and
nanoparticle tracking analysis (NTA). It can reduce particle counts
and pseudo-shifts in size distribution. Finally, environmental NPs
spontaneously adsorb biomolecules or humic substances to form an
eco-corona [63]. This coating significantly alters surface
hydrophobicity and effective density [64-66], thereby rendering
density-based flotation separation ineffective.

To navigate these hurdles, recent research has shifted toward
refining pretreatment architectures. Crucially, mild digestion
strategies utilizing hydrogen peroxide (H,O,) and enzymes have
been introduced to preserve the physicochemical integrity of NPs,
avoiding the destructive effects of harsh acids or alkali [57]. On the
separation front, asymmetric-flow field-flow fractionation (AF4)
offers a compelling alternative to traditional filtration. By leveraging
cross-flow fields within a semi-permeable channel rather than
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forcing particles through pores, AF4 effectively mitigates the
membrane clogging issues that plague conventional methods [59].
In parallel, two-stage density separation protocols have been
optimized to heighten selectivity in complex matrices. To further
minimize aggregation, ultrasonic dispersion in anhydrous ethanol is
utilized to sever van der Waals forces between particles, whereas
gentle nitrogen blow-drying offers a non-thermal alternative to
solvent ~ removal, thereby circumventing  heat-induced
agglomeration [59]. It is worth noting that these methods are rarely
one-size-fits-all; they typically necessitate rigorous tailoring aligned
with the specific polymer identities of the target NPs.

2) The sensitivity-throughput paradox: A persistent trade-off
exists between detection sensitivity and analytical throughput.
Optical techniques are fundamentally constrained by the diffraction
limit. This physical barrier restricts spatial resolution, severely
impeding the detection of small-sized NPs via micro-Raman and
micro-FTIR. Conversely, techniques that offer high resolution, such
as traditional electron microscopy (EM), are hampered by a
notoriously narrow field of view, making large-scale scanning
impractical. Mass spectrometry presents a different challenge:
While chemically specific, it is bottlenecked by laborious sample
introduction protocols, rendering rapid, high-throughput screening
largely unfeasible. Therefore, new methods need to be developed.
Addressing this critical need constitutes the primary motivation of
this work.

3) Stochasticity in data analysis: Extracting weak signals from
high-noise environmental backgrounds remains labor-intensive
and error-prone. Furthermore, the integration of artificial
intelligence (AI) for spectral deconvolution is in its nascent stage,
lacking a systematic, data-driven framework for automated and
robust particle recognition. This necessitates collaborative efforts
from the academic community to share relevant data, facilitating
the training of more robust and accurate models.

4) Quantification bias via standardization gaps: Current
research relies disproportionately on pristine, spherical commercial
microspheres, ignoring the morphological and chemical complexity
of weathered NPs (e.g., irregularity, oxidation, and fragmentation).
Consequently, quantification models derived from light scattering
or mass spectrometry are prone to substantial systematic bias when
extrapolated to real-world samples. This step requires further
collective efforts from the research community to advance.

3 Emerging technologies for NPs detection

3.1 Rapid concentration detection

The quantification of environmental NPs typically relies on two
distinct metrics: mass concentration and number concentration.
Mass concentration is currently the primary metric, typically
determined via Py-GC/MS. Expressed in units such as pg-L” or
mgkg?, it aligns with established protocols for bulk pollutants.
Conversely, number concentration, represents the particle density
per unit volume (e.g, particles-L"), emphasizing particle-level
exposure frequency and biological interactions. This metric is
pivotal for elucidating microscopic toxicological mechanisms and
transport dynamics [67]. These two concentration metrics are
mathematically interconvertible because the mass of a particle is
proportional to the cube of its aerodynamic diameter. Specifically,
the total mass concentration is derived by integrating the product of
the single-particle mass and the distribution function of particle
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number. This conversion typically relies on the assumption that
particle sizes follow a log-normal distribution. Due to the cubic
relationship between particle diameter and volume, a reduction in
size triggers an exponential surge in number concentration at a
constant mass. A case in point is the atmospheric study in
Shanghai, where NP number concentrations exceeded those of NPs
by over three orders of magnitude (~ 3,055-fold) [68]. Furthermore,
the drastically increased specific surface area of NPs emerges as a
critical  third dimension—complementary to mass and
number—for elucidating environmental fate and biological
interactions [69]. Accurate quantification of this parameter
necessitates a comprehensive integration of particle size distribution
and number concentration characteristics. Looking ahead, a
framework combining mass and number concentrations holds
promise for establishing a unified exposure metric and risk grading
system, thereby providing a robust scientific foundation for
standardized environmental monitoring and interdisciplinary risk
assessment of NPs.

3.1.1 Rapid quantification of number concentration

Optical and electron microscopy are commonly used for particle
quantification, yet the diffraction limit of light severely restricts
optical microscopy from detecting NPs. To overcome this,
Ludescher et al. [70] developed an optical sieve that used Mie void
resonances capable of identifying NPs as small as 200 nm using an
optical microscope with an RGB (RGB = red, green, and blue)
sensor camera. The Mie voids are fabricated via electron-beam
lithography combined with dry etching in gallium arsenide (GaAs).
This approach markedly simplifies the workflow and reduces
production time, enabling cost-effective, disposable test strips.
Functionally, Mie voids trap NPs matching their cavity size. Particle
presence, size, and distribution can be inferred from cavity color
changes. Distinct color shifts corresponding to particle number or
size (e.g, blue or red) enable precise quantification via a
standardized color reference (Figs. 1(a)-1(d)). This method
efficiently processes environmental samples by selectively retaining
NPs that match cavity sizes while removing impurities, greatly
simplifying detection and reducing analysis time. Furthermore,
integration with FTIR or Raman spectroscopy further enables
detailed material characterization, offering a powerful tool for NPs
analysis in complex environmental and biological matrices.
Inductively coupled plasma mass spectrometry (ICP-MS) in
single-particle mode (SP-ICP-MS) can also be employed for rapid
counting and size analysis of NPs. The core principle of SP-ICP-MS
is that each detected event corresponds to a single particle,
requiring highly diluted suspensions (< ~ 10® particles-L™) and high
acquisition frequencies (> 100 Hz). Under these conditions, event
intensity is proportional to the element mass per particle, enabling
particle size determination when composition, shape, and density
are known [71]. Particle number concentration is derived from the
frequency of recorded events and the transport efficiency, while
event intensity allows estimation of element mass and size
distributions for solid, spherical, and pure particles. Metal
functionalization of NPs plays a crucial role, with palladium [72]
and gold [73] showing superior probes performance. Most studies
still rely on lab-synthesized spherical NPs, mainly polystyrene (PS),
though research on irregular or fibrous NPs is increasing [47].
Researchers further demonstrated that monitoring “C enabled
quantitative determination of NPs size and abundance without
metal doping or complex sample pretreatment [74]. Liu et al. [75]
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Figure1 Strategies for rapid detection of number concentration and mass concentration. (a) Optical microscopy and (b) the corresponding magnified region reveal five
distinct color states arising from different void-occupation configurations, achieved by depositing 350 and 550 nm spherical NPs onto the substrate. () Scanning electron
microscopy (SEM) image of the magnified region confirms the presence of all five states within the 3 x 3 array: an empty void; voids occupied by one, two, or three
350 nm spheres; and a void containing a single 550 nm sphere. (d) Colorimetric analysis of the full optical image is plotted in the CIE 1931 chromaticity diagram. The
inset highlights the separation of the five color states, and representative SEM images of each occupied state are displayed around the diagram for reference. Reproduced
with permission from Ref. [70], © Ludescher et al. 2025. (e) Particle number concentration of PS during the aging process as determined by SP-ICP-MS. Reproduced with
permission from Ref. [75], © American Chemical Society 2021. (f) FI-MS spectrum of standard 100 nm PS NPs. Reproduced with permission from Ref. [86], © Elsevier
B.V. 2025. (g) Principle of NEMS detection: incoming particles or virions are subsequently detected by a NEMS resonator operating simultaneously in its first two out-of-
plane flexural modes, enabling determination of both the mass and landing position of each particle. (h) Comparison of NEMS-MS, SEM, and DLS diameter
measurements for 100 nm PS. In each panel, the y-axis represents particle counts for NEMS-MS and SEM, and normalized scattering intensity for DLS. Reproduced with

permission from Ref. [87], © American Chemical Society 2022.

showed that “"C-based SP-ICP-MS can precisely count 800 nm-
5 pum PS particles (Fig. 1(e)) and revealed that photodegradation
generated numerous smaller MNPs. Gonzalez de Vega et al. [76]
improved size detection limits to 620 nm in ultrapure water and
960 nm in seawater using “C. Hendriks et al. [77] successfully
counted NPs in high-dissolved organic carbon (DOC) matrices and
distinguished them from other carbonaceous particles. Despite
advances in ICP-MS enabling real-sample detection, investigations
into the actual environmental presence of NPs remain scarce.

