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Abstract

Microplastics (MPs) have become a widespread environmental contaminant, raising con-
cern due to their persistence, capacity to transport pollutants, and potential risks to ecosys-
tems and human health. Their increasing global production, prolonged degradation, and
ubiquity in aquatic environments underscore the need for improved monitoring and mitiga-
tion strategies. Current findings indicate widespread MP contamination, including within
the human body, emphasizing significant ecological and health concerns. This review
examines the definition, sources, environmental transport mechanisms, associated risks,
and current detection methods for MPs in natural and engineered water systems. The
methods discussed encompass a broad range of analytical and sensing technologies used
to identify, characterize, and quantify MPs across diverse environmental matrices. The
review highlights that no single technique is sufficient for comprehensive MP analysis; in-
stead, the combination of multiple methods enhances sensitivity, specificity, and reliability.
Progress in automated sample preparation, advanced sensing platforms and standardized
methodologies is key to improving detection efficiency and comparability across different
studies. In particular, the extensive body of scientific literature underscores the imperative
for standardized and harmonized protocols regarding data collection and analysis, as well
as homogeneous limits of detection and units of measurement. Reducing MP pollution will
require interdisciplinary collaboration, regulatory action, and increased public awareness
to protect environmental integrity and human health.

Keywords: microplastics; environmental pollutants; drinking water; detection methods;
human exposure

1. Introduction
The pervasive nature of microplastics (MPs) has emerged as a critical environmental

concern, driven by diverse anthropogenic sources ranging from primary industrial pellets
to the secondary fragmentation of macro-debris. Once released, these pollutants undergo
complex long-range transport mediated by hydrodynamic and atmospheric processes,
facilitating their accumulation in remote ecosystems.

MPs can remain in the environment for centuries before being completely decomposed
by photodegradation and thus re-entering normal biogeochemical cycles, particularly in the
marine environment [1]. In addition, MPs can be consumed by various marine life [2]. MPs
can also combine with other pollutants, such as organic contaminants, antibiotics, heavy
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metals, and bacterial pathogens, thereby influencing and possibly enhancing the transport
behaviour of environmental contamination. This global high-level problem needs compre-
hensive and coordinated strategies that integrate prevention, monitoring, and remediation
approaches across multiple scales. In particular, the early detection and quantification of
microplastics in natural and engineered water systems have emerged as critical steps in
understanding their distribution, assessing associated risks, and informing policy decisions.
However, the field currently faces significant challenges in the harmonization of detection
methods, as discrepancies in sampling, extraction, and spectroscopic identification proto-
cols hinder the comparability of global datasets. In addition, current analytical methods
are often labor-intensive, time-consuming, and require specialized laboratory facilities,
which limit large-scale and real-time monitoring efforts. Consequently, there is a growing
interest in the development of advanced sensing technologies capable of enabling rapid,
sensitive, and reliable detection of microplastics in complex environmental matrices. These
innovations are essential not only for improving the assessment of microplastic pollution
but also for supporting effective mitigation strategies and guiding future regulations aimed
at reducing the ecological and human health impacts associated with plastic contamination.

1.1. Objectives

The primary objective of this review paper is to synthesize the current state of research
on microplastics while identifying methodological challenges, key knowledge gaps, and
inconsistencies across existing studies. In doing so, it seeks to highlight the critical need for
standardized protocols and harmonized reporting practices.

Specifically, this review aims to:

1. Examine the sources and transport dynamics of microplastics, beginning with a
discussion of their definition and distinguishing between primary and secondary
microplastics in both terrestrial (e.g., urban runoff, sewage sludge) and marine envi-
ronments. This section further describes transport pathways, accumulation patterns,
environmental persistence, and the possible role of microplastics as vectors for chemi-
cal and biological pollutants.

2. Report on the ubiquitous occurrence of microplastics in water bodies, with particu-
lar emphasis on drinking water as a critical exposure pathway for human health. The
pronounced heterogeneity in data reported across the global literature underscores
current limitations in sampling strategies and analytical standardization.

3. Analyze ecological and human health impacts, especially synthesizing findings on
human exposure pathways and reviewing clinical evidence of tissue accumulation
and associated pathophysiological effects. Both established impacts and emerging
toxicological concerns are addressed.

4. Critically review detection, identification, and quantification techniques, including
optical microscopy, micro-Fourier transform infrared spectroscopy, Raman micro
spectroscopy, and pyrolysis–gas chromatography/mass spectrometry, comparing
their advantages, limitations, and applicability across different particle size ranges.

5. Expose limitations and gaps in the literature. Particular attention was devoted to
identifying methodological heterogeneity, inconsistencies in measurement units and
detection limits, and variability in analytical protocols.

1.2. Methodology

This review is based on the critical analysis of 289 peer-reviewed scientific publications
addressing the sources, environmental distribution, health impacts, and detection techniques
of MPs. The literature search was performed using the following major scientific databases:
Web of Science, Scopus, and PubMed, and covered studies published up to 2025. The search
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strategy employed combinations of keywords: microplastics, sources, water, environmental
distribution, human health, toxicological effects, and analytical detection methods.

After the removal of duplicate records, articles were screened based on titles and
abstracts, followed by full-text evaluation to assess their relevance to the scope of the
review. Studies were included if they provided original experimental data, methodological
developments, or comprehensive analyses relevant to microplastic sources, environmental
pathways, biological effects, or detection methodologies.

The selected publications were subsequently classified into thematic categories, en-
abling a comparative assessment of current approaches. Particular attention was devoted
to identifying methodological heterogeneity, inconsistencies in measurement units, and
variability in analytical protocols, with the aim of highlighting key limitations in the exist-
ing literature and emphasizing the need for standardized measurement frameworks and
coordinated mitigation strategies.

2. Definition of Microplastics
The term “microplastics” was introduced in 2004 by Professor Richard Thompson,

a marine biologist at the University of Plymouth in the United Kingdom [3]. Then, the
National Oceanic and Atmospheric Administration (NOAA) defined in 2009 an upper
size limit: “Pieces of plastic particles smaller than 5 mm” [4]. In 2015, the Joint Group of
Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP), added a
lower limit, including for the first time, nanoplastics (NPs) down to 1 nm: Microplastics are
particles in the size range from 1 nm to 5 mm [5]. The European Chemical Agency (ECHA)
in their Annex XV Restriction Report on Intentionally Added Microplastics of August 2019
provides an additional constraint for fibers: a length of 3 nm ≤ x ≤ 15 mm and a length-to-
diameter ratio of >3 [6]. However, whether to include nanoscale in the definition of MP
is always under debate. The most recent, all-inclusive, and more descriptive definition of
MP is provided by Joao and Roisin in 2019: “Microplastics are any synthetic solid particle
or polymeric matrix, with regular or irregular shape and with size ranging from 1 µm
to 5 mm, of either primary or secondary manufacturing origin, which are insoluble in
water” [7]. Figure 1 gives an overview of plastic debris based on size in scientific studies
and reports from various organizations [8]. Table 1 reports some examples of primary and
secondary MPs.

 
Figure 1. Differences in the categorization of plastic debris according to size as applied (and/or
defined) in scientific literature and institutional reports. Reported from Ref. [8].
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Table 1. Examples of Primary and Secondary MPs.

Category Definition Examples

Primary MPs
Microplastics are intentionally
manufactured in small sizes for
specific purposes

- Microbeads in cosmetics and personal care products (facial
scrubs, exfoliants, toothpaste)
- Pre-production plastic pellets (nurdles)
- Abrasive media used in industrial blasting (air-blasting
technology for cleaning surfaces)
- Industrial plastic pellets (raw material used in plastic
manufacturing)
- Microcapsules in detergents, fertilizers, and pharmaceuticals

Secondary MPs

Microplastics are generated
from the fragmentation,
degradation, or weathering of
larger plastic items.

- Fragments from bottles, bags, and packaging materials
- Fibers from synthetic textiles (e.g., polyester, nylon)
- Tire wear particles
- Degraded fishing gear (nets, ropes)
- Paint flakes (from road markings, ship hulls, household paints)
- Degraded fishing nets and ropes (exposure to sun and
saltwater breaks them into MPs)
- Broken pieces from larger plastic objects (toys, containers,
household items, etc.)
- Cigarette filter debris (filters made of cellulose acetate degrade
into MP)

It appears that a necessary level of standardization has yet to be achieved, beginning
with the very definition of microplastics and further compounded by the complexities of
analyzing disparate environmental matrices and ecological systems.

3. Sources and Transport
3.1. Sources

As a focus of today’s environmental problems, the prevalence of MPs in daily life
has attracted widespread attention. Research has been conducted to collect and analyze
MPs from air [9,10], freshwater [11,12], seawater [13,14], soil [15–17], wastewater [18–20],
sediment [12,21,22], and even Antarctic snow [23]. MPs come from a variety of sources that
are ubiquitous in our living environment, from household items to industrial products,
almost everywhere. The major sources of MPs are shown in Figure 2. According to the
reference [24], MPs release pathways include (a) human (e.g., synthetic textiles, personal
care products), (b) transportation (e.g., erosion of synthetic rubber tires), and (c) industrial
(e.g., plastic pellets) sources.

Within this framework, MPs can be divided into two major categories: primary MPs,
which are originally manufactured at small sizes, and secondary MPs, which result from
breakdown, degradation, and weathering of larger plastic debris. The most common
compositions of MPs released in the environment are polyethylene (PE), polyethylene
terephthalate (PET), polypropylene (PP), polyester (PES), polystyrene (PS), polyvinylchlo-
ride (PVC), polyamide (PA), and polymethyl methacrylate (PMMA).

