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Abstract 

The degradation of mismanaged plastic waste in the environment results in the formation of microplastics (MPs) 
and nanoplastics (NPs), which pose significant risks to ecosystems and human health. These particles are per-
vasive, detected even in remote regions, and can enter the food chain, accumulating in organisms and causing 
harm depending on factors such as particle load, exposure dose, and the presence of co-contaminants. Detecting 
and analyzing NMPs present unique challenges, particularly as particle size decreases, making them increasingly 
difficult to identify. Moreover, the absence of standardized protocols for their detection and analysis further hinders 
comprehensive assessments of their environmental and biological impacts. This review provides a detailed overview 
of the latest advancements in technologies for sampling, separation, measurement, and quantification of NMPs. It 
highlights promising approaches, supported by practical examples from recent studies, while critically addressing 
persistent challenges in sampling, characterization, and analysis. This work examines cutting-edge developments 
in nanotechnology-based detection, integrated spectro-microscopic techniques, and AI-driven classification algo-
rithms, offering solutions to bridge gaps in NMP research. By exploring state-of-the-art methodologies and present-
ing future perspectives, this review provides valuable insights for improving detection capabilities at the micro- 
and nanoscale, enabling more effective analysis across diverse environmental contexts.
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Introduction
Plastic is a versatile material with indispensable appli-
cations in daily human life; however, it is increasingly 
becoming a significant environmental problem due to 
mismanagement and non-degradability [1–3]. Criti-
cal issues arise when plastics break down into NMPs. 
Particularly, MPs are defined as particles in the range 
between 1 µm and 5 × 103 µm, while NPs refer to parti-
cles with nanometric dimensions (< 1 µm) [4]. Once these 
particles are dispersed in the ecosystems, they can be 
ingested by animals and accumulated in tissues, and ulti-
mately enter the food chain [5]. Primary NMPs are inten-
tionally manufactured for various applications, including 
nano/microbeads, pellets, industrial cleaners and per-
sonal care products [6]. In contrast, secondary NMPs are 
formed by the fragmentation of plastic items during their 
usage and especially after their disposal due to UV radia-
tion, mechanical degradation and biodegradation [7].

Environmental degradation of MPs can be initiated by 
biotic processes (involving enzymes, other biomaterials, 
bacteria, fungi, etc.), abiotic processes (such as thermal 
oxidation, photo-oxidation, mechanical degradation and 
atmospheric oxidation), or a combination of both [8]. 
Photodegradation, particularly through UV light, can 
cause fragmentation and breakage of polymers chains, 
resulting in reactive byproducts [9]. NMPs pollution is 
ubiquitous, extending beyond urban areas to remote 
regions [10–12].

Therefore, quantifying and characterizing NMPs 
using cost-effective and straightforward methods is 
essential. The dispersion of NMPs in the environment 
can be driven by climatic factors such as wind and rain-
fall, leading to both wet and dry deposition in remote 
areas [13, 14]. The presence of NMPs in surface waters 
and groundwater is primarily determined by hydro-
geological conditions and proximity to major pollution 
sources [15]. Despite ongoing research, many aspects 
of the global circulation of plastics and NMPs in the 
environment remain unclear [13]. NMPs can enter 
the body and interact with cells, potentially leading to 
toxic effects influenced by factors such as plastic size, 
dose, and exposure duration. At the nanoscale, poly-
mers with a density of less than 1  g  cm-3 can float on 
water, while diffusion and aggregation significantly 
influence their behavior. Organisms can colonize larger 
pieces of plastic, while NMPs can be coated with bio-
molecules from the environment commonly defined as 
‘bio-corona’. Smaller NMPs can also undergo hetero-
aggregation, becoming coated and adsorbed on other 
large particles or bacteria [16]. Additionally, they can 
adsorb and retain other compounds, acting as carri-
ers that increase complexity and reactivity with liv-
ing organisms [8, 17]. Detecting NMPs is particularly 

important for investigating their interactions with bio-
logical organisms, as smaller particle sizes increase the 
likelihood of penetrating biological membranes [18].

Despite numerous reports on the presence of NMPs, 
a standardized protocol for sampling, pretreatment, 
quantification and classification remains absent [19, 
20]. Sample pretreatment is a critical step to mini-
mize the presence of non-plastic particles and focus on 
NMPs detection. Current challenges include: (a) sepa-
rating NMPs from organic contaminants and inorganic 
sediment; (b) avoiding false-positive and false-negative 
during quantification and classification; (c) establishing 
universally accepted protocols and guidelines. While 
existing techniques may be effective at the microm-
eter scale, their efficiency diminishes for smaller con-
taminations or at the nanoscale, often becoming more 
expensive and less reliable [21, 22]. Furthermore, the 
heterogeneity of environmental samples complicates 
characterization and detection of NMPs, frequently 
leading to systematic errors [22, 23].

Recent reports address generalized aspects of sam-
pling and separation of NMPs [26–28]; however, they 
often lack critical discussions on advancements, chal-
lenges and innovative solutions, alongside practical 
research examples. Many literature reviews mainly 
focus on analytical tools, such as microscopy and spec-
troscopy, for NMPs detection. However, they often 
fail to provide insights into how these techniques can 
be improved. Discussions on significant research out-
comes addressing these limitations are also limited 
[27–29]. This work aims to fill these gaps by providing 
a comprehensive and critical overview of the current 
state-of-art technologies for sampling, pretreatment, 
and analytical detection of NMPs. It highlights recent 
advancements, particularly nanotechnology-based 
approaches and combined spectro-microscopic tech-
niques, where nanomaterials are effectively employed 
in separations methods. Finally, this review explores 
the role of artificial intelligence (AI)-based classifica-
tion algorithms, which remain underexplored in the 
existing literature, despite their potential to enhance 
accuracy and efficiency in NMPs detection.

Sample preparation
Sediments, sewage sludge, air, water and biological 
samples collected from the environment often contain 
organic and inorganic substances that must be removed 
to enhance accuracy in detecting, quantifying and clas-
sifying NMPs. This challenge is compounded by the 
absence of global regulations defining environmental lim-
its for these emerging pollutants, making standardized 
measurements and assessments particularly difficult [30].
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Sampling methods advancements
Common methods for sampling surface water include the 
use of nets, filters, or sieves. These approaches are effec-
tive in highly contaminated environments where large 
quantities of MPs or mesoplastics are present. However, 
they may not provide a complete representation of the 
overall water quality [31]. Alternatively, raw water sam-
ples can be collected in glass bottles or jars and later 
filtered in the laboratory, particularly when the focus 
is on detecting smaller MPs or NPs. A sequential filtra-
tion process is often employed, progressively removing 
larger fragments to facilitate the final isolation of smaller 
particles.