3.1.2 Rapid quantification of mass concentration

Py-GC/MS is a widely used technique for NPs detection, enabling
precise  polymer identification and reliable mass-based
quantification in complex matrices [78—80]. The technique operates
by thermally decomposing polymer samples into characteristic
monomeric or fragment molecules, which are subsequently
separated via gas chromatography and identified by mass
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spectrometry. However, despite its chemical specificity, the
application of mass spectrometry to NPs is hindered by three
fundamental limitations: (1) the intrinsic loss of morphological
information (e.g., size, shape, and particle count) due to the
destructive nature of thermal decomposition; (2) sample loss and
compromised reproducibility stemming from labor-intensive pre-
treatment steps, such as nitric acid digestion, density separation,
and multi-step extraction; (3) false positives arising from natural
organic matter (NOM) producing pyrolysis products
indistinguishable from target polymers. To mitigate these
limitations, thermal extraction desorption-gas chromatography/
mass spectrometry (TED-GC/MS) circumvents analyte attenuation
associated with laborious pretreatment via direct solid sampling.
Concurrently [81, 82], tandem mass spectrometry (MS/MS) [83]
and high-resolution mass spectrometry (HRMS) [84, 85] leverage
superior spectral resolution to effectively resolve matrix
interferences. Additionally, single particle inductively coupled
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plasma mass spectrometry (SP-ICP-MS) [73, 74, 77] partially
addresses the deficit in physical characterization (size and count) for
specific particle classes. Nevertheless, a fundamental void persists
regarding the non-destructive mass measurement and high-
efficiency ionization of pristine carbonaceous NPs. This challenge
has catalyzed the emergence of innovative principles—specifically
flame  jonization  mass  spectrometry  (FI-MS)  and
nanoelectromechanical systems-based mass spectrometry (NEMS-
MS). These innovations offer transformative solutions to transcend
these enduring detection bottlenecks.

Flame ionization mass spectrometry (FI-MS). FI-MS uses a
flame as the ionization source to thermally decompose and ionize
organic compounds, with the resulting ions analyzed by mass
spectrometry according to their mass-to-charge ratio (m/z).
Combining high ionization efficiency with strong selectivity, FI-MS
enables rapid and sensitive detection of organic particulates. Xiao
et al. [86] developed FI-MS for rapid, direct, and sensitive detection
of NPs, achieving a minimum detectable particle size of 100 nm
(Fig. 1(f)). Plastic samples are combusted in a high-temperature
flame, producing characteristic ions, allowing single analyses in
~ 10 s with minimal pretreatment. This strategy can directly analyze
plastics in water, juice, soil, and biological tissues (e.g., mouse
placenta) without extraction or digestion, simplifying workflows
and reducing sample loss. Although its polyethylene terephthalate
(PET) detection limit (0.25 pg) is higher than that of Py-GC/MS
(0.02 pg), FI-MS offers clear advantages for rapid screening and
quantification.

NEMS-MS. NEMS-MS is an emerging MS technique that
measures the mass of individual particles or molecules by
monitoring the resonance frequency shifts of nanoscale mechanical
resonators, enabling non-ionizing and non-destructive mass
detection. Erdogan et al. [87] demonstrated atmospheric-pressure
NEMS-MS for detecting 100 nm NPs. By integrating a NEMS
sensor with a polymer lens on a single chip, the system enables
single-particle mass measurements under ambient conditions,
enhancing portability and simplifying instrumentation. Briefly,
charged droplets containing NPs or virions are generated via
electrospray ionization (ESI). As they evaporate, Rayleigh fission
produces single particles that are directed toward the NEMS chip,
which consists of an active resonator and a photoresist layer with an
aligned aperture. The photoresist layer accumulates charge from
incoming ions, electrostatically focusing them through the aperture
onto the NEMS active area for mass detection (Figs. 1(g) and 1(h)).
Incoming particles or virions are detected by a NEMS resonator
operating in its first two flexural out-of-plane modes, enabling
simultaneous determination of each particle’s mass and impact
position (Fig. 1(g)). The lens improves particle capture efficiency,
reducing analysis time to under 30 min. With ~ 3.2 MDa mass
resolution, the system distinguishes particles in the hundreds of
MDa range, including 100 nm PS NPs (Fig. 1(h)). However,
chemical composition cannot be identified, necessitating
complementary analytical techniques.

3.2 Rapid identification of particle types

Surface-enhanced Raman spectroscopy (SERS) provides a highly
sensitive, non-destructive, rapid approach for analyzing NPs by
leveraging their characteristic molecular “fingerprint” peaks, while
also enabling in situ detection. As a result, SERS has become an
essential analytical technique in NPs research. Several
comprehensive reviews have summarized the principles, substrate
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fabrication methods, and applications of SERS in NPs detection
[41, 43, 46]. Despite these advances, practical implementation
remains challenged by complex sample preparation, low
throughput in large-area scanning, limited spatial resolution, and
poor substrate reproducibility. Recent progress in nanostructure-
based substrates, multimodal SERS strategies, and multifunctional
sensor designs has markedly improved sensitivity, resolution, and
reusability. This chapter highlights recent SERS developments with
a focus on performance optimization, material design, and
multifunctional integration.