Primary MPs are intentionally manufactured for industrial or domestic use and are
directly released into the environment as small plastic particles or microbeads. They are
commonly found in personal care and cosmetic products such as facial cleansers, shower
gels, toothpaste, and cosmetics to provide a cleaning or polishing effect [25–29]. They are
also used in industrial processes such as sandblasting, where plastic particles (PE and
PP) are employed as an abrasive medium [30,31]. Despite efforts to regulate the use of
microbeads in several countries, their presence in marine environments remains significant
due to the lack of universal regulation.
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Tires 

Figure 2. Schematic representation of the major sources of MPs.

Secondary MPs arise from the fragmentation of larger plastic items due to physical,
chemical, or biological processes. Often induced by weathering, such as photodegradation
from ultraviolet (UV) light, heat, mechanical abrasion, and biodegradation. In all these
processes, a significant role is played by the semicrystalline nature of 70% of commercial
polymers, which are made of alternating crystalline and amorphous layers [32]. This leads
to the presence of MPs in different ecosystems and thus even in food and water supplies.
Common sources of secondary MPs include plastic bottles, fishing nets, fishing bait boxes,
bags, and other items that deteriorate over time in natural environments [33–35]. Plastic
packaging is one of the important sources of MPs, especially food and beverage packaging.
Clothing made of synthetic fabrics like polyester, nylon, and spandex is also a major source
of MPs. These fabrics shed microfibers during washing, wearing, and drying, releasing
significant amounts of secondary MPs into water bodies and the environment [36–38]. A
single load of laundry can release thousands of microfibers, which contribute significantly
to MP pollution in aquatic environments [39].

MPs vary in density, color, chemical properties, shape and size, all of which influence
their behavior in the environment. As regards chemical composition, 90% of MPs are
composed of common polymers such as PE, PP, PS, and PVC [40–42]. Table 2 provides
information on products from daily life made of these polymers, along with their recycling
details. The morphology of MPs was usually divided into fibers, fragments, films, pellets,
foams, and others. Fibers and fragments account for more than 80% of the total MPs [43]
and have extensive sources. The fibers are usually generated from washing garments and
other textiles or the shedding of textile materials such as synthetic textiles, fishing tools,
and woven bags. The fragments mainly come from the fragmentation and degradation
of larger plastics in the environment [11]. Plastic mulch films have been identified as a
primary source of film-shaped MPs. In fact, the environmental degradation of plastic mulch
films makes them a major source of secondary MPs [44]. MP pellets are frequently used
in cosmetic scrubbers or plastic production, such as facial cleansers and toothpaste [45].
Additionally, foam plastics primarily originate from fragmented lightweight foam materials
for packaging and shipping floats [46]. Due to their higher specific surface area and lower
density, foams are considered easily suspended within aquatic systems.
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Table 2. Plastic types: chemical structures, densities, products, and recycling information.

Polymer Type Chemical Structure Density [g/cm3] Products Recycle Sign Recyclability

Polyethylene
terephthalate
(PET/PETE)  

1.30–1.40

Soda bottles, water bottles,
polyester film, containers for food,
jars, fibers for clothing, and even
carpets.

♳ Widely recycled

Polyethylene
(HDPE)  

0.94–0.97

Milk jugs, juice containers, grocery
and trash bags, motor oil containers,
shampoo and conditioner bottles,
soap bottles, detergent containers,
bleach containers, and toys.

♴ Widely recycled

Polyvinyl
chloride
(PVC)

1.15–1.70

Plumbing and sewage pipes,
window frames, non-food
packaging, cards, electrical cable
insulation, flooring, and
phonograph records.

♵ Not easily
recyclable

Polyethylene
(LDPE)  

0.917–0.94

Plastic bags, computer components,
trays, six-pack rings, milk and juice
cartons, packaging for computer
hardware, Ziploc frozen food bags.

♶ Recycle at
specialist points

Polypropylene
(PP)

 

0.90–0.91

Flip-top bottles, plastic diapers,
Tupperware containers, margarine
tubs, yogurt containers,
prescription bottles, bottle caps, and
even chairs.

♷ Widely recycled

Polystyrene
(PS) 1.04–1.05

CD and DVD cases, packing
peanuts, single-use disposable
cutlery, trays, disposable razors,
and smoke detector housings.

♸ Not easily
recyclable

Polycarbonate
(PC) 1.15–1.20

Plastic lenses in eyewear, medical
devices, bulletproof glass,
automotive components, protective
gear, greenhouses, digital disks
(CDs, DVDs, and Blu-ray), and
exterior lighting fixtures.

♹ Recycle at
specialist points

Polylactic acid
(PLA)  

1.23–1.25

Takeaway storage containers,
takeaway cups and utensils,
medical applications like implants,
rods, and screws, home 3D printing

♹ Recycle at
specialist points

Acrylonitrile
butadiene

styrene (ABS)  
1.02–1.21

Lego bricks, computer keyboards,
power tool housings, housing for
home electrical appliances such as
shavers, vacuum cleaners or food
processors, automotive bumpers,
golf club heads, toys, canoes, 3D
printing.

♹ Recycle at
specialist points

Polyamide
(PA, nylon) 1.01–1.60

Toothbrushes, wear pads, wheels,
gloves, guitar strings and pics,
tennis racket strings, medical
implants, electrical connectors,
fishing line, tents, gears.

♹ Recycle at
specialist points

Polyurethane
(PU/PUT) 1.23–1.35 Flexible foam, rigid foam, coatings,

adhesives, sealants and elastomers. ♹ Recycle at
specialist points

These plastic particles enter the environment through various pathways, including
stormwater and wastewater, with wastewater treatment processes contributing to their
partial removal. The small size of MPs allows them to be ingested by a wide range of
organisms, from plankton to fish and birds, thus introducing them into the food chain. The
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ubiquity of MPs raises concerns due to their potential risks to humans and the environment,
necessitating further research to establish regulations and management strategies.

3.2. Transport

MPs originate from a wide range of sources, both land-based and marine. These
sources contribute to MP pollution through various pathways, including direct emissions
and indirect inputs via rivers, runoff, and atmospheric deposition. Once MPs are released
into the environment, their transport and distribution are influenced by a variety of physical,
chemical, and biological processes. These include riverine transport, ocean currents, wind,
and even the ingestion and excretion by organisms. Most MPs will accumulate in the ocean
through river transport and direct discharge.

3.2.1. Riverine Transport

The majority of MP pollution is thought to originate from land sources, including
urban, industrial, and agricultural activities. Land-based sources are responsible for ap-
proximately 80% of MPs that enter marine environments [47]. Rivers act as major conduits
for transporting MPs from land-based sources to marine environments. They collect plastic
debris from urban runoff, wastewater effluents, and stormwater systems, carrying them
downstream to coastal areas. The concentration of MPs in rivers varies depending on fac-
tors such as population density, land use, and proximity to plastic manufacturing facilities.
Large rivers, like the Yangtze [48] and Ganges [49], have been identified as major pathways
in Asia for MP pollution to the ocean. The presence of MPs was investigated in marine wa-
ter along the eastern coast of Geoje Island (Republic of Korea), near the Nakdonggang River
estuary, during the dry season (May) and rainy season (July) [50]. In May, 0.57 pieces/m3

of microplastics in the size range above 330 µm and 260–11,410 pieces/m3 above 50 µm
were found. In July, the number increased to 0.64–860 pieces/m3 and 210–15,560 pieces/m3,
respectively, most likely for the higher river flow.

3.2.2. Ocean Currents

About 71% of the Earth’s surface is occupied by oceans, which hold 97% of the Earth’s
water [51]. The remaining 3% is present as water in ponds, streams, glaciers, ice caps,
and as water vapor in the atmosphere [6]. Marine sources of MPs include activities that
occur at sea, such as commercial fishing, shipping, and offshore oil and gas operations.
Lost or discarded fishing gear, such as nets and lines, can degrade into MPs over time,
contributing to the accumulation of plastic particles in the ocean. Oceanic currents play a
crucial role in the global transport of MPs [52]. These currents disperse MP particles across
vast distances [53], leading to their accumulation in remote regions such as the Arctic and
Antarctic [23,54,55], with a recent study suggesting that nanoplastics are the dominant
fraction of marine plastic pollution [56]. The distribution of MPs is often linked to ocean
gyres, where large amounts of plastic debris converge and form floating “garbage patches,”
such as the Great Pacific Garbage Patch [57,58]. The difference in density between plastics
and seawater causes MPs to show up at various depths in the water, column, from the
surface to the deep ocean, where they are ingested by different marine species [59–62].
Plastics with lower density (PE, PP, PS) are ingested more easily by the organisms that
inhabit the upper part of the water column, while plastics with higher density (PVC, PET)
affect the benthic organisms [63–65]. In addition, they can accumulate organic contaminants
from the water, potentially increasing their toxicity.