Sampling groundwater samples is more complex than 
surface water due to the limited availability of accessible 
sampling points, such as springs, water wells or monitor-
ing wells. Spring water can be directly collected at the 
spring’s mouth without perturbing the aquifer’s natural 
dynamics. In contrast, collecting groundwater from mon-
itoring wells typically requires pumps or volumetric sam-
plers, which can increase the risk of cross-contamination 
[32]. Another critical challenge in groundwater sampling 
is determining the minimum volume required to achieve 
statistically reliable results [33]. For aquifers with very 
low contamination levels, low-flow pumping systems 
connected to in  situ filtration are particularly useful, as 
they allow for collection of hundreds of liters of ground-
water. Conversely, in more contaminated sites, a few lit-
ers of groundwater can be collected using volumetric 
samplers [34]. While general methods for sampling soil 
can be adapted, there is a pressing need for standardized 
techniques specifically designed for the quantification of 
nanoplastics and microplastics in groundwater and other 
environmental matrices [35].

Airborne NMPs can settle due to gravity and be col-
lected using containers, which can be connected to a 
funnel at top as a passive sample collector device [36]. 
Collecting indoor dust by brush deals with NMPs as 
well as other dust components mixture and hence other 
impurities must be separated from NMPs. While active 
sampling devices can be effective, they are not suitable 
for difficult-to-access areas, such as remote mountains. 
These types of devices are complex and expensive [37].

Separation and pretreatment advancements
After collection, samples must undergo pretreatment to 
prepare them for analysis. This process depends on the 
type of analysis to be performed and generally involves 
the separation, concentration and purification of the 
specimens. Pretreatment methods vary depending on the 
sample type but typically aim to isolate NMPs from other 
components in complex environmental matrices, such as 

soil particles, dissolved ions and molecules, and organic 
residues. Common strategies for pretreatment include 
size selection (via sieving), digestion (using oxidation, 
enzymatic digestion, or acid-alkaline digestion), density 
separation (with salt solutions), and filtration.

Separation is primarily achieved through density sep-
aration and filtration. Density separation often relies 
on flotation, but this approach is less effective for NPs 
because, at the nanoscale, buoyant forces are minimal, 
and particle density can be altered by surface fouling. 
Froth flotation, another separation technique, is gener-
ally unsuitable for plastics due to significant particle loss 
caused by bubble interactions [38]. The effectiveness of 
density separation also depends on the density of the 
floating solution. For example, raw water can only sepa-
rate low-density plastics such as polystyrene (PS), poly-
ethylene (PE), and polypropylene (PP) [39].

Solutions containing salts like NaCl, CaCl2, KHCO2 
can reach densities between 1.2 and 1.3 g cm-3, enabling 
the separation of mid-density plastics such as some types 
of polyvinyl chloride (PVC), PS, and acrylic polymers [40, 
41]. Higher density salts such as NaI [42], ZnCl2 [43], 
Na6(H2W12O40) [44] can produce solutions with densi-
ties ranging from 1.6 to 1.8 g cm-3, sufficient to suspend a 
broader range of plastics, including all types of PVC and 
polyethylene terephthalate (PET).

Preliminary sieving is typically used to remove larger 
materials from the sample, but is insufficient for complex 
sediments, as it can lead to artifacts related to particle 
polydispersity. The subsequent step usually involves the 
digestion of organic matter, often performed using the 
wet peroxidase method or Fenton’s reagent, which effec-
tively removes organic residues to improve the accuracy 
of NMP analysis. Additional care is requested in case 
of use of Fenton’s reagent because the intense oxidative 
reaction can alter or destroy NMPs [45]. Although the 
wet peroxidase method does not affect the NMPs, some 
studies have shown that this method may alter or digest 
nylon (polyamide, PA) and low-density polyethylene 
(LDPE) [46]. Another approach in the organic matter 
digestion is based on enzymatic digestion. This method 
is cheaper but time-consuming; and enzymes may inter-
act with other impurities present in sample limiting their 
efficacy [41].

Despite the challenges and drawbacks of existing 
approaches for sample pretreatment and separation, 
recent studies highlight promising developments, par-
ticularly for NPs, which are significantly affected by the 
aforementioned methods. This section discusses signifi-
cant results achieved in separation processes, including 
filtration and centrifugation, as well as nanotechnology-
based methods that incorporate novel nanomaterials. 
To understand the development in NMPs detection in 
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a timely manner, Fig. 1 summarizes the technical evolu-
tion from 2000 to the present, illustrating the methods 
used to study NMPs and their effects on the environment 
and living organisms. It also highlights various analytical 
and detection tools for NMPs in different environments 
and organisms, illustrating the growing understanding 
and detection capabilities regarding the distribution and 
impacts of NMPs over time.

Filtration and centrifugation advancements
Centrifugation is one of the most feasible and cost-effec-
tive techniques for density separation of NMPs that is 
performed prior to filtration or other separation tech-
niques to reduce sample mass and minerals or can be 
employed independently for the purpose of separation. 
Ideally filtration and centrifugation are most widely used 
techniques, demonstrating high removal efficiencies of 
74% and 98%, respectively [47]. In this section, we will 
discuss recent advancements in these two techniques.

Advancements in filtration process through engineer-
ing filtration membranes enables a more feasible way 
for NMPs removal. However, filtration technologies are 
still unable to show great potential to reach a commer-
cial level from lab scale studies. These challenges can be 
overcome through using improved pre-treatments, mod-
ifications in membrane or filter media, integration with 
other technologies such as coagulation, photocatalysis, 
advanced oxidation process, etc. Owing to these issues, 
Ali et  al. [51] highlighted wide range of filtration tech-
nologies explaining various types of filters, advantages, 
limitations and their overall capabilities towards NMPs 
separation. Yang et  al. [48] reported a separation and 
detection method by using membrane filtration (Fig. 2a) 
for standard PS NMPs at different sizes and concentra-
tions (50 nm to 103 nm and 0.1 g L−1 to 10−7 g L−1). In 
this approach, silver nanowires were prepared by polyol 
method and self-assembled on a commercial quantita-
tive filter paper (15–20  μm). During membrane filtra-
tion, it can be observed that 1 μm PS MPs are retained 

Fig. 1  Timeline of improvements in NMP detection
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on the silver membrane. This method addresses the issue 
of separation and loss during sample transfer process by 
providing methodological support for low concentra-
tion NMPs detection. While the technique offers simple 
operation and high sensitivity, detecting trace amounts 
of NMPs remains a challenge. In another attempt, Juraji 
et  al. [52] fabricated polyurethane-based (PU) elec-
tro spun composite membrane the separation of NMPs 
via filtration. However, since the pore size of compos-
ite membrane is 624  nm, it is difficult to separate NPs 
with small size. In parallel direction, Lepointe et al. [53] 
reported iron grafted cellulose fibers for removal of 
contaminants from wastewater. Figure  2b represents a 
schematic about separation of NMPs (size: 58 – 255 nm; 
concentration: 1.67–2.08  μg  L−1) from tap water using 
micro/nano-porous membrane. In the first step, 0.45 μm 
glass fiber filter (borosilicate) is employed to separate 
large particles and bacteria, the filtration proceeds with 
Whatman Anopore (Al2O3) with pore size of 200  nm, 
100 nm and 20 nm. Following the filtration process, NPs 
fractions are retained on the membrane due to electro-
static charge. Cleaning filters to remove NMPs by suita-
ble chemical method without affecting membrane should 
be further optimized.