3.2.1 Strategies for detecting nanoscale single-particle

High-performance SERS techniques are crucial for NPs detection,
ideally enabling the acquisition of signals from individual particles
at the smallest possible size, thereby maximizing sensitivity and
spatial resolution. Achieving single-particle detection of NPs
requires substrates with signal-enhancing nanostructures and
robust data processing to ensure accuracy. These substrates
commonly possess well-ordered nanoscale architectures and
hydrophilic surfaces (Fig. 2(a)) to obtain relatively uniform SERS
hotspots and to prevent nanoparticle aggregation, in contrast to
hydrophobic surface-based enrichment strategies discussed later. In
a representative study, Wu et al. [88] developed a reusable
hydrophilic anodic aluminum oxide (AAO) membrane sensor
integrated with a Raman data-processing algorithm (Pre_seg) for
simultaneous imaging, chemical identification, and quantification
of PS and PE (300-500 nm) in real lake water. Acting as both a
filtration substrate and a Raman sensor, the AAO membrane
enabled quantitative detection at 0.1 s per pixel while reducing
sample loss, contamination, and cost (Fig. 2(b)). The Pre_seg
algorithm optimized signal-to-noise ratio (SNR) and full width at
half maximum (FWHM) thresholds to suppress noise, achieving
93.5% nanoparticle detection accuracy and = 90.4% exclusion of
non-nanoplastic signals (Figs. 2(c) and 2(d)). This method
surpasses conventional Raman microscopy, providing a low-cost,
high-reproducibility platform capable of detecting environmentally
relevant concentrations. Complementing such membrane-based
approaches, geometric optimization of substrates also plays a vital
role. Liu et al. [89] developed Ag nanoarrays (AgNAs) with
different inter-column spacings and heights and found that the
signal intensity was maximized when inter-column spacing and
height matched the particle size. Specifically, the strongest
enhancement occurred for 180 nm PS on AgNAs with 180 nm
spacing and 180 nm height. Smaller gaps between PS NPs and the
silver array edges produced stronger electromagnetic field
enhancement, leading to increased SERS intensity. This structural-
matching strategy enabled single and mixed detection of 500 nm
PET, 500 nm polyethylene (PE), 1 um polypropylene (PP), 1 um
polyvinyl chloride (PVC), and 130 nm PS with a limit of detection
(LOD) of 10 pg'mL™ and detected 130 nm PS in real water samples.
Similarly, Zhang et al. [90] developed a low-cost, high-throughput
gold triangular cavity array (TCA) substrate (Fig. 2(e)) capable of
detecting 50 nm PS in water and PET (average 882 nm) from
commercial bottled mineral water (Fig. 2(f)), achieving a LOD of
0.001% (1.5 x 10" particlesmL™) for PS. Additionally, Lu et al. [91]
established a paper-based portable SERS platform that successfully
identified PS particles with diameters of 1010, 142, and 20 nm, as
well as 610 nm nylon particles. For 20 nm PS, the platform achieved
an enhancement factor (EF) of 10° and LOD of 1 ppt, reaching
single-particle ~ sensitivity with minimal interference from
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Figure2 Strategies for nanoscale single-particle detection, accurate particle classification, and low-cost semiconductor-based SERS substrates. (a) Contact angle
measurement of a deionized water droplet on a pristine AAO membrane (pore size = 20 nm). (b) Raman spectra of 300 nm PS deposited on 20 nm AAO membranes,
obtained from 50 individual particles and averaged (dark green line); the light green shading indicates one standard deviation. (c) Dark-field optical images of 300 nm PS
on 20 nm AAO membranes. (d) Raman mapping of 300 nm PS processed using Pre_seg. Reproduced with permission from Ref. [88], © American Chemical Society
2025. (e) SEM of gold triangular cavity array. (f) Raman spectra of the samples extracted from bottled drinking water on the TCA substrate (red line), the plain glass
substrate (brown line), and the PET film (purple line). Reproduced with permission from Ref. [90], © American Chemical Society 2022. (g) and (h) Confusion matrices
illustrating the classification performance of the KNN model for distinguishing four NPs types (PS, PMMA, PE, and PLA) in tap water and lake water. Reproduced with
permission from Ref. [93], © American Chemical Society 2024. (i) Schematic of the electrodeposition process producing AgF@AgM, where porous Ag foam is coated
with mesoporous Ag and subsequently passivated with 4-decylbenzene diazonium tosylate to form hydrophobic AgF@AgM@CI0 substrates. Reproduced with
permission from Ref. [94], © Guselnikova et al. 2024. (j) Electrosorption-based preconcentration and SERS detection of NPs using the ES-SERS platform. CE, RE, and WE
denote the counter, reference, and working electrodes, respectively. Reproduced with permission from Ref. [95], © American Chemical Society 2024. SEM images of (k)
T, C,T/TiO)/W,0, and (1) PS microplastic particles on the Ti,C,T,/TiO,/W;O,, substrate. Reproduced with permission from Ref. [97], © Elsevier B.V. 2025. (m) SEM
image of Ag nanoparticles/ZnO nanorods/GaN (AZG) heterostructure SERS substrate and (n) the schematic illustration of Raman detection under variable temperature.
Reproduced with permission from Ref. [98], © American Chemical Society 2025.

fluorescent model dyes. Collectively, these high-performance SERS extraction and dimensionality reduction are executed utilizing
substrates provide a robust foundation for subsequent rapid and algorithms such as principal component analysis (PCA) or t-
highly sensitive analysis of NPs. distributed stochastic neighbor embedding (t-SNE). These extracted
features serve as inputs for training classifiers like random forest
(RF). Finally, the model outputs are subjected to interpretability
The small Raman scattering cross-section and compositional analysis via tools like SHapley Additive exPlanations (SHAP) values
heterogeneity of environmental NPs, often complicated by or confusion matrices, effectively translating algorithmic predictions
overlapping or shifted spectral signatures, render manual into chemically significant conclusions [54, 55]. Specifically, Xie
identification prone to subjectivity and inefficiency—especially in et al. [92] utilized the “peak extraction and retention” (PEER)
high-throughput scenarios. The integration of SERS substrates with algorithm for spectral denoising, augmented by baseline correction
Al or machine learning (ML) enables automated spectral and first-derivative processing to mitigate background interference
classification and latent feature extraction. This synergy facilitates and deconvolute overlapping peaks. By consolidating predictions
rapid, objective analysis, substantially amplifying both the precision via a voting mechanism, the RF model achieved an accuracy of
and throughput of NP detection. 98.8%, outperforming both support vector machines (SVM) and

Generally, the Al workflow for NP detection initiates with the back propagation neural networks (BPNN) in sensitivity and
acquisition of raw spectral data. This is followed by rigorous specificity. The model also exhibited robust anti-interference
preprocessing, including baseline correction and smoothing to yield capabilities, particularly in salt-laden matrices. Ultimately, the
high-fidelity datasets with optimized SNR. Subsequently, feature successful identification of PS and PVC in spiked rainwater, verified

3.2.2 Strategies for accurate classification
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through confusion matrices and feature visualization, validates the
system’s efficacy for precise NP detection within challenging, low-
SNR environments.

Ye et al. [93] integrated SERS with machine learning, leveraging
metal-phenolic networks (MPNs) assembled from tannic acid (TA)
and Zr", to drive the rapid aggregation, separation, and signal
amplification of NPs across diverse types and sizes. Following
spectral acquisition, the workflow employed spectral truncation to
eliminate substrate interference, alongside data augmentation to
enhance model robustness. Furthermore, data integrity was refined
by coupling support vector classifier (SVC)-based feature selection
with the isolation forest algorithm for efficient outlier rejection. On
this foundation, K-nearest neighbors (KNNs) and RF models were
selected, achieving high-precision classification (accuracy ~ 97%) of
various polymers. Simultaneously, t-SNE visualization and SHAP
analysis elucidated the models’ decision-making mechanisms.
Concurrently, a polynomial regression model facilitated precise
quantification of variable-sized NPs (R’ = 0.9745). Validated in
authentic complex matrices like tap and lake water (Figs. 2(g) and
2(h)), this cost-effective protocol reduced total operation time to
~30 min, underscoring its potential for high-throughput NP
detection in complex systems.

Furthermore, Guselnikova et al. [94] combined SERS with a deep
learning model, SpecATNet. The substrate design exploited short-
range ordered topologies to maximize light absorption and
plasmonic coupling, thereby intensifying Raman signal generation.
Concurrently, hydrophobic surface functionalization (designated as
AgF@AgM@C10) ensured the selective capture and long-term
stability of NPs (Fig. 2(i)). Within the computational pipeline,
massive raw spectral datasets underwent rigorous preprocessing
(background subtraction and normalization) prior to deep feature
encoding via a densely connected convolutional network
(DenseNet) backbone. Crucially, a self-attention mechanism was
embedded to dynamically weigh and accentuate key chemical
fingerprints while suppressing noise from complex matrices, such
as proteins and humic substances. Consequently, employing a multi-
label classification ~strategy, the model achieved precise
identification of low-concentration mixtures and their aging states
in real-world samples. Notably, this workflow obviated the need for
laborious pretreatment, marking a 20-fold efficiency gain over
conventional Py-GC/MS.

Complementing these advancements in computational spectral
analysis, physical separation strategies have also evolved to enable
size-resolved detection. Wang et al. [95] introduced a hyphenated
electrosorption and SERS (ES-SERS) method that enabled detection
of NPs down to 30 ngL™". A time-controlled electro-adsorption
mechanism allowed selective enrichment of particles by size, as
smaller PS migrated faster and generated stronger SERS signals on
roughened silver surfaces (Fig. 2(j)). The method required only a
weak potential to rapidly create dense “hotspots”, reducing analysis
time and eliminating complex pretreatment. Demonstrating strong
resistance to interference from cations and organic dyes, ES-SERS
was further validated for identifying and quantifying NPs leached
from real-world samples such as beverage cup lids.

3.2.3 Low-cost semiconductor SERS substrates

Compared to conventional noble metal SERS substrates,
semiconductor-based ~substrates are gaining attention for
environmental monitoring and portable sensing applications due to
their abundant material availability, simple fabrication process, and
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low cost. The enhancement of semiconductor is primarily due to
chemical effects from the charge-transfer (CT) process between the
semiconductor surface and absorbed molecules, which increases the
polarizability («) of the adsorbed targets, resulting in amplified
Raman signals [96].