3.2.3. Atmospheric Transport

MPs have been detected in atmospheric deposition, indicating that wind plays a role
in transporting plastic particles over long distances [66]. Once airborne, MPs can travel

https://doi.org/10.3390/environments13030134

https://doi.org/10.3390/environments13030134


Environments 2026, 13, 134 8 of 38

thousands of kilometers before settling back onto the Earth’s surface. Studies have found
MP contamination in remote locations such as the French Pyrenees [67] and the Arctic [68],
far from any direct sources of plastic pollution. In addition to being a significant source
of direct contamination in plants, thus in food [69], atmospheric transport is likely to be
a consistent pathway for MP contamination in both terrestrial and aquatic environments,
although research in this area is still in its early stages. In fact, atmospheric–marine
exchange has been estimated to 1.2 tons of airborne MPs that are transported from air
to the marine environment annually [70]. More research is required to gain a deeper
understanding of the mechanisms that control the transport of MPs through the air.

3.2.4. Biological Transport

MPs can also be transported by living organisms. Marine organisms such as fish,
seabirds, and marine mammals may ingest MPs, either accidentally or through the food
chain [71]. These particles can then be transferred through the food web or excreted into
the environment in different locations. MPs have been detected in land-based organisms,
such as earthworms [72], which ingest tiny plastic particles present in the soil during
feeding activities [73,74]. This suggests that MPs can also be mobilized within terrestrial
ecosystems, although the full extent of this pathway remains unclear.

The pervasive presence of MPs in the environment, from the deepest oceans to the
highest mountains, presents a significant ecological challenge. Their sources are diverse,
ranging from urban areas and industrial processes to marine activities and atmospheric
deposition. Once released, MPs can be transported over vast distances by rivers, ocean
currents, the wind and even living organisms, ultimately affecting ecosystems around the
globe. Further research is needed to fully understand the impacts of MPs on environmental
and human health, as well as to develop effective strategies to mitigate their release into
the environment.

It is clear that the multiplicity and diversity of microplastic sources, together with the
vast scale and complexity of their transport dynamics, represent a significant challenge
for both research and mitigation efforts. These factors underscore the imperative for
an interdisciplinary, integrated, and harmonized approach, particularly with respect to
sampling methodologies and physicochemical analyses.

4. Occurrence in Water Bodies
MPs have emerged as a pervasive pollutant in aquatic ecosystems globally. While

early research concentrated on marine environments, growing evidence points to the
presence of MPs in freshwater systems, including rivers, lakes, and drinking water sources.
The distribution and ecological impacts of MPs in freshwater systems are increasingly
concerning due to their potential to harm aquatic life and their implications for human
health. This section provides an overview of the current understanding of MP pollution in
freshwater systems, with a particular emphasis on its occurrence in drinking water sources.

4.1. Freshwater

Freshwater ecosystems, comprising rivers, streams, lakes, wetlands, reservoirs,
glaciers, and icecaps, are of utmost significance, being the chief sources of potable water.
They account for just 3% of the water on Earth yet support up to 10% of its species, mak-
ing them biodiversity hotspots [75]. MPs can enter freshwater systems through various
pathways, including surface runoff, atmospheric deposition, and the application of sewage
sludge in agriculture [76]. A recent study revealed a significant 1450% increase in MPs in
treated soil after just four years of sludge application [77] which could lead to a greater
input in land and marine water bodies, through both surface runoff and atmospheric trans-
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port of soil dust. The transport of MPs is influenced by hydrodynamic processes, which
can facilitate their movement from urban areas to remote aquatic environments [49,78]. In
addition, the characteristics of MPs, such as their size and density, play a crucial role in
their distribution and accumulation in water bodies [79].

Considerations on Standardization of Sampling and Analysis

It should be noted that the main issue that emerges when examining data from
field studies on MP concentrations in aquatic environments lies in the heterogeneity of
sampling and analytical procedures. In particular, different studies employed diverse
separation methods or nets with varying mesh sizes, resulting in different size ranges or
limits of detection (LOD) of the observed particles. Collected water volumes and units of
measurement changed significantly, as well. This variability makes direct comparison of
results difficult, particularly with regard to early investigations. For instance, in a 2018
review, grouping studies conducted in different locations but using very different sampling
protocols, reported MP concentrations were found to vary significantly, ranging from over
one million particles per cubic meter to fewer than one particle per 100 cubic meters.

In addition, very recent works [80,81] suggest that the majority of MPs in water are
smaller than 10 µm, which is below the detection limit of most methods routinely used in
the past.

Nevertheless, some key findings and important trends, such as seasonal variations,
can still be identified in the previous literature. As a matter of fact, MP concentrations vary
significantly by location even when the same controlled set of monitoring protocols is used.
A case study of surface waters in nine waterways in Flanders (Belgium) reported MPs in
the size range of 25–5000 µm with concentrations ranging from 0 to 4.8 particles/L [82]. In
fact, the abundance of MPs present depends on numerous factors, such as the surface basin,
its depth, as well as the wind and tidal conditions that may arise. For instance, smaller MPs
are more likely to remain suspended in the water column, while larger particles may settle
in sediments, affecting their bioavailability and potential impact on aquatic organisms [83].

In freshwater systems, MPs enter via several pathways. Urban runoff, wastewater
effluent, industrial discharges, and atmospheric deposition are the primary routes of entry.
Wastewater treatment plants (WWTPs) have been recognized as major pathways for the
release of MPs into the environment [84]. Studies have shown that WWTPs can contribute
significantly to MP pollution, with treated effluent often containing residual MPs that are
not effectively removed during the treatment process [85,86]. Similarly, stormwater runoff
from urban areas can transport MPs from roads, tire wear, and other plastic products into
rivers and lakes. The increasing use of synthetic fibers in textiles further exacerbates the
problem since MP fibers released from domestic washing machines can enter wastewater
systems and subsequently be discharged into receiving waters, contributing to the overall
MP load in aquatic environments [38]. Conversely, it seems that the total mass of MPs and
nanoplastics (NPs) released from plastic articles during mechanical dishwashing is low
and minor compared to other known sources of plastic pollution [87].

Due to these diverse sources and pathways, MPs are now present in various freshwater
environments around the world. Studies have shown widespread contamination in rivers,
lakes, and reservoirs, with concentrations varying based on proximity to urban centers,
industrial activities, and the efficiency of local waste management systems. The spatial
distribution of MPs in freshwater systems can be influenced by hydrological dynamics,
such as flow rates, turbulence, and sedimentation processes. In Europe, the Rhine River was
shown to contain high levels of MPs, which were collected using a Manta net with a 300 µm
mesh size and identified under a stereomicroscope, with peak concentrations reaching
4960 particles/m3 in 2015 [88]. A study by Stratmann et al. [89] reported the presence of
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MPs in the Seine River in France, with a limit of detection (LOD) of 25 µm. Concentrations
reaching up to 600 particles/m3 and a major particle diameter between 25 µm and 300 µm
were assessed. Scherer et al. [90] discovered MP pollution in the Elbe River in Germany,
using a mesh size of 150 µm and reporting an average concentration of 5.57 particles/m3 in
the water phase. The abundance of MPs in Antuã River (Portugal) water, collected using
a net with a 55 µm mesh size and identified under a stereomicroscope, ranged from 58
to 193 particles/m3 in March and from 71 to 1265 particles/m3 in October [91]. Sbarberi
et al. [92] reported that 0.9–62.9 particles/m3 were found by filtration with 100 µm mesh
size and using micro Fourier Transform Infrared Microscope (µFT-IR) analysis in Po River
tributaries in Northern Italy.

4.2. Drinking Water

The same considerations regarding the lack of standardization and harmonization of
protocols, previously noted for freshwater in general, can be extended to the analysis of
drinking water. Similarly, examining the findings documented in the literature can provide
significant general insights and, more importantly, suggest guidelines for improving future
procedures and strategies.

In fact, several studies suggest that drinking water may be an important source of
human intake of MPs. It is estimated that Americans can ingest from 39,000 to 52,000 MP
particles each year from food, with bottled water potentially contributing an additional
90,000 MPs compared to about 4000 from tap water sources [93]. The implications of MP
contamination in drinking water are significant, as they pose direct potential health risks to
humans. The ingestion of MPs through drinking water may lead to adverse health effects,
although research in this area is still emerging [94–96]. The presence of MPs in drinking water
highlights the need for improved water treatment technologies and regulatory measures
to mitigate their entry into water supplies. The occurrence of MPs in drinking water has
been documented in various studies, revealing their presence in both raw (surface water
and groundwater) and treated water sources (tap water and bottled water).

4.2.1. Raw Water

Surface water bodies that serve as sources of drinking water are often contaminated
by MPs. Similarly, groundwater, which is traditionally considered to be less susceptible to
pollution due to natural filtration processes, has also been found to contain MPs [97,98].
However, experimental data in the existing literature often suffer from the mentioned lack
of standardization and incomplete analysis. Specifically, microplastics below the 10 µm
threshold are frequently excluded from most studies. For example, a study conducted by
Mintenig et al. [99] found low levels of MP particles (>20 µm) using Fourier transform
infrared spectroscopy (FTIR) imaging in raw water samples from drinking water reservoirs
in Germany, with concentrations ranging from 0 to 7 particles/L. Similarly, a pilot study
conducted by Brancaleone et al. [94] found that MPs (>20 µm) were detectable through
micro-Raman spectroscopy in Italian groundwater and fountains with a concentration
ranging from 2 particles/L to a maximum of 5 particles/L. However, a significantly higher
value of 38 ± 8 particles/L (in the range 20–500 µm) was detected using Laser Direct
Infrared in an unconfined groundwater aquifer in Victoria, Australia [100] indicating
that even seemingly pristine water supplies can be contaminated. Similarly, the study
by Pivokonský et al. [101] further corroborated these findings using scanning electron
microscopy (SEM), FTIR spectroscopy, and Raman spectroscopy, and demonstrating the
presence of MPs (in the range 1–100 µm) in both raw and WWTP-treated drinking water,
which raises concerns about the efficacy of current water treatment methods in removing
these contaminants.

https://doi.org/10.3390/environments13030134

https://doi.org/10.3390/environments13030134


Environments 2026, 13, 134 11 of 38

4.2.2. Treated Drinking Water

Since 2018, an increasing number of scientists investigated tap and bottled water
originating from various locations around the globe. However, even in this case, the lack
of standardization of methods, sampling volumes, and particle size ranges makes the
comparison of different articles difficult, if not inconclusive. Meaningful insights can only
be obtained within a single study, for example, regarding different locations of a certain
site or different brands of bottled water.