Hildebrandt et  al. [50] reported two continuous-flow 
centrifuges (scheme in Fig.  2c) combined with two tita-
nium rotors having 300  mL sedimentation capacity for 

NPs (about 160 nm) separation. Upon recirculating water 
sample twice or thrice, retention efficiency of > 90% was 
obtained. Pd doped NMPs were used in this study to esti-
mate efficiency of this approach. Applying two continu-
ous flow centrifugations in a sequence of different speeds 
can allow density/size selective separation of NMPs 
in terms of colloidal fractions. Separation efficiency of 
NMPs was tested in presence of interfering agents such 
as plankton; and it was found that lower speed retains 
planktons while NMPs were retained in secondary 
speed actuation. Grause et al. [54] attempted to develop 
a protocol for MPs separation from agricultural soil 
using centrifugation. In this study, Fenton oxidation was 
employed to oxidize biological matter, and NMPs were 
efficiently separated from heat-altered soil by centrifuga-
tion, achieving a recovery rate of 94% wt. However, the 
method was found to be unsuitable for high-density poly-
mers due to their reduced buoyancy.

Nanotechnology‑based advancements
Nanotechnology can play a central role in water treat-
ment as well as in detecting pollutants in the air. NMPs 
at the micrometer scale are relatively easy to separate, 
but their removal at the nanoscale presents greater chal-
lenges. Nanotechnology offers potential new strategies to 
enhance separation processes.

Fig. 2  Recent advances in filtration and centrifugation: a membrane made up of silver nanowire for NMPs filtration [48]; b NMPs separation 
from tap water [49]; c continuous flow centrifugation for NMPs [50]



Page 6 of 21Nene et al. Environmental Sciences Europe            (2025) 37:7 

Modak et  al. [55] reported chromium-based metal 
organic framework (Cr-MOF) for removal of PS NPs 
(size < 1  μm), where 96% removal efficiency, 800  mg  g−1 
were achieved as shown in Fig. 3a. Electrostatic interac-
tion between PS NMPs and Cr-MOF is the significant 
mechanism for adsorption of NMPs on the surface of 
Cr-MOF. In the present study, the adsorption behav-
ior of PS NMPs on Cr-MOF, synthesized by hydrother-
mal method, investigated across varying pH levels. The 
adsorption mechanism was elucidated based on experi-
mental observations. Further regeneration and reusabil-
ity were tested. The results indicated that the adsorption 
increased in acidic conditions, particularly between pH 
2–5, but decreased between pH 5–10. At lower pH lev-
els, enhanced electrostatic interaction is attributed to 
the negatively charged PS NMPs and positively charged 
Cr-MOF surface. In contrast, at higher pH levels, zeta 
potential of Cr-MOF approaches its isoelectric point, 
leading to particle aggregation, which reduces the num-
ber of available active sites and consequently decreases 
adsorption efficiency. In another related study as shown 
in Fig.  3b, functionalized magnetic nanoparticles were 
used to separate PS NMPs via a magnetic flow cell 
method [56]. Furthermore, Liang et al. [57] detected PS 
NMPs by using a contactless conductivity detector (C4D) 
made up of a glass microfluidic chip with controlled geo-
metric parameters with a detection limit and a quantiza-
tion limit of 0.25 μg mL−1 and 0.8 μg mL−1, respectively. 
An experimental emission parametrization was also 
developed through well order experimentation and aer-
osolization for understanding NMPs size, density and 
concentration impact in water.

Recently, Liu et  al. [58] demonstrated that mixing 
nanolayered double hydroxides (LDHs) with PDMS and 
epoxy resins and coating on PU sponges can maintain 
superhydrophobicity, electrostatic attraction property, 
capillary action and chemical bonding. Such properties 
demonstrated that this material can serve as efficient 
adsorbent for the removal of NPs in oil, offering both 
mechanical durability and excellent reusability. In a liter-
ature study, Wang et al. [59] critically discusses potential 
strategies for implementing bio-electrochemical systems 
(BES), i.e., bio-electrochemical systems to mitigate the 
inhibitory effects of NMPs during wastewater treatment 
procedures. This approach presents possibilities in elec-
trochemical degradation of NMPs as well as attenuation 
via increased microbial metabolism in NMPs degrading 
bacteria. However, extensive research is still required, as 
this field remains in its infancy regarding the potential of 
BES for treating NMP-contaminated water.

Advances in current measurement methods
Microscopic methods advancements
Optical microscopy
Optical microscope uses a lens system to magnify small 
objects. The objective lens, with a short focal length of 
a few millimeters, creates an image of the object in an 
intermediate image plane, which is then captured by a 
detector [60]. Optical microscopy, despite its simplic-
ity, offers several advantageous for detecting NMPs. 
Its ease of operation, accessibility, cost-effectiveness, 
non-destructive nature, and ability to provide real-time 
observations make it a highly effective tool for this pur-
pose. It can efficiently scan large areas and detect large 
MP fragments. However, its main limitation is the reso-
lution, around 200 nm, making it difficult to detect NPs 
smaller than that limit [61]. Optical microscopy cannot 
determine the chemical composition of particles, making 
it challenging to distinguish or conclusively identify dif-
ferent types of plastics [62].

Without fluorescence or labeling, differentiating NMPs 
from similarly sized particles like organic debris or min-
erals can be challenging, leading to misidentification. 
Staining with agents like Nile Red (NR), a lipophilic dye, 
helps distinguish NMPs by binding to hydrophobic sub-
stances and activating fluorescence under specific wave-
lengths. This preferential staining of plastic particles 
reduces the risk of mistaking them for non-plastic mate-
rials and aids in identifying smaller particles below the 
diffraction limit [63]. Nile red, for instance, was applied 
to detect NMPs in complex matrices and tissues from 
living organisms [64]. Unfortunately, Nile red can suf-
fer from false-positive artifacts, as it can bind to other 
hydrophobic materials such as lipids, therefore requiring 
additional confirmation steps.

Fig. 3  Unique strategies for NMPs separation using nanomaterials: a 
PS NMPs removal using MOF (metal–organic framework) from water 
[55]; b functionalized magnetic nanoparticles-based separation of PS 
NMPs with respect to optimization and magnetic flow cell method 
[56]
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Further research will focus on improving the efficiency 
and selectivity of NMPS detection. Advanced staining 
techniques, including solvatochromic dyes that change 
color based on their environment, are being developed 
for NMPs. ATTO dyes (a class of highly fluorescent dyes 
from ATTO-TEC GmbH, Germany), such as ATTO 
647N, have been used in fluorescence microscopy to label 
and track NMPs [65]. These dyes offer strong fluores-
cence signals, which help in the detection of small par-
ticles. A novel low-cost twisted intramolecular charge 
transfer-based staining agent has been developed for 
fluorescent labeling MPs [66]. This method provides a 
simple, cost-effective way to fluorescently label MPs. Co-
staining with dyes like DAPI (4’,6-diamidino-2-phenylin-
dole is a fluorescent dye used for nucleic acids staining) 
and propidium iodide can further improve specificity by 
differentiating particle types based on fluorescence prop-
erties [67].