Han et al. developed a highly sensitive, uniform, and durable
three-dimensional (3D) SERS  sensor based on a
Ti,C,T,/TiO,/W 40, heterostructure, achieving precise 800 nm PS
quantification in complex samples (rainwater, soil, industrial water)
with a LOD of 25 ug:mL", broad linear range, and excellent signal
reproducibility [97]. The composite’s narrow bandgap and high
carrier mobility facilitate efficient electron-hole separation under
laser excitation. The energy band difference between Ti,C,T, and
TiO, drives hole migration, while plasmon resonance of WO,
enhances electron transfer, generating both electromagnetic and
chemical effects to amplify signals (Fig. 2(k)). PS becomes confined
within the interlayer gaps, positioning it directly in intense SERS
hotspots and enabling strong signal enhancement (Fig. 2(1)). After
500 bending cycles, the sensor retained 73% of its initial SERS
intensity, demonstrating excellent mechanical stability. Expanding
on heterostructure-based strategies, Dou et al. [98] employed a
temperature-controlled platform with an Ag nanoparticle/ZnO
nanorod/GaN heterostructure to introduce pyroelectric potential,
significantly enhancing SERS performance. Densely distributed Ag
nanoparticles on ZnO nanorods generate a high density of
electromagnetic hotspots, enabling highly sensitive SERS detection
(Fig. 2(m)). This approach enabled the clear detection of 20 nm PS,
with a noticeable amplification of SERS signals upon the application
of the pyroelectric potential (Fig. 2(n)).

Beyond detection capabilities, semiconductor-based substrates
possess intrinsic photocatalytic properties that enable the light-
driven degradation of surface-adsorbed organic contaminants,
thereby realizing self-cleaning functionality [99-101]. This
photocatalytic effect can also enhance Raman signals through photo-
induced enhanced Raman scattering (PIERS), in which ultraviolet
(UV) pre- or co-irradiation induces charge carrier migration and
surface charge redistribution, leading to Raman intensities that can
even surpass those of metallic SERS substrates. The PIERS strategy
thus not only improves detection sensitivity but also facilitates in
situ monitoring of NPs photodegradation kinetics. For instance,
Olugbenga et al. [102] fabricated a PIERS substrate of flower-like
Ag nanosheets on TiO,, enabling detection of 20 nm PVC particles
and real-time observation of their UV-induced degradation, with
Raman signal enhancement up to ~ 2.6 x 10° compared to
conventional SERS .

However, despite these functional benefits, pure semiconductor
substrates generally exhibit weaker enhancement compared to
noble metal-based substrates due to their low free-carrier density
and limited plasmonic resonance. Their charge-transfer-dominated
mechanism is highly sensitive to surface states, band alignment, and
excitation wavelength, often resulting in poor signal reproducibility
and limited applicability, posing challenges for scalable and
consistent substrate fabrication [96].

3.24 Enrichment strategies for NPs

Given the extremely low abundance of NPs in environmental
matrices and the susceptibility of their signals to noise interference,
enrichment prior to detection represents a direct and effective
strategy. Approaches such as hydrophobic interface trapping,
optical manipulation, microfluidic concentration, and phase
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separation can efficiently preconcentrate NPs without altering their
intrinsic properties, thereby overcoming instrumental detection
limits and facilitating subsequent compositional analyses.

1) Optical manipulation enrichment: Laser-induced localized
photothermal and fluidic gradient effects in liquid media have
emerged as a promising non-contact strategy for the enrichment
and aggregation of NPs. Through thermophoretic effects, laser
irradiation simultaneously concentrates analytes and forms dense
SERS hotspots (Fig. 3(a)), where nanoparticle migration markedly
amplifies Raman signals [103].

In a representative study, Moon et al. [104] proposed a unique
shrinking surface bubble deposition (SSBD) technique for the
collection and detection of NPs in seawater. In this process,
seawater samples are mixed with silver nanoparticles and irradiated
with a laser to generate microbubbles. As the bubbles shrink and
collapse, the collected particles adhere to the substrate through van
der Waals interactions (Fig. 3(b)), thereby significantly enhancing
their detectability under scanning electron microscopy (SEM).
Moreover, the co-deposited Ag nanoparticles provide SERS activity,
which improves the chemical identification of trace-level NPs.
Using this approach, both PS and PET NPs were successfully
detected in seawater. Furthermore, Shi et al. [61] developed an
optical manipulation (OM) combined with SERS (OM-SERS)
system in which laser spot sizes can be adjusted, enabling
simultaneous enrichment and quantification of NPs in natural
waters while greatly reducing processing time. By adjusting the laser
spot size, gold nanoparticle stacks (GNSs) of different dimensions
were obtained: small-sized GNSs were optimized for trapping single
NPs, whereas large-sized GNSs were utilized for enrichment and
quantitative detection. Laser on/off modulation facilitated
homogeneous mixing between NPs and Au nanoparticles, allowing
for in situ SERS detection (Fig. 3(c)). Using this system, PS
(6.5-85 pg'L") and PET (66 pgL") NPs ranging from 45 to
273 nm were successfully detected in river water samples. In
aquaculture and coastal seawater samples, concentrations of PS NPs
were determined to be 1.4-1.8 and 0.7-1.0 pg-L”, respectively,
requiring only 7.2 mL of sample volume. When compared with
conventional ~Py-GC/MS  combined with filtration-based
enrichment (using 100 nm membranes), the OM-SERS method
yielded higher measured concentrations—likely due to NP losses
during filtration in the traditional approach. This highlights the
superior enrichment efficiency of the OM-SERS system and
demonstrates its strong potential for applying SERS-based detection
to real environmental samples.

(a) 808 nm laser Io/pview
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Although optical manipulation offers non-contact and rapid
aggregation of NPs, its performance is limited by laser power,
uneven photothermal effects, system stability, and the complexity of
natural waters. Future advances require low-power optical field
designs, well-controlled thermo-fluidic environments, and scalable,
interference-resistant optical platforms.

2) Self-assembled monolayer enrichment: The self-assembly
strategy for constructing NPs-metal nanoparticle monolayers
enables uniform nanoparticle distribution and dense plasmonic
hotspots, markedly enhancing SERS sensitivity and reproducibility.
The simple, liquid-phase process minimizes optical interference,
ensures quantitative signal acquisition, and is compatible with
diverse nanoplastic types. Yuan et al. [105] developed the co-
assembly of silver nanoparticles and NPs into a monolayer film.
Briefly, introducing Ag nanoparticles into the NP suspension
initiates  1H,1H,2H,2H-perfluorodecanethiol ~ (PFT)-mediated
coassembly. PFT anchors to NPs via hydrophobic interactions and
to Ag nanoparticles through thiol-metal bonding, driving both
species to the hexane-water interface to form a coassembled
monolayer. After transferring the film onto a silicon wafer, thermal
treatment induces polymer fusion and creates Ag hotspots,
enabling subsequent SERS analysis (Fig. 4(a)). Upon analysis,
80 nm PS exhibited a strong and concentration-dependent SERS
response, with an LOD of 0.1 mg-L™, while the LODs of 300 and
800 nm polymethyl methacrylate (PMMA) were 5 and 0.1 mg-L™,
respectively. Unlike earlier methods restricted to PS-Au assemblies
(Fig. 4(b)) [106], this approach enables multicomponent and
morphology-independent interfacial assembly, thereby broadening
its applicability. Low-concentration PET NPs can also be detected
using a similar approach [107]. However, the self-assembly of NPs
with Au/Ag nanoparticles also has limitations. Organic molecules
introduced during assembly may adsorb on surfaces, causing
spectral interference and competing with analytes, which reduces
signal reproducibility and SERS enhancement.