A notable example of the lack of harmonization is the 2021 review by Kirstein
et al. [102], which synthesized ten studies on MP pollution in bottled water charac-
terized by different methodologies and reported concentrations ranging from 1.4 to
5.42 × 107 particles/L, with the latter value having been obtained using non-validated
quantification methods. The authors concluded that it was unclear whether the observed
discrepancies were due to differences between the investigated systems or to variations
in quantification limits, analytical precision, or contamination during sample collection
and analysis. On the other hand, Altunisik et al. [103] analyzed 150 bottled natural wa-
ter and mineral water samples from Turkey, consistently using FTIR spectroscopy and
stereomicroscopy with a detection limit of 1.2 µm; they found that MPs were present in
86% of the samples. Concentrations of MPs ranged from 2 to 35 particles/L with mineral
waters having higher average-size particles and greater concentrations. Li et al. [104] ex-
amined 10 popular domestic and international brands of bottled drinking water available
in Chinese supermarkets by using direct laser infrared system with a LOD of 10 µm and
discovered that the average MP abundance was 72.32 ± 44.64 particles/L. The number
of MPs detected in PET bottled water (65.62 ± 44.65 particles/L) and glass bottled water
(87.94 ± 46.38 particle/L) was higher than that in tap water (49.67 ± 21.43 particle/L).

A more recent review work by the Joint Research Centre, the European Commission’s
science and knowledge service, summarized the results of 20 studies performed in drinking
water samples of different parts of the world using different detection techniques [105].
The paper showed that the amount of microplastic particles found in drinking water vary
between 0.0001 and 440 particles/L, which encompasses a range of about 6 orders of
magnitude. The reported particle size ranged from 1 µm to 5 mm, even though most
of the studies used filters with cut-off values of 10 µm or more, ruling out information
about the presence of smaller MPs. In addition, some studies did not explicitly report
the upper limit of size. PE, PET, PS and PP were the prevalent polymers. Interestingly,
the numbers of MPs seem to be lower in Europe (0.000–0.6 particles/L) than in America
(12–316 particles/L) and Asia (0.7–440 particles/L). As pointed out by the authors, part of
this variability could be due to the use of different methods for MPs collection (“container-
sampling” or “at-source filtering”), strategies for particle counting, and analyzed water
volumes. Differently, automated Raman microspectroscopy with a LOD of 1 µm was
used consistently in a very recent study that analyzed ten different brands of PET bottled
water and one tap water sample from France [80]. The MP concentrations ranged from
19 to 1154 particles/L across the different brands, with 413 particles/L in municipal tap
water from the Toulouse Metropole. Significantly, 98% and 94% of MPs were found to
be less than 20 and 10 µm in diameter, respectively, and are smaller than the 20-µm limit
indicated by the EU Directive 2020/2184 methodology for consumable water quality. In
fact, lower number concentrations were found in ten brands of bottled water in Kerala
(India) by using stereomicroscopic and a higher LOD of 100 µm, with values ranging
from 3 ± 1 particles/L to 9 ± 1.7 particles/L across all brands [106]. By contrast, an
average of 92 particles/L was found using a size detection limit of 1 µm in six water
brands available on the Croatian market [107]. A study performed on 11 bottled water
brands in Nepal found that the lowest MPs concentration was 107 ± 23 particles/L, while

https://doi.org/10.3390/environments13030134

https://doi.org/10.3390/environments13030134


Environments 2026, 13, 134 12 of 38

the highest level was 365 ± 15 particles/L, with the particle size ranging from 6.7 µm
to 5 mm [108]. The trend of increasing reported concentrations as the LOD decreases
was further confirmed by an investigation of 23 popular Iranian brands of bottled water,
carried out using SEM with a LOD of 1 µm [109]. The authors found from 199.8 to
6626.7 particles/L) with 91.3% of detected particles in the size range between 1 and 10 µm.
However, another recent study [81] suggests that all these numbers could increase by
several orders of magnitude if smaller, submicron particles (nanoplastics) are considered.
In fact, as many as 2.4 ± 1.3 × 105 particles/L were found in bottled water, about 90% of
which were nanoplastics. In particular, the size distribution of polystyrene particles was
centered around 100 to 200 nm.

These findings underscore the urgent need for a critical re-evaluation of the definition
of the LOD and, by extension, of the criteria currently employed for microplastics classifi-
cation. Collectively, the available evidence indicates that the field remains at a relatively
early stage of development, marked by substantial methodological fragmentation and
heterogeneity across studies.

Clearly, as also underlined by a remarkably recent systematic review of 140 articles,
the large variability of reported MP pollution indicates the lack of standardized definitions,
methods of quantitative identification, and comprehensive regulations for microplastics in
bottled water [110]. Such shortcomings significantly hinder the comparability of results and
represent a major obstacle to a robust and systematic assessment of the microplastics issue.

In addition, the presence of MPs in treated drinking water suggests that current water
treatment technologies may not be fully effective at removing these particles. Conventional
water treatment processes, such as coagulation, flocculation, sedimentation, and filtration,
can remove larger MPs but may be less effective for smaller particles, especially those
smaller than 100 µm [101,107]. Advanced treatment processes, such as ultrafiltration,
nanofiltration, and reverse osmosis, have shown higher efficacy in removing MPs, but these
technologies are not yet widely implemented in drinking water treatment plants [111].

In conclusion, while the studies reviewed often lack methodological harmonization,
making a direct comparison of results challenging, it is evident that MPs are a widespread
contaminant in freshwater systems and drinking water, originating from various sources,
including wastewater treatment processes, stormwater runoff, and atmospheric deposition.
Their occurrence in drinking water raises critical concerns regarding water quality and
human health, necessitating further research to understand the potential impacts on public
health and efficient strategies for MP removal.

5. Environmental and Human Health Impact
The ecological and human health impacts from MPs may primarily manifest as a chem-

ical risk, originating from the specific constituents inherent in the material. In fact, MPs can
contain chemical contaminants of mainly two origins. First, they can already be present in
plastic particles such as unreacted raw materials or auxiliary materials due to incomplete
polymerization reactions during the manufacturing process [112]. Second, there may be
toxic contaminants that are adsorbed on the plastic surface after production, such as or-
ganic compounds [persistent organic pollutants (POPs), polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs), phthalates, dichlorodiphenyltrichloroethane
(DDT), etc.] [57,113] or heavy metals [114–117], bacteria [118], and viruses [119]. This can
increase the danger of contaminants. For instance, it was found that biofilm Escherichia
coli cells attached to MPs had elevated multidrug resistance [120]. Therefore, MPs can be
associated with a complex mixture of contaminants that can create significant chemical and
physical risks in the ecosystem. The potential for MP-borne chemicals to be transported
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to organisms and through the food chain is an active area of research, as are the potential
detrimental effects of MPs on organisms and entire ecosystems.

5.1. Environmental Impact

Research indicates that MPs can interact with a variety of biotas, leading to detrimental
effects on aquatic and terrestrial organisms. For instance, studies have shown that MP
fibers are prevalent in marine organisms such as mussels and zooplankton, which are
critical components of marine food [121–123]. The ingestion of MPs by these organisms
can disrupt feeding behaviors and reproductive functions, as evidenced by research on
copepods, which demonstrated that polystyrene MPs adversely affect their fecundity and
overall health [124]. Additionally, the chronic exposure of terrestrial organisms, such
as earthworms, to polystyrene MPs has been shown to have transgenerational effects,
indicating that the impacts of MP pollution can extend beyond immediate exposure [72]. A
recent study provided clear evidence that exposure to MPs can directly induce severe, organ-
wide scar tissue formation, termed “plasticosis”, in wild free-living animals, potentially
compromising individual health and long-term survival [125].

The mechanisms by which MPs exert their effects on biota are complex and multi-
faceted, also due to their possible role as vectors for chemical harmful pollutants [126].
This phenomenon raises concerns about the bioaccumulation of these toxic substances
within food webs, potentially leading to significant ecological and health consequences.
Furthermore, the internalization of MPs into cells has been observed, suggesting that they
may not be as inert as previously assumed [127,128]. This “Trojan horse” effect, where MPs
facilitate the entry of harmful substances into biological systems, highlights the need for
further investigation into their toxicological profiles [75].

In addition, the persistent nature and resistance to degradation mean that MPs are
likely to accumulate in the environment over time, complicating efforts to mitigate their
impacts [129]. Current wastewater treatment processes often fail to effectively remove
MPs, allowing them to enter natural water bodies and exacerbate pollution levels [130].
This highlights the urgent need for improved waste management strategies and innovative
technologies to address MP contamination in aquatic and terrestrial ecosystems.