Despite labeling and fluorescence, chemical identifi-
cation of different polymers remains challenging since 
staining agents are not polymer-specific. Optical micros-
copy often requires manual counting, which is time-con-
suming and prone to error, especially without automated 
analysis tools. Its limited depth of field also complicates 
focusing on 3D structures in thick samples. However, 
optical microscopy is easily integrated with other tech-
niques to enhance accuracy of detection.

Electron microscopy
Electron microscopy uses an electron beam for high-
resolution imaging. Scanning electron microscopy 
(SEM) reveals surface texture and morphology of MPs, 
while transmission electron microscopy (TEM) provides 
ultra-high-resolution images of internal structures at the 
nanometer scale. Both techniques are crucial for inves-
tigating the physical properties of MPs and frequently 
serve as complementary methods to spectroscopy for 
chemical identification [68].

SEM offers high magnifications and resolutions, 
allowing observation of fine surface details like texture, 
defects, and contamination in MPs. When combined 
with energy-dispersive X-ray spectroscopy (EDS/EDX), 
SEM can provide elemental composition data, identify-
ing additives or contaminants. However, EDS mapping 
cannot distinguish between different polymer/addi-
tives types in complex materials [68]. By changing the 
electron beam generation process, FE-SEM (field emis-
sion-scanning electron microscope) provides a very 
high-resolution imaging compared to regular SEM. 
It guarantees high brightness, crisp images and stable 
beam current. Figure 4a presents a 350X FE-SEM image 
identifying cellulose and polymer fibers. Fluorescent 

100 nm PS NPs localized inside C. Robusta are visible 
in the bright-field optical image in Fig.  4b, detected 
in gonads, demonstrating NPs detection in complex 
media.

NPs can get attached with commercially available 
dyes and super-resolution imaging can be achieved by 
using STED (STimulated Emission Depletion micros-
copy). STED microscopy is a far-field fluorescence 
imaging technique that overcomes the diffraction limit 
by switching the states of dye molecules between bright 
and dark, reaching 20  nm resolution. This technique 
was utilized recently for high-resolution imaging of 
stained proteins inside living cells [69].

Enhancing MPs analysis can be achieved by using 
advanced techniques like high-angle annular dark-
field (HAADF) in TEM and backscattered electron 
(BSE) imaging in SEM. HAADF provides high-contrast 
images based on atomic number (Z-contrast), making 
it useful for distinguishing polymer additives and fill-
ers, as materials with higher atomic numbers appear 
brighter. Coupled with EDX for elemental mapping, 
these techniques allow precise quantification and 
localization of additives or contaminants. Tire wear 
particles in airborne dust were analyzed using BSE and 
EDX, with machine learning algorithms for automation. 
SEM images (Fig. 4d) of tire wear particles from urban 
areas showed 1–10  μm particles embedded in dust. 
EDX identified larger particles as minerals (quartz, 
orthoclase, plagioclase, ferromagnesian silicates, cal-
cite, barite, gypsum) and metals (Fe, Fe-alloy, Cu). This 
approach has also been effectively used to characterize 
micro- and nano-particles in Antarctic snow, focus-
ing on anthropogenic pollutants as shown in Fig.  4e 
[73]. Interestingly, Yang et  al. examines the release of 
nanoscale particles from polyester textiles, utilizing 
HAADF and EDX techniques to analyze the composi-
tion of these particles [74].

BSE imaging on SEM detects electrons scattered back 
from the sample surface. The intensity of these elec-
trons, and thus the image brightness, depends on the 
atomic number; heavier elements scatter more elec-
trons, creating a brighter image. For example, Sommer 
et al. used BSE and EDX in SEM to analyze single MPs 
fragments [72], providing insights into the environmen-
tal impact of tire abrasion. Bhat used the same tech-
nique to identify MPs from indoor environment [75].

In summary, advanced imaging modes such as 
HAADF in TEM and BSE in SEM are crucial for 
detailed compositional analysis of MPs. They provide 
valuable insights into the material properties, additives, 
contaminants, and structural characteristics of MPs, 
which are essential for comprehending their environ-
mental behavior, toxicity, and long-term impacts.
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Fig. 4  SEM analysis of nano-fibers (350 × magnification) a [70]; bright-field photograph for wall of visceral cavity showing fluorescent PS particles 
in the gonads b [71]; STED image of sanding debris from PS c [65]; SEM image of a representative tire-wear particle with an entrustment > 50% 
vol, typical for the federal highwayB31. The EDX diagram on the right displays the superposition of 25 spectra from the imaged tire-wear particle 
with subsequent particle classification d [72]; HAADF-STEM image and the corresponding EDX maps of a mineral dust particle detected in sample e 
[73]
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Atomic force microscopy
Atomic force microscopy (AFM) is a high-resolution 
imaging technique that provides three-dimensional topo-
graphical data at the nanoscale. It operates by scanning 
a sharp tip across the surface of a sample, measuring 
forces between the tip and the sample to create detailed 
images. AFM is especially relevant in the investigation 
of NMPs due to its ability to precisely characterize sur-
face morphology, mechanical properties, and interac-
tions at the nanoscale [76, 77]. For NMPs research, AFM 
offers precise insights into surface roughness, degrada-
tion patterns, and the interaction of these particles with 
biological or environmental interfaces, making it an 
indispensable tool for understanding the environmental 
behavior and impact of these pollutants. Nguyen et  al. 
[78] emphasized that AFM offers more in-depth char-
acterizations compared to SEM, particularly in terms of 
evaluating mechanical stiffness [79] and hydrophobicity 
[76]. Recently, the method has been used to explore how 
MPs degrade in marine environments when adhering 
bacteria are present on the surface using AFM [80, 81]. 
Despite very high-resolution AFM operates by scanning 
a sample point-by-point, which makes it inherently slow 
compared to other imaging techniques. The time-inten-
sive nature of AFM limits its practicality for analyzing 
large areas or large numbers of particles, making it chal-
lenging to obtain statistically significant data on hetero-
geneous MPs samples. AFM requires a clean, smooth, 
and accessible surface for effective imaging. However, 
NMPs found in environmental samples are often embed-
ded with contaminants or biofilms, which can obscure 
surface features and interfere with AFM measurements.