3)  Superhydrophobic surfaces enrichment: On a
superhydrophobic surface, evaporating droplets containing NPs
form nearly spherical shapes, and interfacial tension and capillary
forces drive the particles toward the droplet center, resulting in
highly concentrated deposits (Fig. 4(c)). Xing et al. [108] developed
a novel technique combining superhydrophobic enrichment with
SERS for trace detection of NPs in water. The superhydrophobic
gold nanoparticle substrate, fabricated via a liquid-liquid self-
assembly method, efficiently concentrated NPs onto the SERS-

active surface during droplet evaporation. This approach enabled
Step II: L-GNS trap formation

Step lll: nanoplastics loading

80-pm CNS p—
Nanoplastics

Step V: nano-Au and nanoplastics
re-suspension and mixing

Step VI: nanoplastics trapping
and SERS detection
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Figure3 Enrichment of NPs using optical manipulation. (a) Schematic illustration of the laser-induced thermophoresis paper device enabling simultaneous plasmonic
nanostructure formation and target enrichment. Reproduced with permission from Ref. [103], © American Chemical Society 2024. (b) Schematic of the SSBD process, in
which a laser-induced thermal bubble drives thermofluidic flow to concentrate suspended particles and deposit them into a high-density spot once the bubble collapses.
Reproduced with permission from Ref. [104], © Moon et al. 2024. (c) Schematic illustration of the microfluidic-assisted manipulation (enrichment) and SERS detection
workflow for NPs. Reproduced with permission from Ref. [61], © Shi et al. 2025.
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surfaces, plasmonic coacervates and in situ enrichment. (a) Schematic illustration of SERS

detection of NPs by the coassembly monolayer film. Reproduced with permission from Ref. [105], © American Chemical Society 2025. (b) SEM image of Au nanoparticle
encapsulation of NPs with strong interparticle coupling. Reproduced with permission from Ref. [106], © American Chemical Society 2023. (c) Contact angles of water
droplets on superhydrophobic Au nanoparticle substrates. Reproduced with permission from Ref. [108], © American Chemical Society 2025. (d) Top-view SEM images of
SERS substrate with high-density hotspots fabricated via AAO templating and subsequent metal sputtering. Reproduced with permission from Ref. [114], © Kim et al.
2025. (e) Electrokinetic schematic illustrating the preferential interfacial adsorption of PS and PMMA under an electric field gradient (dotted lines). Reproduced with
permission from Ref. [111], © American Chemical Society 2025. (f) Raman spectra of 200 nm PS on a 20 nm pore AAO membrane. (f1) SEM image of 200 nm PS on
20 nm pore AAO. (f2) Dark-field image of 200 nm PS on 20 nm pore AAO. Reproduced with permission from Ref. [115], © Elsevier Ltd. 2025. (g) SEM image of a
nanoporous SERS membrane capable of filtering and detecting airborne NPs. Reproduced with permission from Ref. [117], © American Chemical Society 2024. (h) Cross-
sectional SEM image of the GO/MWCNT-AgNS membrane and (i) SEM image of 50 nm PS enriched on GO/MWCNT-AgNS membranes. Reproduced with
permission from Ref. [118], © Elsevier Ltd. 2024. (j) SEM image of the structure of 3D plasmonic gold nanopockets. Reproduced with permission from Ref. [119], © Kim
etal. 2023. (k) SEM image of 50 nm standard PS retained on the membrane. Reproduced with permission from Ref. [120], © American Chemical Society 2022.

the detection of 30-1000 nm PS at concentrations as low as
0.03 pg-mL™ in a 10 uL of water. The method was further applied to
the detection of PET NPs in bottled water, demonstrating excellent
sensitivity, reproducibility, and temporal stability.

4) Plasmonic coacervate enrichment: Coacervates provide a
confined, hydrophobic microenvironment that efficiently
concentrates target molecules. While initially applied primarily in
biocatalysis and biosensing [109], these enrichment properties also
confer strong potential for the selective capture and sensitive
detection of NPs. Ning et al. [110] employed plasmonic coacervate
microdroplets encapsulating silver nanoparticles (AgNPs) to
enhance SERS signals. Aggregation of AgNPs within the
coacervates generates numerous plasmonic “hotspots”, while the
partially dehydrated and hydrophobic interior efficiently enriches
target analytes. This strategy enabled sensitive detection of low-
concentration PS, including 20 nm (0.05 ppb) and 50 nm (0.5 ppb)
particles.

5) In situ enrichment: The ex situ enrichment strategies
discussed above suffer from sample loss and selective particle
capture. In contrast, in situ enrichment and detection better
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preserve the native composition and distribution of NPs. Li et al.
[111] introduce a miniaturized electrochemical SERS platform
integrating a one-step—fabricated poly(vinyl alcohol oxide)-gold
nanoparticle (AuNPs) hydrogel, enabling electrokinetic enrichment
and in situ Raman analysis of NPs in real samples. The 3D porous
hydrogel provides a confined, optically transparent matrix that
supports uniform in situ growth and dispersion of AuNPs,
suppresses aggregation, and yields more homogeneous hotspots,
thereby improving excitation efficiency, signal intensity, and
analytical reproducibility. Negatively charged PS (100 nm) and
positively charged PMMA (150 nm) exhibited opposite signal
responses to applied potential polarity (Fig. 4(e)), enabling selective
and reversible detection with LODs of 1.01 and 045 ugmlL”,
respectively. Furthermore, a rapid in situ Raman technique
integrating  dielectrophoresis and alternating current (AC)
electroosmosis mitigates diffusion constraints and enhances weak
Raman signals of NPs in aqueous environments via SERS
amplification, markedly improving detection efficiency [112]. The
LOD for 30 nm PS using gold nanorods was determined to be
1.17 ug-L™.
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3.2.5 Filter-type SERS sensor

Filtration serves as an effective enrichment strategy for SERS
analysis. Integrating filtration and detection functions into a single
SERS platform enables in situ analysis. Filter-type SERS substrates
embed plasmonic nanostructures on porous membranes, enabling
concurrent particle capture and signal enhancement while avoiding
losses from separate pretreatment steps. These flexible, low-cost,
and disposable membranes are ideal for rapid on-site screening.
The following section classifies SERS substrates based on their
supporting materials.

1) AAO membranes. AAO membranes are low-cost, precisely
tunable nanostructured materials characterized by highly ordered
nanopores that facilitate size-selective filtration and directional
enrichment of NPs. Such confinement promotes localized hotspot
formation, markedly enhancing Raman signals. Their large surface
area, chemical stability, and compatibility with noble metals (e.g.,
Au, Ag) make them ideal for online and high-throughput SERS
analysis [113]. Moreover, AAO serves as a versatile template for
fabricating ordered nanostructures (Fig. 4(d)) [89, 114]. Seo et al.
[115] first detected individual NPs using unmodified AAO
membranes with 20 nm pores (Fig. 4(f)), yielding optimal Raman
enhancement for 200 nm PS and other polymers. This substantially
reduces the cost associated with noble-metal coating. Wu et al. [88]
integrated AAO with algorithm-assisted classification for precise
identification, while Ruan et al. [116] employed Au-coated AAO to
detect PS down to 200 nm and other NPs in sea salt.

2) Metallic membranes. While AAO membranes are widely
used as SERS supports, their brittleness limits mechanical stability.
In contrast, metal-based substrates offer higher strength and
pressure resistance, enabling continuous enrichment and online
monitoring under high-flow or high-pressure conditions. For
instance, Kim et al [117] electrodeposited anisotropic
nanodendrites on copper mesh (Fig. 4(g)), followed by a rolling
treatment at 160 kgf and Au coating to enhance durability and
SERS performance. Designed for airborne particle capture, the
membrane achieved 95.9% filtration efficiency for 300 nm KCl
particles at 5 kV with a pressure drop of 121 Pa. Crucially, it
successfully detected 100 nm PS at 50 pg-mL™. It also maintained
structural integrity after ethanol washing and 22,000 fatigue cycles
at 177 kPa, showing no detectable signal degradation.

3) Polymeric membranes. This type of membrane, featuring
tunable structures, adjustable surface chemistry, and mechanical
flexibility, provides a versatile platform for integrated SERS
detection and enrichment. Recent studies have commonly
integrated synthetically prepared metallic nanoparticles onto
membrane substrates, markedly enhancing SERS performance. For
instance, Jiang et al. [118] sequentially deposited graphene oxide
(GO), aqueous dispersions of multi-walled carbon nanotubes
(MWCNTs), and silver nanostars (AgNSs) colloidal solutions onto
a cellulose acetate (CA) membrane (Figs. 4(h) and 4(i)),
fabricating a composite film (GO/MWCNT-AgNS). The SERS
membrane enables 97.1% retention of 50 nm PS with an LOD of
5x10”° mg-mL™". Similarly, Kim et al. [119] prepared 3D porous Au
nanoparticle films on CA filters (Fig. 4(j)) for syringe-based
filtration—detection. Yang et al. [120] assembled Ag nanowires
(AgNWs) on PTFE membranes (Fig. 4(k)) for imaging and
quantification of PS (LOD = 107 gL") and PMMA (LOD =
10° gL™), including those released from expanded polystyrene
containers. In another study, Yang et al. [121] immobilized Ag
nanoparticles of two sizes (Ag-250 and Ag-125) on polyvinylidene
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fluoride (PVDF) membranes in a checkerboard pattern, enabling
the detection of 100 nm PS spiked in tap and lake water.