The life cycle assessment of MPs reveals that their environmental hazards may surpass
those associated with mismanaged polymer waste, particularly due to their potential
for photodegradation and the subsequent release of volatile organic compounds into the
atmosphere [131]. The ecological consequences of MP pollution are profound, affecting
not only individual species but also entire ecosystems. For example, the ingestion of
MPs by zooplankton can disrupt food web dynamics and nutrient cycling, with potential
cascading effects on higher trophic levels [132]. Additionally, MPs can alter soil health
and ecosystem functions, as evidenced by their impacts on soil-dwelling organisms and
nutrient availability [133].

From Environment to Human Body

The widespread distribution and interaction of MPs with a variety of biotas across
various habitats necessitate a holistic understanding of their ecological roles and the in-
terrelationships between MP pollution, ecosystems, and human health. In particular, the
environmental matrix acts as the primary contamination vector, serving as the starting point
for a complex exposure pathway that bridges ecological integrity and human health. This
continuum suggests that human health impacts are inextricably linked to environmental
concentration levels, as the ingestion and inhalation of particles from contaminated matri-
ces and food facilitate the systemic entry and accumulation of MPs and plastic-associated
toxins in the human body [134,135]. Consequently, understanding the dynamics of this
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environmental-to-human transfer is essential for assessing the cumulative toxicological
risk posed by the global proliferation of microplastic debris.

5.2. Human Health Impact

Exposure to human beings may occur in three main ways: ingestion, inhalation, and
dermal contact with MPs present in products, foodstuffs, and air. Figure 3 shows the three
main routes of plastic particles’ entry into the human body. Information on the impacts of
MPs on humans is limited due to ethical constraints, strict biosecurity measures to handle
human samples, and limited detection techniques.

 

Ingestion 

Figure 3. Key routes for micro- and nanoplastics entry into the human body.

5.2.1. Exposure to MPs

Ingestion. Oral ingestion is one of the main ways MPs enter the human body. MPs
are widely found in food, beverage, pharmaceutical packaging and everyday products.
In addition, through transmission via the food chain, MPs in oceans and rivers may also
be ingested by aquatic organisms, such as fish, and then enter the human food chain. In
fact, the widely cited study [136] that estimated human ingestion of MPs to a value as high
as 5 g (a credit card) weekly has been brought into question by subsequent research [137].
However, recent studies confirm a relevant intake, even though with large variations
across different geographic regions, primarily through seafood and drinking water [138].
Dietary exposure to MPs is increasingly recognized, for example in salts [139], sugar [140],
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vinegar [141], milk and dairy products [142], bottled water [143], seafood [144], beer [145],
honey [146], beverages [147,148], packaged meat [149], packaged food ice-cubes [150] and
so on. Catarino et al. [151] predicted that the fiber in the dust fallout on plates during
mealtime (13,731–68,415 particles/year/capita) is more important than MPs already present
in food. The European Food Safety Authority considers that MPs larger than 150 µm in
diameter are unlikely to be absorbed by the human body, while MPs smaller than 1.5 µm
can penetrate deep into organs [102,152]. When these foods or drinks containing MPs are
ingested by the human body, MP particles may be absorbed through the intestinal epithelial
cells and enter the bloodstream. Toxicological data shows that the ingestion of these plastic
particles can cause damage to the intestinal, hinder the passage of food or cause consequent
reduction of normal food intake, and influence the availability of energy necessary for
fundamental life processes [138,153]. They can also affect the immunological system, and
cause death, neurotoxicity, and other problems. It should be noticed that significant risks
are linked to the fact that the particles ingested may contain toxic contaminants attached to
the MPs surface as mentioned before.

Inhalation. Airborne MP particles are also a significant source of human exposure,
with a recent study suggesting that we inhale as many as 68,000 microplastic particles
daily [154]. These particles may come from industrial emissions, vehicle exhaust, tire
wearing, waste incineration, etc., or they may be kicked up by natural factors such as
wind and water currents. When the body breathes in air containing MPs, the particles
may enter the bloodstream through tissues such as the alveoli [155,156]. In the human
body, the inhaled MP fibers (polyester) are taken up by lung tissue and may be related to
tumors [157,158]. Research has shown that the MPs inhalation while wearing face masks
increased with time during the COVID pandemic [159].

Dermal contact. Skin contact was long considered not the primary way MPs en-
ter the body since dermal exposure to MP > 1 µm is limited by the barrier of the stra-
tum corneum [160,161] and exposure was thought to be restricted to the negligible pres-
ence of nanoparticles in cosmetics and personal care products [162]. However, new ev-
idence [160,163,164] suggests that MPs and NPs can trigger cutaneous alterations, elicit
inflammatory reactions, interfere with the homeostasis of the skin’s physiological functions,
contribute to premature aging, and reduce the skin’s normal response to damage and
lesions. These effects could eventually lead to the proliferation of tumor cells and can be
enhanced in damaged skin or mucous membranes (e.g., tattoos, medical implants, etc.),
which can be a gateway for MPs to enter [165].

5.2.2. Presence of MPs in Human Specimens

The number of cases of MPs detected in human samples has increased in recent years,
and these findings reveal the potential threat of MPs to human health. Here are some
examples of specific human samples where MPs have been detected.

Blood samples. In a study published in 2022, a research team at Vrije University Ams-
terdam in the Netherlands found MP particles in the blood of human volunteers for the
first time [166]. They tested blood samples from 22 healthy volunteers and found that 17
of them (77%) had MP particles in their blood, averaging 1.6 micrograms per milliliter of
blood. This finding suggests that MPs may have spread throughout all the organs of the
human body along with the blood circulation system, posing a great health risk. In a more
recent study [167], MPs of 24 polymer types were identified in the blood of 18 volunteers
out of 20 (90%). The most abundant compounds were PE (32%), ethylene propylene diene
monomer (14%), and ethylene vinyl acetate (12%).

Placenta sample. In a study published in the journal Environment International in 2020,
Italian researchers examined the placentas of six healthy pregnant women and detected
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MP particles between 5 and 10 microns in four of the placentas [168]. In a study published
in 2024, researchers at the University of New Mexico detected MPs in 62 placental samples,
with a detection rate of 100% [169]. Very recently, MPs with a size below 10 µm (mean
diameter of 4.48 µm) were detected in 14 out of 18 samples of follicular fluid, with an
average concentration of 2191 particles/mL [170]. These findings suggest that MPs can
circulate through the maternal blood, enter the placenta, cross the placental barrier and
enter the fetus, posing a potential threat to the health of the fetus.

Heart and surrounding tissue samples. Researchers from Capital Medical University in
China have discovered the presence of MPs in the heart and surrounding tissues [171].
Microplastic particles ranging in diameter from 20 to 469 µm were detected in five different
types of tissue collected from the heart, including pericardium, epicardial adipose tissue,
pericardial adipose tissue, myocardium, and left atrial appendage. MPs were detected in
all types of samples, with the most common type of MP being PET, which accounted for
about 77% of the total. This finding further confirms the widespread distribution of MPs in
the human body and suggests that MPs may entering the bloodstream can deposit in the
body’s vital organs.

Stool sample. In 2019, Schwabl et al. [172] reported that all eight human stool samples
tested positive for MPs, with an average of 20 MPs per 10 g of human stool with diameters
between 50 and 500 microns. A total of nine plastic types were detected, with PP and PET
being the most prevalent. This finding shows that MPs reach the human stomach and may
be excreted through the digestive system, but they can also linger in the gut and potentially
affect the digestive system.

Lung sample. After Dutch scientists detected MPs in the blood [166], British scientists
have also found MP particles deep in the lungs of living people for the first time [157].
In detail, 39 MPs were detected within 85% of lung tissue samples with an average of
1.42 ± 1.50 particles/g of tissue. This finding is alarming because it suggests that MPs can
enter the body not only through the digestive system but also through the respiratory
system and into organs such as the lungs. A more recent investigation [134] detected an
average of 14.19 ± 14.57 particles/g of tissue in the range size of 20–100 µm, and with PVC
being the dominant polymer.

Nasal flush and sputum samples. Studies have shown that the presence of MPs has
also been detected in the nasal rinses and sputum of indoor and outdoor workers such as
couriers and office workers [173]. In the nasal lavage fluid of couriers, the predominant
MP components were polyamide (PA) and PE, whereas for office staff, the main plastic
components were PVC and PA. This indicates that MPs may enter the human respiratory
tract through air inhalation and have potential effects on the respiratory system.

Semen samples. Researchers from Shandong Women and Children’s Hospital [174]
published a study showing that the detection rate of MPs was 100% in the semen samples
of 36 subjects, with an average of 2 particles per sample, ranging from 0.72 to 7.02 µm in
size. Eight different polymers were identified, with PS (31%) being the most common. In
semen samples exposed to PS and PVC MPs, the sperm’s ability to pull the thread was
significantly reduced, which means that MPs may be harmful to men’s reproductive health.

However, it should be noted that recent research suggests a risk of overestimation
due to contamination during sample collection, detection, and analysis, pointing to the
imperative for rigorous validation of interference factors [175,176].

5.2.3. Disease Related to MPS

The impact of MPs on human health is multifaceted, mainly including the following aspects:
Cancer risk. MPs may act as carriers for the transmission of carcinogens. Many

plastic products contain carcinogenic substances, such as phthalates and polyvinyl chlo-
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ride [136,177]. When these plastic products are broken down into MPs, these carcinogens
may be released and enter the body. Once these carcinogens enter the blood circulation
system, they may cause damage to the body’s cells and tissues, which in turn increases the
risk of cancer [178,179].