In a different study, [84] manufactured a nano-
TiO2-coated PP MPs effectively and investigated their 
nanoscale infrared, thermal, and mechanical properties 
before and after photoaging using AFM and analytical 
technique. Figure  5a,b shows AFM images of "true-to-
life" NPs (T2LNPs) at 2 μm and 10 μm scan rates. These 

T2LNPs nanoparticles were composed of spheroidal PS 
nanoparticles with respect to broad range of size distri-
bution ranging from different nanoscale size ranges; and 
incubated with human plasma to allow interaction with 
diverse proteins, forming a protein corona around them. 
The primary objective of this approach was to develop 
a closer model to real life, i.e., "true-to-life" to under-
stand interaction of NPs with biological environment at 
nanoscale in a more realistic manner. T2LNPs consist of 
spheroidal monomodal PS nanoparticles, with an aver-
age size of 165 nm. Figure 5c displays 200 nm spherical 
PS nanoparticles. AFM analysis reveals a mixture of tiny 
particles alongside larger particles and aggregates.

AFM primarily provides topographical and mechanical 
data, with limited ability to determine the chemical com-
position of samples. Unlike other techniques, AFM can-
not distinguish between different types of plastics based 
solely on their surface features. This can be achieved via 
integrating AFM with complementary techniques for 
chemical identification leading to a powerful investiga-
tion solution [85].

Spectro‑microscopic based advancements
Combining spectroscopic methods with microscopy 
allows visualization and improve characterization of 
NMPs. Table  1 summarizes various microscopic and 
spectroscopic techniques for detecting NMPs, highlight-
ing their sensitivity, advantages, and challenges.

Infrared‑based advancements
Fourier transform infrared (FTIR) spectroscopy is a 
widely used technique for material characterization, 
particularly for analyzing chemical bonds and molecu-
lar structures. The technique works by absorbing infra-
red photons, which cause molecules to transition from 
their ground state to an excited vibrational state [97]. 
FTIR devices come in various configurations, including 
transmission, specular reflection, diffuse reflection, and 

Fig. 5  AFM-based NMPs characterization; atomic force microscopy (AFM) topography images of T2LNPs adsorbed on mica, with a scan size of 2 μm 
a and 10 μm b [82]; AFM image of 200 nm PS NPs c [83]
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attenuated total reflection (ATR), each tailored to spe-
cific sample types and applications.

ATR-FTIR is particularly relevant for investigating 
NMPs because it allows direct analysis of solid or liq-
uid samples with minimal preparation. This technique 
introduces infrared light directly to the sample, ena-
bling the extraction of structural and compositional 
information even from complex matrices. FTIR is val-
ued for its ability to quickly generate high-quality spec-
tra, ease of use and reproducibility. Common challenges 
include potential background contamination, but ATR-
FTIR remains a sensitive and cost-effective method, 
capable of detecting MPs (about 10 µm). When coupled 
with microscopy (micro-FTIR) [98, 99], it can identify 
even smaller particles, making it an essential tool in the 
study of NMPs.

For example, ATR-FTIR showed stronger peak signals 
with decreasing NMPS diameter at the micrometer scale, 
successfully detecting NMPs with high sensitivity in the 
6–20 μm size range [100]. Jung et al. [101] demonstrated 
the use of ATR-FTIR for identifying polymers in NMPs 
ingested by sea turtles; highlighting its ability to perform 
rapid analysis with minimal sample destruction. Simi-
larly, this technique was used for NMPs detection from 
sediments and water samples [102].

AFM-IR uses an atomic force tip and infrared laser 
excitation to simultaneously record high-resolution 

topography and chemical spectra. It provides resonant 
modes and high-quality data with excellent sensitiv-
ity, unaffected by background interfaces, and matches 
conventional IR spectra of bulk materials. However, it is 
relatively slow and complex [103]. A hybrid technique 
combining the spatial resolution of AFM with the chemi-
cal information of IR spectroscopy was employed to study 
nanoscale PS particles. This approach enabled the detec-
tion and quantification of NPs as small as 20 nm in aque-
ous environments [104]. A pulse tunable IR source with 
a 10-ns pulse length and broad mid-infrared coverage is 
localized on AFM tip to investigate nanoscale thermal, 
mechanical, and infrared properties of TiO2-pigmented 
NMPs before and after aging. AFM topography shows 
unaged NMPs as smooth, while aged MPs exhibit rough, 
granular surfaces. A combined AFM-mechanics method 
and photothermal infrared spectroscopy are used to 
locate, capture, and chemically identify beads in mussel 
siphons [95].

Figure 6a-c illustrates the efficacy of the AFM-IR tech-
nique in detecting 150  nm PS spheres based on surface 
groups. In Fig. 6b, characteristic sulfonate (S=O) stretch-
ing vibrations are observed at 1165 and 1350 cm⁻1 (green 
line); however, these signals disappear after treating PS 
spheres with H₂O₂ (red line). The IR spectrum (Fig. 6c) 
reveals C=C and C–H features. Figure  6a, b displays 
AFM and IR images, respectively.

Table 1  Comparison of recent selected detection methods for NMPs, highlighting sensitivity, challenges and advantages

Type Method Range Challenges Advantages Refs.

Spectroscopy DLS 1 nm to 3 mm Large particles, polydispersity 
affects results

Fast, cheap, non-invasive [86]

Spectroscopy Multiangle laser scattering 
(MALS)

10 nm to 1000 nm Require clean sample 
and only spherical models

Online coupling, large size 
ranges, easy, fast

[87]

Spectroscopy Laser diffraction (LD) 10 nm to 10 mm Only spherical model Easy, fast and automated [88, 89]

Spectroscopy Nanoparticle tracking analysis 
(NTA)

10 nm to 2 µm Complex in operation Size and number concentration [90]

Spectroscopy Electrophoretic light scattering 
(ELS)

1 µm to 3 µm Electro-osmotic effect Rapid, cheap, non-invasive [91, 92]

Spectroscopy Raman spectroscopy up to 1 μm difficulty with data interpreta-
tion for complex structures,

Nondestructive, fast, reliable [93, 94]

Microscopic Stereo microscopy  ≥ 100 µm Identifying plastic nature, 
composition

Easy and rapid, shape, size, 
color identification

[61]

Microscopic TEM 0.1 nm to 100 μm Not effective to identify MPs/
NPs

Chemical information 
and images

[93]

Spectro-microscopic SEM–EDS 5 nm to 5 mm Expensive technique Information about the mor-
phological surface

[72]

Microscopic AFM Up to 0.1 nm Expensive, limited scan area 
(100 µm)

Surface morphology, mechan-
ics

[83]

Spectro-microscopic AFM-IR Down to 20 nm Expensive Particle morphology, chemical 
identification

[95]

Spectro-microscopic AFM-Raman Single molecule 
detection capabil-
ity

Expensive, under-development 
for rapid nanoscale chemical 
analysis

Particle morphology 
and chemical fingerprint

[96]
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Laser direct infrared (LDIR) spectroscopy technique 
combines the precision of infrared spectroscopy with 
the spatial resolution of laser-based imaging [105]. This 
method allows for the detailed chemical mapping of 
materials, making it particularly relevant for the inves-
tigation of NMPs. LDIR operates by directing a tunable 
laser across the sample surface, generating high-resolu-
tion spectra that reveal the chemical composition of indi-
vidual particles. Its ability to rapidly scan large areas 
with minimal sample preparation makes LDIR ideal for 
identifying and quantifying NMPs within complex envi-
ronmental matrices. LDIR imaging can analyze up to 
103 particles/fibers (< 300  μm) in approximately 1–2  h. 
Over FTIR and Raman imaging, it helps to overcome 
uncertainties such as subsampling strategies due to long 
analysis and post-processing times of large datasets 
[106]. LDIR shows significant potential when combined 
with automation, offering the possibility of automating 
both identification and quantification processes. This 
technique has been successfully applied to detect NMPs 
larger than 20  μm from water and soil samples [107]. 
Additionally, LDIR can be further enhanced with a quan-
tum cascade laser (QCL), offering higher radiation power 
than typical IR sources.