While filters can enrich NPs for detection, complex sample
matrices pose major challenges. Organic matter, salts, and colloids
in environmental or biological samples may compete for SERS-
active sites, weakening signals or causing fluorescence interference.
Moreover, the instability of the metal layer during prolonged
filtration can lead to detachment or deformation, diminishing
enhancement. Consequently, priorities for future SERS detection
based on membrane-assisted enrichment should focus on
substrates with improved stability and optimized structural design.
Constructing three-dimensional hierarchical porous architectures
can simultaneously enhance analyte enrichment and
electromagnetic field coupling. In addition, engineering anti-
fouling,  mechanically  fatigue-resistant, ~and  reusable
membrane-SERS hybrid interfaces will further improve their
reliability in real-sample applications.

3.3 High-speed particle imaging

High-quality nanoplastic imaging hinges on achieving high-
resolution, high-signal-to-noise detection under nondestructive,
stable, and well-dispersed sample conditions. Achieving this
standard requires advanced high-resolution detectors, low-noise
acquisition electronics, nanoscale positional stability, and dedicated
hardware capable of preserving sample integrity throughout
measurement. Among various analytical techniques, Raman
spectroscopy stands out for its label-free capability, molecular
fingerprint specificity, and suitability for in situ measurements in
wet or complex matrices. Linear Raman is simple, broadly
applicable, and provides comprehensive spectral information, albeit
with limited sensitivity. In contrast, nonlinear Raman achieves
ultrahigh signals and rapid imaging at the cost of complexity and
narrower spectral range. Ultimately, the strategic combination of
these modes balances sensitivity with practicality.

3.3.1 Linear Raman spectroscopy

Conventional Raman imaging relies on point-by-point scanning of
a focused laser beam to collect scattered spectra, but its weak signal
leads to slow acquisiion and susceptibility to fluorescence
interference. To address these issues, wide-field hyperspectral
imaging enables simultaneous spatial-spectral acquisition under
wide-field illumination, capturing complete spectra for each pixel.
This approach minimizes scanning time and signal drift while
offering high sensitivity, stability, and multicomponent
identification capability. In a notable study, Ardini et al. [122]
developed a wide-field hyperspectral Fourier-transform Raman
system for rapid imaging and identification of NPs. The setup
employs an ultrastable birefringent interferometer (TWINS) that
splits the incident wavefront into two collinear, time-delayed
replicas, enabling parallel spectral acquisition across all pixels. Short-
and long-pass filters effectively eliminate residual excitation light
and fluorescence background, while adjustable scanning ranges
enable precise separation of Raman and fluorescence signals. The
system demonstrates high spatial (~ 1 pm) and spectral (~ 23 cm™)
resolution, acquiring 100,000-pixel images in ~ 15 min—a
significant improvement over the hours required by conventional
point-scanning Raman (Fig. 5(a)). This capability allows for the
direct detection of NPs in complex, untreated environmental
samples. However, although hyperspectral imaging has reached a
high degree of technological maturity, its application to
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nanoparticle detection remains limited, constrained by the
demanding requirements for sensitivity, stability, and system
compactness [123]. Alternatively, Wu et al. [124] developed a line-
scan confocal Raman microscopy system. This setup utilizes a
cylindrical lens for line illumination combined with a Powell lens to
ensure a uniform intensity distribution along the excitation line.
This configuration enables rapid imaging and chemical
identification of NPs down to 200 nm, completing a 40 pm X
10 pm scan within 10 s (500 nm step size, 0.5 s exposure per step)
(Fig. 5(b)). Compared with conventional point-scanning Raman
microscopy (tens of minutes), this approach enhances imaging
speed by one to two orders of magnitude.

3.3.2  Nonlinear Raman spectroscopy

Coherent anti-Stokes Raman scattering (CARS). CARS has been
developed to address the inherently weak signal intensity and slow
acquisition speed of spontaneous Raman spectroscopy. Based on
the principle of four-wave mixing, when the frequency difference
between the pump (w,) and Stokes (w,) beams matches a molecular
vibrational frequency, a high-energy anti-Stokes signal 2w,~w,) is
generated. This signal appears at shorter wavelengths, effectively
minimizing fluorescence interference from samples and thereby
making CARS particularly suitable for fluorescent materials
(Fig. 5(c)). In addition, its strong directionality, high signal
intensity, and excellent temporal resolution enable rapid Raman
imaging at sub-second or even video-rate acquisition speeds. Recent

=5

0
Time (min)

studies have demonstrated the use of CARS for rapid imaging of
MNPs smaller than 10 pm [125, 126], real-time identification of
MNPs in flow [127, 128], and dynamic tracking of PS MNPs and
lipid droplets within living cells [129]. These advancements are
pivotal for in situ monitoring of NPs in liquid environments, as well
as for elucidating their intracellular dynamics and cytotoxic
mechanisms. Although studies on NPs smaller than 1 ym remain
limited, the technique exhibits strong potential—for example, Choi
et al. [129] achieved rapid imaging of 830 nm lily pollen grains
(Fig. 5(d)), demonstrating the feasibility of submicron-scale CARS
detection.

Stimulated Raman scattering (SRS): Compared with CARS,
SRS offers distinct advantages, particularly its ability to provide
background-free imaging with linear quantitative capability. SRS
operates through energy exchange between the pump and Stokes
beams. When their frequency difference resonates with a molecular
vibrational mode, the pump beam undergoes a slight attenuation
(stimulated Raman loss, SRL), while the Stokes beam experiences a
corresponding amplification (stimulated Raman gain, SRG).
Crucially, the magnitude of this intensity change is linearly
proportional to molecular concentration, which simplifies data
interpretation and facilitates rapid, precise quantitative analysis. To
date, SRS has been successfully employed to detect nanoscale NPs
under a variety of experimental conditions.

Ao et al. [130] established a 3D SRS microscopy method for
single-particle imaging of NPs and MPs. By scanning the
(b) (c) Label-free live cell

multi-color CARS imaging
!
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Figure5 Rapid imaging of NPs using linear and nonlinear Raman spectroscopy. (a) Schematic of wide-field Fourier transform Raman microscopy for rapid imaging of