Immune system disorder. MPs entering the human body may trigger an abnormal
immune system response [180,181]. The immune system is an important line of defense
against external pathogens, and its balance is the key to maintaining good health. However,
after MPs enter the blood circulation system as a foreign body, they may trigger the
autophagy mechanism of immune cells and aggravate the stress response of cells, resulting
in over-activation or suppression of the immune system, thus triggering immune system
disorders. This disorder not only leads to an increased inflammatory response but also
weakens the body’s defenses against pathogens and increases the risk of autoimmune
diseases and cancer.

Cardiovascular events. Emerging evidence suggests that MPs and NPs can infiltrate
the circulatory system, posing a potential threat to cardiovascular integrity. In the car-
diovascular system, MPs are known to cause free radical damage and cardiac fibrosis.
Specific to atherogenesis, they affect every step by predisposing to dyslipidemia, causing
endothelial dysfunction and inflammation, and creating a procoagulant environment. In
particular, MPs cause switching of vascular smooth muscle cells phenotype and are shown
to accumulate in the plaque and accelerate its growth [182,183]. Recent clinical studies have
highlighted a significant correlation between microplastic accumulation and cardiovascu-
lar mortality. Specifically, studies have demonstrated that the presence of MPs and NPs
within arterial plaques is associated with a markedly higher risk of myocardial infarction,
stroke, or all-cause mortality. Longitudinal data indicate that patients with detectable
plastic particles in their carotid plaques face a substantially increased risk of these adverse
events at a 36-month follow-up, suggesting that vascular contamination represents a critical
independent risk factor for cardiovascular health [184].

Reproductive system damage. MPs, and/or additive substances, are believed to have
endocrine-disrupting effects that may interfere with the normal function of sex hor-
mones [185]. Sex hormones play a crucial role in regulating the development and function
of the reproductive system. However, the chemicals in MPs may mimic or interfere with the
action of sex hormones and interfere with the body’s endocrine balance. This interference
can lead to problems such as abnormal development of the reproductive system, gonadal
dysfunction, and reduced fertility. In particular, children and adolescents are easy targets
for the effects of MPs on reproductive system function [186]. They are more sensitive to
environmental chemicals at important stages of reproductive system development.

Accelerated cell aging. In recent years, studies have shown that the introduction of MPs
into the blood can accelerate the cell aging process and cause significant health effects [187].
Cell aging is one of the important mechanisms of biological aging and disease, and the
presence of MPs may accelerate the process through oxidative stress and other mechanisms,
leading to the decline of body function and disease.

Studies have shown that MPs can cause damage to target organs and cells by reducing
cell vitality [188], inducing cell apoptosis [189], generating oxidative stress [190] and
inflammation [191,192], activating related signaling pathways [193], and affecting cell
metabolism [194]. Some MPs contain harmful chemicals that can disrupt the body’s
endocrine system, leading to hormonal imbalances [185]. The immune system is unable
to clear the synthetic particles, and long-term exposure may lead to chronic inflammation
and increased tumor risk [195]. Nonetheless, knowledge of MPs toxicity is still limited and
largely influenced by exposure concentration, particle properties, adsorbed contaminants,
tissues involved, and individual susceptibility, requiring further research.
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6. Detection Methods
Since MP pollution has now turned out to be one of the most critical environmental

concerns, the detection of MPs has become a critical area of research due to their pervasive
presence in various environmental matrices and their potential impacts on ecosystems and
human health. The development of effective detection and identification methodologies is
beyond necessary since it helps reveal MP pollution’s prevalence, types, and impacts [196].

Current microplastic analysis typically follows a two-phase workflow: physical char-
acterization (morphology and size) and chemical identification to confirm polymer compo-
sition [197]. While microscopy is the standard for physical assessment, and spectroscopy
or thermal analysis are preferred for chemical validation, certain advanced microscopic
methods now offer dual analytical potential. Because no single technique is universal, a
multimodal approach, combining high-resolution laboratory standards with rapid screen-
ing tools, is essential to enhance the precision and reliability of MP monitoring across
diverse environmental contexts.

6.1. Microscopy

Microscopic methods are essential for detecting, quantifying, and characterizing MPs,
particularly in terms of their size, shape, and surface morphology. These techniques often
complement spectroscopic methods by providing visual identification of MPs particles,
and when combined with spectroscopic techniques, they offer a comprehensive analysis of
MPs. However, microscopy-based approaches present some common drawbacks. In fact, it
may require specific sample preparation depending on the material to examine under the
microscope for MPs. For instance, in drinking water, filtration of large volumes may be
necessary by using specific filters that are suitable for microscope observation. Below are
the microscopic methods used for MP detection, including optical microscopy and electron
microscopic methods.

Optical Microscopy. Optical microscopy is widely employed for the preliminary assess-
ment of MPs, providing essential data on size, number concentration, shape, color, and
surface morphology [198]. While cost-effective and straightforward, its reliable applica-
tion is generally limited to particles and fibers larger than 100 µm [198,199]. Advanced
techniques, such as stereo/dissecting microscopy, offer three-dimensional visualization for
initial sorting, often preceding spectroscopic confirmation [200]. Additionally, polarized
light optical microscopy (PLOM) can enhance identification for materials with birefringent
properties, effectively characterizing MPs [199,201]. However, the method is prone to false
positives/negatives due to its dependence on operator expertise and interference from
organic or inorganic matrices [202,203]. Consequently, optical microscopy is primarily
utilized as a rapid screening tool rather than a definitive identification method [149,150].

However, it should be noted that the resolution and reliability of optical microscopy
can be improved by using digital microscopy, which enables the observation of particles
with dimensions down to 1 µm [204].

Fluorescence microscopy. Fluorescence microscopy, particularly when coupled with
staining with specific fluorescent dyes, such as Nile Red, is a highly effective method for
detecting and quantifying small-scale MPs in complex matrices [205,206]. This approach
enhances contrast, facilitating the rapid identification of common polymers like PE, PP,
and PS [207]. Recent advancements, including laser confocal fluorescence microscopy,
have improved detection sensitivity and the localization of stained MPs in biological
studies [205,207]. To mitigate false positives caused by organic matter, researchers have
integrated counterstaining techniques [208] and explored alternative dyes, such as Couma-
rine 6, Rhodamine B, and iDye variants, to broaden the range of detectable polymers and
enhance analytical accuracy [209–211].
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Fluorescence lifetime imaging microscopy (FLIM). This method identifies MPs by mea-
suring the decay time of fluorescence emission, providing detailed spatial mapping for
material differentiation. Compared to traditional methods, FLIM significantly accelerates
the analysis of dye-stained particles [212]. Furthermore, when combined with phasor
analysis, FLIM enables a fast, sensitive, and label-free identification of various MP types
based on their unique fluorescence lifetimes [213].

Confocal laser scanning microscopy (CLSM). improves upon standard fluorescence
techniques by providing high-resolution, three-dimensional imaging of microplastics in
situ [214]. This approach is instrumental in ecological studies, as it enables the visualization
of MPs distribution and interactions within complex environmental matrices and biological
tissues [214]. For instance, CLSM has been successfully employed to image fluorescently
labeled polystyrene microbeads encapsulated within plant tissues [215].

Hyperspectral imaging (HI) and microscopy enable the identification of MPs and NPs
by capturing unique spectral signatures across a wide wavelength range [216]. A major
advantage of HI is the simultaneous collection of spatial and spectral data, which signifi-
cantly reduces the need for extensive sample preparation and tissue digestion [214,217].
For instance, this technique has been successfully applied to identify polymers within fish
intestinal tracts and water samples, acting as a rapid precursor to more time-consuming
methods like Raman or FTIR spectroscopy [217,218]. Furthermore, dark-field hyperspectral
microscopy offers a label-free, non-destructive approach, making it a valuable tool for both
environmental monitoring and nanotoxicological studies [219].

Scanning electron microscopy. Utilizes focused electron beams to characterize the sur-
face morphology, texture, and microstructure of microplastics at high resolution. It is
particularly effective for examining surface degradation and microbial colonization, which
influence the environmental fate of particles [220]. When coupled with energy dispersive
X-ray spectroscopy (EDX), SEM helps to provide elemental composition data, enabling the
chemical identification of MPs and the assessment of their potential toxicity [221].

Transmission electron microscopy (TEM) enables the characterization of MPs and NPs
at the nanometer scale by transmitting an electron beam through ultra-thin sections. This
technique provides exceptional resolution for examining internal structures, degradation
processes, and interactions with environmental matrices [214]. While not routinely used for
general detection, TEM is indispensable for distinguishing polymers from organic matter
in complex samples—such as soil—and for analyzing particles too small for conventional
optical methods [214,222].

Atomic force microscopy (AFM). AFM is a powerful tool for characterizing MPs. It
detects MPs and provides high-resolution imaging by scanning surfaces with a sharp probe
that measures surface topography and mechanical properties at the nanoscale. Karpenko
et al. [223] studied changes in the topography and mechanical properties of degraded
polymer surfaces with AFM. Nanoscale infrared, thermal and mechanical properties of TiO2-
pigmented MPs before and after aging were revealed by using an AFM-IR technique [224].
However, AFM is often limited by its inability to analyze large sample sizes quickly, which
is critical for environmental monitoring [216].