Figure  7 shows the chemical imaging spectra from 
LDIR technology. The LDIR system automatically iden-
tified particles and matched spectra. All MP particles in 
this study showed over 80% matching with the spectral 
library. Polymer composition distribution varied based 
on particle size and sampling methods. LDIR excels 
in analyzing MPs, but its resolution is limited when it 
comes to characterizing NMPs, especially those smaller 
than 1 µm. The spatial resolution of this technique, while 
higher than conventional IR spectroscopy, may not be 
sufficient to resolve the smallest particles, leading to 
potential underestimation of NMPs presence in a sample.

Raman spectroscopy‑based advancements
Raman spectroscopy is a vibrational spectroscopic 
technique that provides detailed molecular informa-
tion based on the inelastic scattering of light. When 
light interacts with a material, most photons are elas-
tically scattered, but a small fraction is scattered at 
different energies, corresponding to the vibrational 
modes of the molecules [109]. This scattering produces 
a Raman spectrum that serves as a molecular finger-
print, enabling precise chemical identification. Raman 
spectroscopy is particularly relevant for the investiga-
tion of NMPs due to its ability to non-destructively 
analyze small particles, even those embedded in com-
plex matrices. This technique is widely recognized as 
a powerful tool for characterizing NMPs. Compared 
with IR that has longer wavelength, Raman shows bet-
ter performance for analysis of NPs. Its effectiveness 
as a chemical analytical method enables the detection 
of NMPs in various environmental matrices like sedi-
ments [110], bottled waters [111] and mixing between 
seawater and freshwaters [112]. Micro-Raman is capa-
ble of identifying MPs smaller than 1  µm using spec-
troscopy, while conventional Raman spectroscopy can 
identify MPs larger than 10 µm. Xie et al. [110] detect 
and identify NMPs smaller than 1  µm using the sur-
face-enhanced Raman spectroscopy (SERS) technique 
with Klarite substrate which facilitated the identifica-
tion and detection of atmospheric/aquatic MPs with 
size up to 360  nm; and enhancement factor up to 2 
orders of magnitude for PS analytes was found [110]. 
Figure 8a-c illustrates the application of SERS to detect 
PS NPs, with a resolution limit reaching 50 nm. SERS, 
a non-invasive molecule-specific technology, enables 
single-molecule detection through molecular vibra-
tion fingerprinting. To ensure the effective detection 
of NMPs, optimizing plasmonic hotspots is crucial, as 

Fig. 6  Typical measurement results by AFM-IR of PE NPs with AFM morphology A, IR image B and IR spectra C [104]
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variations in the size of NMPs can affect SERS signals. 
This challenge can be addressed by fabricating SERS 
substrates with tailored plasmonic nanoparticles in 
specific sizes and shapes [113].

To prevent sample degradation and luminescence, 
certain tests were conducted at lower laser power. How-
ever, for NPs smaller than 1 µm, more robust analytical 
techniques are required to ensure accuracy. Figure  8d 
presents Raman-confocal match analysis of a single fiber 
(left) and a non-match (right) compared to the standard 
Raman peak [70].

Tip-enhanced Raman spectroscopy (TERS) merges 
the chemical sensitivity of SERS with the high spatial 
resolution of scanning probe microscopy, allowing for 
nanoscale chemical imaging. A sharp metal or metal-
coated tip is placed at the center of a laser focus, where 
the electromagnetic field at the tip apex is confined 
and enhanced by localized surface plasmon resonance 
[115]. TERS provides a powerful technique for analyz-
ing surfaces with nanometer precision [116]. Over the 
last decade, this technique has been applied in wide 
range of research areas including carbon nanotubes, 
graphene, biology, photovoltaics, etc., Yeo et  al. [117] 

conducted nano-scale probing of Raman active mixed 
polyisoprene and PS thin film to investigate surface 
composition. Although difficult to operate, this method 
could investigate films at surface and subsurface lev-
els and tend to enable analysis at nanometer spatial 
resolution.

Advances in other methodologies
Mass spectroscopy advancements
Matrix-assisted laser desorption/ionization-time-
of-flight mass spectrometry (MALDI-TOF MS) uses 
ionization of sample mixed with matrix molecule via 
a laser; and the ions are separated by their mass-to-
charge ratio in a TOF analyzer for mass analysis. Tang 
et  al. used this technique for sediment samples to 
identify and quantify NMPs. PS and PET were identi-
fied with 0.96 and 0.98 correlation coefficients for low 
and high molecular weight polymers. Similar research 
approach was applied for other types of NMPs identi-
fication [118] and exploring bioaccumulation of NMPs 
inside zebrafish [119]. In other work, MALDI-FTICR 
MS, i.e., a matrix-assisted laser desorption of ioniza-
tion-Fourier transform ion showed high performance 

Fig. 7  Typical LDIR chemical imaging spectra of eight MPs identified as alkyd varnish: PET, PE, PU, PP, PVC, PS, and rubber. Blue lines are reference 
spectra and red lines are experiments. The number on the upper left of the spectrum is the degree of matching with the standard spectrum [108]
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for wide-ranged NMPs characterization with improved 
signal-to-noise ratio [120].

Thermal analysis advancements
Thermogravimetric analysis (TGA) measures the mass 
of a substance as it changes with temperature or time 
under controlled temperature procedures and atmos-
pheres. Characterization and quantification of NMPs 
can be achieved via optimizing parameters in TGA such 
as heating, analysis of mass and loss, sample preparation 
and standard calibration [121]. Pyrolysis-gas chromatog-
raphy–mass spectrometry (Py-GC–MS) involves heating 
a sample to decompose it into smaller molecules, which 
are then separated by gas chromatography and identi-
fied using mass spectrometry. This technique can detect 
NMPs via their thermal decomposition into characteris-
tic or signature molecules; and based on unique degra-
dation products a precise detection can be done [122]. 
Plastic polymers vary in thermal stability and have dis-
tinct IR absorption and Raman scattering characteristics. 
Thermo-analytical techniques identify MPs by analyzing 
changes in their chemical and physical properties [123]. 

This process identifies polymers by their decomposition 
byproducts. Developing thermo-based techniques is crit-
ical for characterizing low-solubility MPs and additives 
that are hard to dissolve, extract, or hydrolyze.