different NPs. Reproduced with permission from Ref. [122], © Ardini et al. 2025. (b) Schematic of line-scan Raman micro-spectroscopy for rapid imaging of different
NPs. Reproduced with permission from Ref. [124], © Wu et al. 2024. (c) Schematic of label-free multicolor Coherent anti-Stokes Raman scattering microscopy for rapid
imaging of different particles and (d) the multicolor CARS imaging of the PS beads (orange), pollen grains (green), and pollenkitt (purple). Reproduced with permission
from Ref. [129], © American Chemical Society 2022. (¢) 3D image of NPs/MPs found in an atmospheric sample. Reproduced with permission from Ref. [130], © Ao et al.
2023. (f) Representative SRS images of plastic particles with specific shapes indicated by aspect ratios. Scale bar, 0.6 pum. Reproduced with permission from Ref. [131], ©
Qian et al. 2024. (g) SRS imaging and spectra of NPs in sea salt samples. Reproduced with permission from Ref. [116], © American Chemical Society 2024. (h) Detection
of 250 nm PS in a flow-cell using SRS (at 3049 cm™). Each red circle represents an event (the detection of NPs indicated by peaks). The blue dotted line represents the
threshold, which is the minimum peak height required for counting. Reproduced with permission from Ref. [132], © Huber et al. 2024. (i) SRS imaging of T. thermophila
at different PS concentrations, different PS sizes and different exposure time. Reproduced with permission from Ref. [133], © American Chemical Society 2024.
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2750-3050 cm™ region and validating at lower wavenumbers, they
detected NPs as small as 100 nm and identified PP, PE, and
cellulose NPs in human lung tissue. Notably, this strategy enables
the reconstruction and visualization of the 3D structure of NPs
encompassing fibrous, fragmental, and granular forms (Fig. 5(e)),
thereby offering new insights into their morphology-dependent
environmental behaviors. Similarly, Ruan et al. [116] employed SRS
imaging to quantify NPs in sea salt from multiple regions,
completing a 1248 um’ scan within 2 min and detecting particles as
small as 500 nm PE, 700 nm PS (Fig. 5(g)), and 800 nm PP.
Estimates suggest that annual human intake via sea salt reached up
to 6 million particles. Building on this high-speed capability, Qian
et al. [131] integrated narrowband SRS with an automated
identification algorithm, enabling high-throughput, chemically
specific single-particle analysis. Strategically focusing excitation on
characteristic vibrational modes with large Raman cross-sections
greatly enhanced sensitivity, permitting the detection of NPs down
to 100 nm. When applied to bottled water, this approach uncovered
a particle concentration of (2.4+1.3)x10° particlesL?, of which
~ 90% were NPs, a figure several orders of magnitude higher than
prior estimates. The high-throughput analysis also exposed strong
heterogeneity between polymer composition and particle
morphology (Fig. 5(f)). This capability enables a transition from
macroscopic ensemble analysis to a more refined investigation of
single-particle behaviors and formation mechanisms within
complex systems. Huber et al. [132] validated the SRS detection of
flowing NPs (100-5000 nm, PE, PMMA, PS), capturing single-
particle signals within 60.5 ps and correlating particle counts with
mass concentration. Crucially, the technique discriminated between
optically trapped and free particles based on signal profiles, while
the quantitative analysis of signal width and intensity enabled
particle size estimation (Fig. 5(h)). This method provides a
foundation for rapid in situ quantification and compositional
analysis of NPs, holding strong potential for environmental
monitoring and pollutant tracking. Extending into biological
domains, SRS has also been effectively applied for the label-free
detection of NPs in biological systems. Wang et al. [133]
differentiated various NPs (PE, PET, PMMA, PP, PS, PVC) via
characteristic SRS spectra (Fig. 5(i)), enabling the identification of
individual and mixed NPs in protozoa. In a toxicological context,
Xin et al. [134] used hyperspectral SRS microscopy to quantify the
bioaccumulation and toxicity of NPs in zebrafish. Their study
revealed that 50 nm PS induced stronger hepatic inflammation and
accumulated in the brain and vascular walls, indicating potential
cardiovascular toxicity and thrombus risk.

SRS offers groundbreaking potential in signal enhancement and
real-time imaging, advancing the detection of NPs from static
analysis to in situ and dynamic characterization, thereby providing
new technological avenues for elucidating toxicological mechanisms
of NPs.

3.4 In situ multimodal detection

In situ multimodal detection can be considered as a key future
direction for NPs analysis. By integrating complementary analytical
techniques within a single microenvironment, researchers can
simultaneously capture structural, chemical, and physical
information. This approach provides a comprehensive
understanding of NPs aging, adsorption, and interfacial behaviors
in complex media.

AFM+IR: AFM enables precise mapping of NPs surface
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morphology, roughness, mechanical properties, and adhesion
forces [135-138]. To acquire chemical information, AFM has been
coupled with infrared spectroscopy (AFM+IR). In a notable
application, Belontz et al. [139] combined AFM+IR and optical
photothermal IR (O-PTIR) to detect and quantify NPs in
environmental samples, including poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P(3HB-co-4HB)). Their study revealed that 96%
of particles exhibited a thickness < 1 pm, with the smallest particle
height measured at 14 nm (Fig. 6(a)). Li et al. [140] used AFM+IR
to confirm the presence of PE and PVC NPs in drinking water
treatment plants, identifying 200 nm particles via AFM and their
polymer types via IR, highlighting oxidation units as potential NPs
sources. Furthermore, Xie et al. [141] directly identified individual
300 nm poly(3-hydroxybutyrate) (P3HB) and 860 nm bisphenol-A-
based epoxy resin particles in environmental water, simultaneously
obtaining crystallinity information to study oxidation and
degradation processes. Finally, Luo et al. [142] prepared nano-TiO,-
coated PP and applied AFM+IR to systematically investigate
nanoscale infrared, thermal, and mechanical properties before and
after photodegradation, revealing that photocatalytic reactions
accelerated aging and significantly altered the plastics’
physicochemical characteristics.

SEM-+Raman: SEM is capable of visualizing nanoscale plastic
particles and surface features that are beyond the resolution limit of
conventional optical microscopy. A non-destructive analytical
method combining Raman imaging with SEM (RISE) was applied
to directly identify and characterize nanoparticles on the surface of
recycled PVC powders. This approach enables simultaneous
acquisition of morphological and chemical information at the single-
particle level. Automated RISE mapping provides two-dimensional
chemical composition of selected regions (Fig. 6(b)), effectively
distinguishing PVC from other components without colloidal
separation [143].

Furthermore, coupling SEM with SERS allows for higher-
resolution identification of individual NPs by integrating the
ultrahigh spatial resolution of SEM with the molecular
fingerprinting capability of Raman spectroscopy for single-particle
analysis (Fig. 6(c)) [144].

IR+Raman: IR and Raman spectroscopy are complementary
techniques based on different molecular vibration mechanisms: IR
is sensitive to changes in dipole moment, whereas Raman depends
on variations in polarizability. In plastic analysis, IR excels at
identifying oxygen-containing functional groups, while Raman is
more responsive to C-C and C-H backbone vibrations. Their
combined application enables full-spectrum coverage of molecular
vibrations, enhancing the accuracy and completeness of chemical
identification [145]. Recently, the computer-controlled optical
photothermal IR coupled with Raman (CC-O-PTIR+Raman)
technique was first applied to characterize aerosolized microplastic
particles, simultaneously characterizing MPs (< 10 um) and NPs
(Fig. 6(d)) [146]. Automated analysis significantly improved
efficiency and extended the applicability of IR spectroscopy to sub-
10-pm particle analysis.

In situ multimodal characterization integrates techniques like
Raman, IR, and AFM to simultaneously capture chemical,
structural, and mechanical information. However, developing such
systems requires overcoming challenges in complex optical
coupling and multi-source data synchronization, resulting in long
research and development (R&D) cycles. Additionally, multimodal
platforms often involve custom high-precision components and
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Figure6 In situ multimodal detection of NPs. (a) AFM-IR spectroscopy measurement of snowmelt from Beaver Mountain. (al) AFM-IR topography map and (a2) IR
absorption map at 1735 cm™, corresponding to polyester. (a3) The corresponding P(3HB-co-4HB) spectrum. Reproduced with permission from Ref. [139], © Belontz
et al. 2025. (b) Raman spectral mapping of nanoparticles released from recycled PVC powders. Reproduced with permission from Ref. [143], © American Chemical
Society 2020. (c): (c1) SEM image and (c2) Raman spectrum of particles identified as PS from a tissue sample. Reproduced with permission from Ref. [144], © Elsevier B.V.2022.
(d) Schematic diagram of detecting NPs using coupled O-PTIR and Raman spectroscopy. Reproduced with permission from Ref. [146], © American Chemical Society

2025.

advanced control systems, making initial development and
maintenance costs significantly higher than single-modality
instruments. Despite clear performance advantages, their large-scale
deployment remains limited by cost and engineering maturity,
restricting their use primarily to research laboratories rather than
routine detection scenarios.

4 Conclusion and outlook

The landscape of NPs detection is undergoing a pivotal
shift—moving from isolated methodological breakthroughs toward
a more systematic, performance-driven paradigm. While early
studies focused primarily on proving feasibility, the current frontier
demands superior throughput, precision, and comprehensive
characterization. Given the ultra-trace concentrations, polydisperse
distributions, and the intrinsic complexity of environmental
matrices, it is increasingly evident that no single analytical modality
can capture the full physicochemical picture. Instead, future
progress hinges on synthesizing these methods and establishing
multidimensional evaluation frameworks.