Microscopic techniques are essential for MP analysis, providing visual and morpho-
logical insights, each offering unique advantages in terms of resolution, specificity, and
applicability to different sample types. A summary of microscopic methods is presented in
Table 3, which compares these techniques from various points of view.
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Table 3. Microscopic methods for MP detection.

Method Size
Detection Limit

Chemical
Characterization

Sample
Preparation Cost Principle Advantages Limitation

Stereomicroscopy 100 µm No
Wet peroxide oxidation,

filtering, drying
(optionally staining)

Low Provides a 3D view of larger
particles using optical paths.

Fast sorting of large particles
by shape and color.

Low resolution, cannot detect
small particles or provide

chemical ID.

Digital Microscopy 1 µm No
Wet peroxide oxidation,

filtering, drying
(optional staining)

Low
Provides a very high

sharpness images at high
magnification (x6000)

Fast sorting of large particles
by shape and color.

Cannot detect small particles
or provide chemical ID.

Polarized Light
Microscopy (PLM) 50 µm Partial (crystalline)

Wet peroxide oxidation,
drying, mounting on a
transparent substrate

Low
Enhances contrast using
polarized light to detect

birefringence.
Useful for fiber identification. Requires expertise, limited for

small particles.

Fluorescence
Microscopy

1 µm (with
fluorescence)

Partial (via fluorescent
labeling)

Filtration, staining,
drying, use of optical

filters
Moderate Detects fluorescence from

particles or dyes.
High contrast, detects very

small particles.
Requires staining, can

produce false positives.

Fluorescence Lifetime
Imaging Microscopy

(FLIM)
100 nm Yes (based on

fluorescence lifetime)

Staining or naturally
fluorescent materials,
mounting on quartz

substrates

Medium to
High

Measures the decay time of
fluorescence emitted from

excited molecules, providing
information on molecular

environment and interactions.

High spatial resolution, allows
for detection of MPs and

analysis of molecular
interactions, can provide

quantitative data on
fluorophores.

Requires fluorescent dyes for
non-fluorescent materials, can

be complex to interpret,
sensitive to environmental
factors (pH, temperature).

Confocal Laser
Scanning Microscopy

(CLSM)
500 nm Partial (via fluorescent

labeling)

Staining, centrifugation,
filtering, immersion on

glycerin (or similar)
between quartz

substrates

High Uses laser scanning to create
3D images.

High-resolution, 3D imaging,
useful in biological samples.

Expensive, requires
fluorescence or labeling.

Hyperspectral
Imaging (HIS) 0.5 mm

Yes (spectral
information for each

pixel)

Wet peroxide oxidation,
drying, sieving, avoid

thick layer of MPs
Very High

Collects spatial and spectral
data for each pixel in an

image.

Simultaneous spatial and
chemical identification.

Expensive, requires complex
data processing, lower spatial

resolution.

Scanning
Electron Microscopy

(SEM)
1 µm Partial (with EDX)

Wet peroxide oxidation,
drying, conductive

coating
High Scans surface with electrons to

create detailed images.
High-resolution surface
morphology imaging.

Requires conductive coating,
no chemical ID without EDX.

Transmission Electron
Microscopy (TEM) 1 nm No

MPs has to have
ultra-thin sections or

ultramicrotomy
Very High

Transmits electrons through
thin samples to visualize

internal structures.

Ultra-high resolution,
visualizes internal features.

Expensive, complex
preparation, no polymer

identification.

Atomic Force
Microscopy (AFM) 1 nm No

Wet peroxide oxidation,
ultra flat substrate,

sample fixing
High

Scans surfaces to create 3D
topographical maps based on

atomic forces.

Provides 3D surface detail and
nanoplastic analysis.

Slow scanning, small sample
area, no chemical ID.
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6.2. Spectroscopy

The detection of MPs in diverse environmental matrices (such as water, air, soil, and
food) using spectroscopic methods is a rapidly growing field. Spectroscopy provides non-
destructive, accurate, and efficient techniques to identify the chemical composition of MPs
and differentiate them from other particles or organic matter. Below are the spectroscopic
methods used for MP detection in the literature.

Fourier transform infrared spectroscopy. FTIR spectroscopy is a cornerstone for MP identifica-
tion, providing “molecular fingerprints” based on infrared light absorption. Its effectiveness
in characterizing diverse polymer types across surface waters, sediments, and marine envi-
ronments is well-documented [225,226]. Recent methodologies have extended the range to
small MPs, highlighting that excluding this size fraction significantly biases concentration esti-
mates [227]. While sample geometry can occasionally complicate baseline interpretation [228],
advanced modalities like micro-FTIR (µ-FTIR) allow for the precise quantification of fibers [229].
Furthermore, Attenuated Total Reflectance (ATR-FTIR) offers enhanced sensitivity for particles
as small as 6 µm, simultaneously providing data on both size and chemical composition [230].

Raman spectroscopy. Raman spectroscopy is a leading non-destructive technique for MP
identification, providing precise chemical fingerprints based on molecular vibrational states. Re-
cent advancements focus on the standardization of protocols and data quantification to improve
global comparability [231]. Innovative applications include the estimation of MP concentrations
in aqueous samples via peak-area ratios [232] and the use of micro-Raman (µ-Raman) for
micrometer-scale characterization directly on filters [233]. Notably, the integration of standing
acoustic waves allows for the identification of particles as small as 4 µm in flowing liquids,
bypassing laborious filtration steps [234]. Furthermore, surface-enhanced Raman spectroscopy
(SERS) has significantly pushed detection limits down to the nanometer scale [216,235].

Near infrared spectroscopy (NIR). NIR has emerged as a portable and cost-effective
complement to FTIR, particularly suited for field-based identification of MPs [236,237]. By
analyzing polymer-specific spectral signatures in the NIR range, this technique enables high
identification rates even with miniaturized spectrometers (MicroNIR) [238]. Its adaptability
for widespread environmental monitoring is further demonstrated by low-cost applications
for quantifying MPs in complex matrices like soil [239].

Laser direct infrared spectrometry (LDIR). Utilize a quantum cascade laser (QCL) to rapidly
analyze infrared absorption spectra directly on surfaces, minimizing sample preparation. This
high-speed technique is particularly effective for identifying and quantifying polymers like PVC,
PE, and PP across a wide size range (20–5000 µm), surpassing the throughput of conventional
spectroscopic methods [240,241]. Its versatility has been demonstrated in diverse matrices,
ranging from Mediterranean marine samples to biological fluids such as sputum [240,242].

Nuclear magnetic resonance spectroscopy (NMR). NMR spectroscopy provides detailed
insights into the molecular structure and dynamics of MPs by analyzing the magnetic
properties of atomic nuclei. It is uniquely suited for analyzing complex mixtures and identi-
fying chemical additives or leached substances without extensive sample preparation [243].
Recent algorithmic advancements in NMR spectra analysis have further enhanced its ability
to evaluate structural properties [244], while its application in biological studies offers a
deeper understanding of the interactions between MPs and living systems [245].

Optical photothermal infrared (O-PTIR) spectroscopy. O-PTIR spectroscopy overcomes
the diffraction limits of traditional infrared methods by combining optical microscopy
with photothermal detection. This approach achieves sub-micrometer lateral resolution,
enabling the non-contact identification of MPs and NPs within complex biological tissues
and environmental matrices [246]. Recent studies have utilized O-PTIR to quantify MP
release from consumer products, such as PET bakeware [247], and to develop standardized
detection frameworks that offer high accuracy for particles across a broad size range [248].
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Fluorescence spectroscopy. Fluorescence spectroscopy identifies MPs by measuring light emis-
sion following excitation, either through intrinsic polymer properties or selective staining. Dyes
such as Nile Red and 4-dimethylamino-4′-nitrostilbene (DANS) are widely used to differentiate
plastics from organic matter. Notably, DANS varies its emission spectrum based on polymer
polarity, enabling material discrimination [206,249,250]. Similarly to Raman spectroscopy, this
method is highly effective for “in-flow” analysis. By integrating flow cytometry principles,
researchers have developed automated, portable devices for the real-time detection of MPs in
water streams, significantly reducing analysis time and operational costs [251–253].

Each spectroscopic method for detecting MPs has its own strengths and limitations.
A summary of spectroscopic methods is presented in Table 4, which compares these
techniques from various points of view. FTIR and Raman spectroscopy are the most used
due to their excellent polymer identification abilities. However, depending on factors like
the sample matrix, particle size, and detection limits, alternative techniques such as LIBS,
fluorescence spectroscopy, or hyperspectral imaging may offer advantages.

6.3. Thermal Analysis

Thermal analysis methods are essential for the quantification and characterization
of MPs based on their thermal degradation patterns and chemical composition [254,255].
However, these methods are inherently destructive and may not be suitable for all en-
vironmental matrices. Consequently, they are often complemented by non-destructive
spectroscopic approaches (e.g., FTIR and Raman) to enhance analytical reliability and
provide a comprehensive understanding of MP distribution and ecological impact [256].

Thermogravimetric analysis (TGA). It quantifies MPs by measuring mass changes during
controlled heating, providing insights into their thermal stability and decomposition pro-
files [257]. When coupled with mass spectrometry (TGA-MS) or FTIR (TGA-FTIR), it allows
for the simultaneous identification of specific polymer types through the analysis of released
volatile products and spectral fingerprints [258–260]. Furthermore, the integration of pyrolysis
with TGA enables the effective quantification of mixed samples (e.g., PE and PET) in complex
matrices, offering a robust tool for environmental monitoring and risk assessment [189].