In TG-FTIR and TG-MS, a transfer line or capillary 
connects the TGA directly with evolved gas analysis. 
These methods are useful for analyzing known matrix 
samples with specific MPs and detecting PVC [124]. 
Thermal extraction-desorption gas chromatography 
mass spectrometry (TEDGC/MS) can be useful for ana-
lyzing unknown matrix samples with unknown variable 
kinds of MPs and content but the method is complex 
[125]. Microscale combustion calorimeter (MCC) can be 
applied for simple and rapid screening to identify poten-
tial MP loads of standard polymers in unknown samples, 
but there is no difference between different polymers, 
where only PE, PP, PS contribute significantly to the sig-
nal and are limited to 5 mg of sample [124]. Py-GC–MS 
(pyrolysis-gas chromatography–mass spectrometry) can 
simultaneously locate and measure the most prevalent 
MPs in complex samples.

Fig. 8  Identification of 1 μm PS NPs with SERS. a Microscopic image of PS NPs deposited on a silicon wafer; b Raman intensity map of the 997 cm−1 
band in the region marked with a red box in panel A [114]; c Raman spectra obtained from three random sites marked in panel b; d details 
of the match analysis product showing the single fiber confocal Raman match analysis, (50 × objective and 80–2060 cm−1 Raman shift range) 
and the confocal Raman no match [70]



Page 14 of 21Nene et al. Environmental Sciences Europe            (2025) 37:7 

Light scattering technique advancements
Many studies use light scattering to characterize NMPs. 
In dynamic light scattering (DLS), a monochromatic 
light beam incident on a solution scatter in all directions, 
providing information about the size, shape, molecular 
weight, and radius of gyration of macromolecules [86]. 
While light scattering techniques can assess a wider vari-
ety of particle sizes, they only measure average hydrody-
namic sizes, which may be biased towards larger particles 
due to their stronger scattering. This can mask signals 
from smaller particles and be affected by contaminants 
like dust fibers or aggregates. Strict sample preparation 
is crucial for accurate results, especially in foods, bever-
ages, inhaled particles, and personal care products. This 
is addressed by multi-angle light scattering (MALS), 
which analyzes scattered light at various angles and pro-
vides molecular weight and size distribution data. MALS 
is often used as an online detector in size-based separa-
tion methods like size exclusion chromatography (SEC) 
and asymmetrical flow-field flow fractionation.

AI‑based technologies advancements
Data analysis, the final stage of scientific research, is fre-
quently used to collect and represent results and find cor-
relations. When large datasets are involved, a new class 
of algorithms is necessary to find hidden correlation and 
simplify data analysis. Indeed, artificial intelligence (AI) 
has emerged as a transformative tool in the analysis of 
NMPs, offering enhanced precision and scalability. NMPs 
may be automatically detected, categorized, and quanti-
fied from complicated datasets thanks to AI-based tech-
niques like computer vision, deep learning, and machine 
learning. These techniques can process large volumes of 
imaging and spectral data, identifying subtle patterns and 
correlations that conventional approaches might miss. In 
NMPs research, AI-based analysis accelerates the iden-
tification of plastic particles, enhances the accuracy of 
differentiating between polymer kinds, and aids in under-
standing their environmental behavior [126]. Machine 
learning is a branch of artificial intelligence that focuses 
on developing algorithms capable of learning from data 
and making decisions or predictions without need-
ing explicit instructions. It is a fundamental approach 
to enabling intelligent behavior in AI systems. Machine 
learning can help to detect and identify nanomaterials by 
analyzing data to recognize patterns and classify material 
types, improving research efficiency and accuracy [127].

For example, Guo et  al. [126] linked laboratory data 
about metal ions sorption on NMPs with environmental 
monitoring using neural networks for prediction. How-
ever, limitations in the size of the dataset for absorption, 
variability in NMPs properties and areas of sampling can 
make this prediction difficult. As a subclass of neural 

networks, convolutional neural networks (CNN) are 
invariant by roto-translation, making them performant 
for image recognition. Ng et  al. [127] applied this algo-
rithm to classify the extent of NMPs contamination 
in soil samples where visible–near-infrared (vis–NIR) 
reflectance spectra were used as 1D input. Support vector 
machine (SVM) is a supervised machine learning class 
that classifies data by finding a hyperplane that maxi-
mize the distance between different groups of data. It is 
used for general-purpose classification, and it requires 
long-term training, making it unsuitable for large data-
sets. Shan et  al. combined hyperspectral imaging (HSI) 
with SVM to quantify NMPs contamination in sea water 
filtrates [128]. Random forest and decision tree are ML 
methods used for classification and regression. They can 
identify or detect features and patterns, as well as antici-
pate categories and continuous values. Hufnagl et al. used 
these methods for automatic analysis of µFTIR images of 
MPs for monitoring applications [129]. Table 2 presents 
a summary of these publications pertaining to different 
approaches in terms of methodology, approach, advan-
tages, and drawbacks. This table provides a comprehen-
sive information about various ML methods.

Despite numerous reports, developing new algorithms 
and databases for NMPs detection and analysis utilizing 
ML-based approaches remains essential. Raman spec-
troscopy, widely used for NMPs detection, covers vari-
ous ranges: soil (150–200 μm), marine (> 10 µm), plastic 
microbeads (> 4 µm), and spectral analysis (< 1 µm). For 
instance, Xie et  al. [133] reported Raman spectroscopy 
with an ML-based automatic identification platform for 
NMPs. In this work, NMPs were identified with 98.8% 
accuracy through steps like establishing a Raman spec-
troscopy dataset, peak extraction, data processing, and 
random forest model building. Challenges include weak 
Raman spectra and complex environmental samples. 
In another similar attempt, Weber et  al. [134] devel-
oped an NMPs analysis platform via combining ML 
with µ-Raman, where they created a data set consisting 
of > 6.4 × 104 Raman spectra, including 10.7% polymer 
spectra extracted from 47 water samples.

Perspectives
Emerging solutions for detecting NMPs are centered 
on advanced technologies that offer high sensitivity and 
specificity. Innovations such as microfluidic systems and 
nanoparticle tracking analysis are streamlining sample 
preparation and analysis, enhancing detection capabili-
ties. For instance, microfluidics coupled with electro-
chemical cells has shown potential for NMP detection. 
However, it is important to consider that NMPs are 
not inherently electroactive, and microfluidic systems 
are generally not suitable for processing large sample 
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volumes. Future directions may focus on integrating 
diverse analytical techniques to provide more compre-
hensive detection, developing portable, field-deploy-
able tools for on-site monitoring, and establishing 
standardized protocols to ensure consistent and compa-
rable results. The development of regulatory frameworks 
could further drive research and technological innova-
tion, enabling more effective management of NMP pollu-
tion and its environmental and health impacts.