This evolution demands profound interdisciplinary synergy. It
requires integrating robust pretreatment strategies, sensitive
spectroscopy, and precise optical manipulation with the enrichment
capabilities of microfluidics and the data-mining power of artificial
intelligence. In terms of specific techniques, mass spectrometry
remains the gold standard for accurate quantification in complex
matrices, though it inevitably sacrifices morphological integrity.
Conversely, Raman spectroscopy and its derivatives—such as SERS
and SRS—offer exceptional potential for in situ visualization and
multimodal characterization. Finally, while machine learning
provides a powerful toolkit for signal extraction, its success is
predicated on the quality of the underlying data. Consequently, we
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urge the academic community to accelerate the creation of shared,
standardized spectral databases, which will serve as the linchpin for
training the next generation of intelligent detection models.

To accelerate the deployment of NPs detection in real-world
scenarios, we introduce a standardized quantitative framework
designed to rigorously assess analytical performance and ensure
inter-laboratory comparability. We introduce the R’ES evaluation
model (Table 1), encompassing five key dimensions: Rapidness,
Resolution, Reliability, Economy, and Sustainability. Rapidness
captures detection speed and throughput; Resolution reflects spatial
and precision; Reliability evaluates reproducibility and resistance to
interference; Economy considers cost and operational complexity;
and Sustainability assesses the environmental friendliness and
reusability of reagents and consumables. Applying this framework,
we assessed representative studies. However, due to the scarcity of
data disclosed in earlier research, our evaluation focuses exclusively
on the three core dimensions of Rapidness, Resolution, and
Reliability, utilizing key metrics for analysis (Table 2). It is evident
that select outstanding works have achieved an optimal trade-off
between detection rapidity and sensitivity, serving as a robust
benchmark for future advancements. Broadly, current literature
suffers from inadequate data disclosure. Cross-study benchmarking
is severely impeded by size-induced fluctuations in LOD and the
absence of standardized reporting units. Similarly, critical efficiency
metrics, specifically pretreatment and detection durations, are
frequently omitted despite their importance for evaluating practical
utility. Moreover, the predominant reliance on PS microspheres
necessitates an urgent expansion to diverse polymer types.
Consequently, the path toward standardized, real-world NPs
detection remains arduous.

This framework is envisioned to guide the rational design of high-
performance, eco-friendly, and practical detection systems,
catalyzing the transition of nanoparticle detection from exploratory

Nano Research, 2026, 19, 94908506


https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506
https://www.sciopen.com/article/10.26599/NR.2026.94908506

Wang et al.

Nano Research | Vol. 19, No. 4

Table 1 Quantitative evaluation framework for NPs detection techniques (R’ES)

Primary dimension

Secondary indicator

Quantifiable parameter

RI1—Rapidness

(1) Single measurement time

(2) Sample throughput

(3) Degree of automation

Time required to complete one test (min-sample™)
Number of samples analyzed per hour (samples-h™)

Presence of automated sample feeding and data analysis (score: 0-1 or qualitative:
low/medium/high)

R2—Resolution

(1) Minimum detectable particle size

(2) LOD

(3) SNR or enhancement factor (EF)

(nm)
minimal concentration of detection (ug-L™)

SNR or EF (expressed as logio)

R3—Reliability

(1) Repeatability

(2) Anti-interference capability

(3) Stability of detection limit

Relative standard deviation (RSD) (%)

A semi-quantitative score (1-5) evaluates the anti-interference capability in realistic
matrices: Score 1 (ideal): Milli-Q/spiked water; Score 2 (simple): TAP/rainwater; Score 3
(surface): river/lake/seawater; Score 4 (complex fluids): wastewater/beverages/biofluids;
Score 5 (solid matrices): sludge/soil/tissue.

(ALOD/LODy): Variation in LOD across different batches (%)

E—Economy

(1) Instrument cost
(2) Consumable cost
(3) Operational complexity

(4) Sample pretreatment time

Equipment cost (10°~10° USD or in RMBx10*)
Cost per sample (USD-sample™)
Evaluated by number of procedural steps or rating scale (1-5, 1 = simple, 5 = complex)

Preparation time per sample (min-sample™)

(1) Environmental greenness

Requirement for strong acids or organic solvents (qualitative score: 0-1)

S—Sustainability

(2) Sample destructiveness Whether sample can be reused (0 = destructive; 1 = non-destructive)

Table2 Summarization of different techniques applied to the identification of NPs

Resolution Rapidness Reliability
Technological lasti £
No. type Plastic type LOD Minimum detectable Sinele measurement fime Anti-interference Qualitative Ref.
particle & capability capability
1 Optical sieve PS NA® 200 nm > 2 min 3 Physical  [70]
2 SP-ICP-MS PS  7.1x10° particles.L" 800 nm NA® 2 Elemental /)
analysis
3 FLMS PS 0.7 ug 100 nm Pretreatment <20 min, 5 Chemical ~ [86]
analysis time < 50 s
4 NEMS-MS PS NA® 100 nm Analysis time of < 30 min 1 Physical  [87]
PS 150 ng-L™! 30 nm 360 min
5 SERS* PMMA 80 pg-L™ 320 nm 360 min 3 Chemical  [61]
PET 50 ug-L™! 750 nm 360 min
6 SERS PS 0.5ugL" 300 nm Pretreatment > 720 min, 3 Chemical  [88]
analysis time per pixel <0.1's
7 SERS PS 0.001% 50 nm Analysis time per pixel < 10's 2 Chemical  [90]
PS 0.1 ppm 50 nm
PMMA 1 ppm 500 nm
8 SERS 30 min 3 Chemical  [93]
PE 5 ppm 740-4990 nm
PLA 1 ppm 250 nm
9 SERS PS 0.001% 20 nm NA 1 Chemical  [98]
10 SERS PS 1 pg-ul™! 60 nm ~ 4 min 3 Chemical [103]
Nylon Diameters ~20 nm,
b
nanofibers A severifrrlr%itchrsojneters
11 SERS* > 120 min 3 Chemical [104]
PS NA® <1lum
PET NA® ~1pum
12 SERS® PS 0.1 mg-L" 80 nm NA® 3 Chemical [105]
13 SERS' PS 0.03 pgmL" 30 nm Pretreatment ~ 3 days, 3 Chemical  [108]
analysis time < 5's
PS 0.45 ug-mL™" 100 nm NA® 3 Chemical
14 SERS [111]
PMMA 0.8 ug-mL™" 150 nm NA® 3 Chemical
15 SERS PS NA® 200 nm Analysis time =30 s 3 Chemical [115]
16 SERS PS 50 pug-mL™* 100 nm Pretreatment > 100 s, analysis time 3 s 1 Chemical [117]
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(Continued)
Resolution Rapidness Reliability
Technological lasti £
No. type Plastic type LOD Minimum detectable Sinele measurement time Anti-interference Qualitative Ref.
particle & capability capability
17 SERS PS 0.05 pg mL™ 50 nm NA® 3 Chemical [118]
18 SERS PS 25 pug-mL™! 1 um NA® 3 Chemical [119]
19 SERS* PS 107 gL 50 nm NA® 3 Chemical [120]
20 FT-Hsme  LSand NA® 3 um ~ 15 min for a 100 kpixel image 5 Chemical [122]
PMMA
21 Lif;;f:fln PS NA® 200 nm Imaging a 40 um x10 pm area takes 10 s 1 Chemical [124]
22 SRS PS NA® 100 nm Imaging a 89.6 pm x 89.6 um takes 1.2 s 5 Chemical [130]
23 SRS PS NA® 60 nm Imaginga 0.2 mm x 0.2 mm area takes 2 Chemical  [131]
30 min
PS and b . L .
24 SRS PMMA NA! 100 nm 20 min SRS scan (60.5 s acquisition) 1 Chemical [132]
25 SRS PS 0.16 mgL" 50 nm Inspecting 100 protozoan cells for NPs 3 Chemical [133]

takes around 1-2 days

‘means the method successfully detected NPs in the environment; "NA means not reported; the scoring criteria for anti-interference capability are detailed in

Table 1.

research toward standardized, verifiable applications. Such progress
will expedite the development of low-cost, portable, and sustainable
analytical ~platforms, ultimately facilitating comprehensive
environmental and health risk assessments of NPs.
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