Advanced functional nanomaterials may play a crucial 
role in separating NMPs, with potential for designing 
materials that specifically target these particles. How-
ever, the lack of unique markers on NMPs (similar to bio-
markers on cell surfaces) presents a significant challenge 
for targeted separation and detection. Addressing this 
limitation is essential for advancing detection methods. 
In terms of detection and identification techniques dis-
cussed in this manuscript, optical microscopy is unable 
to detect NMPs smaller than 200  nm, whereas electron 
microscopy methods can detect NMPs at the nanoscale 
but lack the ability to chemically identify them. Tech-
niques such as FE-SEM and TEM are powerful tools for 
high-resolution imaging and for analyzing the morphol-
ogy, structure, and elemental composition of NMPs. 
However, sample preparation for these methods is chal-
lenging, as it requires avoiding contamination and distin-
guishing NMPs from other materials in complex samples. 
Atomic force microscopy (AFM) can characterize NMPs 
at the nanoscale and provides detailed surface informa-
tion, but it is expensive and time-consuming, limiting its 
practicality for routine detection. Spectro-microscopic 
tools demonstrate significant potential for simultane-
ously achieving morphological and chemical identifi-
cation of NMPs. IR and Raman spectroscopies, when 
coupled with microscopic techniques (e.g., AFM-IR 

and Raman-confocal microscopy), are indeed promis-
ing due to their ability to provide both visualization and 
chemical identification of NMPs. Among these, Raman 
spectroscopy is especially effective at detecting parti-
cles down to the sub-micrometer scale, a range where IR 
spectroscopy often struggles due to weak signals caused 
by trace concentrations and the limitations of spatial 
resolution imposed by longer wavelengths. Mass spec-
trometry, while highly precise, sensitive, and capable of 
multi-component analysis, is limited in detecting par-
ticles smaller than 50  nm and requires complex, costly 
sample preparation. Thermogravimetric analysis (TGA), 
though useful for assessing thermal properties, cannot 
provide molecular or chemical information, a limitation 
that can be addressed by coupling it with complementary 
techniques. Dynamic light scattering (DLS) offers rapid 
and non-destructive analysis for particles in the nano- to 
micro-meter range, but is restricted to suspended parti-
cles and struggles with poly disperse samples.

AI plays an important role in the detection or identifi-
cation of NMPs by improving data analysis, accuracy, and 
efficiency. AI algorithms, particularly machine learning 
and deep learning, can process complex spectroscopic 
and imaging data to accurately identify and classify 
NMPs. Consequently, automated feature extraction 
and signal enhancement further improve identification 
capabilities, while predictive modeling aids in contami-
nation assessment and environmental impact analysis. 
These algorithms facilitate the creation of comprehen-
sive libraries or databases of NMP signatures, enabling 
efficient identification across various sample types and 
environments. AI can also be integrated with sensor 
technology to enable adaptive sensing and monitoring.

One notable example is digital holography (DH), 
which offers great potential for NMP detection. Unlike 

Table 2  Various ML algorithms their applicability, advantages and drawbacks over NMPs detection

Method Approach Advantage Drawback Refs.

ANN Predicting sorption capacity of heavy metal 
ions on NMPs

Highly potential case study linked to lab 
experiments

Limited sorption data are inhibiting wider 
applicability

[126]

CNN Classification of IR spectral data inputs Potential rapid NMPs soil contamination 
screening

Lacking ability to differentiate intermedi-
ate cases

[127]

CNN GoogLeNet architecture as a model trained 
and tested for image analysis

Potential automatic NMPs classification 
using micrographs

Limited to microbeads [130]

SVM To identify MPs from the hyperspectral 
image

Ability to quantify and identify NMPs 
from seawater and seawater filtrates

Particle size, polymer type and organic 
impurity can affect accuracy

[128]

SVM Repfile-EasyTL model: Transfer learning 
strategy realizing transference from HIS 
system to NIR sensor

Rapid, accurate, less complex Interference from organic matter, alkali-
hydrolyzable nitrogen, and available 
phosphorus

[131]

SVM 3D coherent imaging combined with ML 
for NMPs detection

Holographic signatures of NMPs At the moment limited to water samples [132]

RF µFTIR images analysis for identification 
and monitoring NMPs

Can differentiate polymer types, their 
abundance and size distribution

Label noise and different dimensions can 
affect

[129]
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traditional methods, DH uses a sensor to display holo-
grams, enabling the identification of tens of thousands of 
items per hour. When combined with AI, DH becomes 
highly suitable for in situ water quality analysis, offering 
unparalleled efficiency in high-throughput applications 
[132]. Despite these advancements, challenges remain, 
particularly in standardizing sample pretreatment pro-
cedures. Factors such as sample type, source, and quan-
tity must be carefully considered to avoid altering the 
intrinsic properties of NMPs. For example, while AFM 
demonstrates extraordinary detection capabilities at 
the nanoscale, it cannot identify the chemical species 
of NMPs. This limitation can be addressed by coupling 
AFM with other techniques, such as AFM-IR or TERS, 
to provide both morphological and chemical characteri-
zation. LDIR spectroscopy has also shown promise as 
a versatile tool for detecting, identifying, and classify-
ing NMPs. However, achieving high resolution at the 
nanoscale remains a challenge, requiring advancements 
in nanoscale microscopy and the integration of material-
specific investigations. With continued innovation and 
the application of AI, these challenges can be overcome, 
paving the way for more effective and scalable solutions 
in NMP analysis.

Figure  9 outlines potential approaches that can be 
developed for the detection of NMPs in various scenar-
ios, offering a comprehensive insightful framework for 
advancing new technologies. While no single approach 

is effective for every scenario, recent studies highlight 
complementary strategies and multi-properties analy-
sis on path to resolve the detection of NMPs at the 
nanoscale. The development of reliable, novel methods 
is essential for the continued progress in NMPs detec-
tion and analysis. Effective policy and decision-making 
to overcome NMPs problem requires key scientific, 
regulatory, and societal needs. Ongoing research direc-
tions should fill knowledge gaps to ensure comprehen-
sive policy development against NMPs[135].

Conclusion
Critical review of literature reveals that plastic waste 
severely impacts freshwater and terrestrial ecosystems, 
as well as human health. Adopting a life cycle approach, 
including end-of-life disposal, recovery, reuse, and recy-
cling, is crucial. The reprocessing of recycled plastics for 
new applications and their recovery from waste streams 
can reduce greenhouse gas emissions and conserve 
resources. Future research should focus on the impact 
of NPs and MPs on biological organisms and critically 
examine their toxicity to humans, animals, and plants. 
Understanding the mechanisms and effects of these parti-
cles is crucial. Advancing computational and mathemati-
cal modeling can significantly improve risk assessments 
and inform preventive strategies. The development of 
sustainable protocols and tools for the quantification and 

Fig. 9  Possible new technological aspects for NMPs detection
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identification of MPs and NPs is essential for their effec-
tive management. A robust detection and identification 
method for NMPs must be established to address these 
challenges. Additionally, the success of such methods 
depends on the standardization of sample pretreatment 
and separation techniques. Therefore, the detection of 
NMPs encompasses three key aspects: sampling, sample 
pretreatment, separation and detection as well as identi-
fication. Overall, greater efforts are needed across these 
areas to advance current knowledge and technologies in 
the detection of NMPs.
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