Differential scanning calorimetry (DSC). DSC identifies microplastics by measuring heat
flow associated with phase transitions, such as melting and crystallization points, which
are characteristic of specific polymer types [261]. This technique has been successfully
applied to analyze MPs in river sediments and is frequently used in quality testing to
evaluate thermal stability [261,262]. Although DSC is a powerful tool, especially when
combined with TGA to correlate thermal degradation with phase changes [263], it remains
less common in routine environmental monitoring compared to spectroscopic methods
due to its destructive nature and lower throughput.

Pyrolysis gas chromatography-mass spectrometry (Py-GC-MS). Py-GC-MS is a premier
technique for MP analysis, combining oxygen-free thermal decomposition (pyrolysis) with
gas chromatography and mass spectrometry to identify polymers via their volatile frag-
ments. This method excels in analyzing complex mixtures and quantifying plastics in
diverse matrices, including sediments and biological tissues [264,265]. Recent applica-
tions include the assessment of MP abundance and chemical additives in edible fish and
marine samples [266,267]. While portable Py-MS versions are emerging for rapid monitor-
ing [268], this destructive approach is often complemented by FTIR or Raman spectroscopy
to characterize smaller particles that may elude thermal detection [235,269].

As summarized in Table 5, while thermal methods like TGA, DSC, and Py-GC-MS offer
unparalleled chemical and stability data, their effectiveness is often balanced by limitations
in sample size and the need for rigorous calibration.
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Table 4. Spectroscopic methods for MPs detection.

Method Size
Detection Limit

Chemical
Information

Sample
Preparation Cost Principle Advantages Limitation

Fourier Transform
Infrared Spectroscopy

(FTIR)
10 µm Yes

(IR absorption spectra)

Wet peroxide oxidation,
filtration, cleaning of

substrates
Medium

Measures IR absorption to
identify polymer composition
via characteristic vibrations.

Non-destructive, identifies
most polymers, can analyze

mixtures.

Limited spatial resolution,
unable to detect very small

particles (<10 µm).

Raman Spectroscopy 1 µm Yes
(Raman shift spectra)

Wet peroxide oxidation,
filtration and deposition

on cleaned substrate

Medium to
High

Measures scattered light to
provide molecular fingerprint
based on vibrational modes.

High spatial resolution,
detects small particles,

identifies pigments.

Fluorescent samples may
interfere, lower throughput

compared to FTIR.

Near Infrared (NIR)
Spectroscopy 500 µm

Yes
(broad molecular

information)

Wet peroxide oxidation,
filtration and deposition

on cleaned substrate

Low to
Medium

Analyzes molecular overtones
and combinations of vibrations

in the near-infrared region.

Fast and non-destructive, good
for bulk analysis and polymer

differentiation.

Limited sensitivity for small
particles, broad spectral bands,

not highly specific.

Laser Direct Infrared
(LDIR) Spectrometry 10 µm Yes

(IR absorption spectra)
Wet peroxide oxidation,

filtration, drying High

Combines laser and IR
spectroscopy for

high-throughput polymer
identification.

High throughput, automated
mapping, good for polymer

identification.

Expensive, resolution limited
by laser spot size (~10 µm).

Nuclear
Magnetic

Resonance (NMR)
Spectroscopy

None
(requires
dissolved
samples)

Yes
(chemical structure)

Requires sample
dissolution Very High

Analyzes the magnetic
properties of nuclei to provide

detailed structural
information.

Very detailed chemical
information, differentiates

complex polymers.

Requires dissolved or pure
samples, not suitable for solid

particles.

Optical
Photothermal Infrared

(O-PTIR)
Spectroscopy

500 nm Yes
(IR absorption spectra)

Wet peroxide oxidation,
filtration, drying High

Measures infrared absorption
indirectly by detecting
photothermal effects.

High spatial resolution, can
analyze very small particles

(<1 µm).

Expensive, complex
instrumentation, lower
sensitivity for certain

materials.

Table 5. Thermal analysis methods for MPs detection.

Method Size
Detection Limit

Chemical
Information

Sample
Preparation Cost Principle Advantages Limitation

Thermogravimetric
Analysis (TGA) 1 µm Yes (mass loss profiles)

Wet peroxide oxidation,
density separation,

drying

Medium to
High

Measures weight changes in a
sample as it is heated,

providing information on
thermal stability and

composition.

Simple setup, can analyze
small amounts of material,

useful for assessing the
thermal stability of plastics.

Limited to thermal
decomposition, cannot

provide specific chemical
identities.

Differential Scanning
Calorimetry (DSC) 1 µm Yes (thermal transitions)

Wet peroxide oxidation,
dehydration, mass of
the sample (5–10 mg)

Medium

Measures heat flow into or out
of a sample as it is heated or

cooled, providing insights into
thermal transitions (melting,

crystallization).

Provides specific thermal
properties, useful for

characterizing polymer
behavior during heating.

Limited size range, cannot
identify specific polymers

directly.

Pyrolysis Gas
Chromatography-

Mass Spectrometry
(Py-GC-MS)

1 µm Yes (chemical
composition)

Wet peroxide oxidation,
drying, precise

weighing (10–100 µg),
requires pyrolysis

High

Involves the thermal
decomposition of polymers in
an inert atmosphere followed

by GC-MS analysis of the
resulting gaseous products.

Highly sensitive and specific,
provides detailed chemical

identification of MPs.

Expensive, requires complex
sample preparation, not
suitable for quantitative

analysis without calibration.
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6.4. Other Techniques

Recent advancements in detection methods have focused on enhancing sensitivity,
speed, and accuracy. This section discusses various innovative techniques for MP detection,
highlighting their principles and applications.

Flow cytometry. Flow cytometry is an emerging strategy for MP and NP detection, offer-
ing distinct advantages in high-throughput particle size analysis and quantification within
aquatic environments [257]. This method is particularly effective for characterizing the
smallest MPs fractions and NPs, which often elude traditional analytical techniques [270].
By integrating enhanced detection protocols and Nile Red staining, flow cytometry en-
ables precise enumeration and differentiation based on physical and chemical properties,
significantly improving the accuracy of quantitative toxicity assessments [252].

Microfluidic devices. Microfluidic devices offer a miniaturized and automated approach
to MPs analysis, enabling sample pretreatment, enrichment, and separation within micro-
channels [257]. These platforms achieve high throughput and low reagent consumption by
integrating multiple detection modalities, such as fluorescence, mass spectrometry, and op-
tical spectroscopy, the latter particularly effective for the 1–100 µm size range [257,271]. In-
novations include droplet-based impedance flow cytometry for real-time monitoring [272]
and triboelectric sensors that quantify MPs by measuring electrical charges generated
during flow [273]. Furthermore, combining microfluidics with low-cost Nile Red staining
provides a portable, continuous identification tool comparable to conventional laboratory
methods, facilitating long-term in situ environmental monitoring [274].

Electrochemical analysis. Electrochemical analysis identifies microplastics by measuring
electrical responses to applied voltage or current, offering insights into their redox behavior
and concentration. Recent advancements include hydrophobic carbon electrosensors en-
hanced with cerium oxide nanoparticles for detecting PE and PP [275], and electrochemical
impedance spectroscopy (EIS) using graphene electrodes for the rapid quantification of PS
in water [276]. Additionally, liquid-solid triboelectric nanogenerators (LS-TENG) leverage
the triboelectric effect to identify MPs based on the specific voltage signals generated during
material interactions [206].

Light scattering analysis. Light scattering methods are highly effective for detecting mi-
croplastics (MPs) in transparent matrices, exploiting Rayleigh scattering for sub-wavelength
particles and Mie scattering for larger particles (1–100 µm). These techniques differentiate
MPs based on size, refractive index, and angular scattering signatures [216,277]. Dynamic
light scattering (DLS) provides non-invasive size distribution analysis, while static light
scattering (SLS), when combined with statistical tools like principal component analysis
(PCA) and linear discriminant analysis (LDA), enables the precise determination of MP
concentration and surface characteristics [278]. Together, these methods offer a foundation
for developing portable, low-cost optical sensors for real-time water monitoring.

Digital holography (DH). DH is a high-resolution, non-invasive imaging technique
that records 3D particle holograms, enabling numerical refocusing and quantitative mor-
phological analysis [279]. When integrated with artificial intelligence (AI), DH effectively
distinguishes MPs from organic matter, such as marine diatoms [280]. Recent breakthroughs
include zero-shot learning methods that identify novel polymer types not present in initial
training datasets [281] and polarization-sensitive imaging, which allows for the angle-
independent identification of transparent MPs through complex scattering media [282].

Artificial Intelligence and Machine Learning (ML). AI and ML are transforming MP analy-
sis by enhancing the accuracy, scalability, and automation of traditional detection methods.
ML algorithms excel at processing large spectroscopic datasets, using pattern recognition
to identify polymers based on their spectral signatures [283,284]. Key innovations include
explainable AI for improving FTIR classification through data augmentation [285] and
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AI-assisted holographic microscopy for rapid in situ characterization of both MPs and
NPs [286]. Furthermore, combining HI with ML allows for the efficient mapping of plastics
in complex soil and water matrices [287], while predictive modeling offers critical insights
into the environmental distribution and ecological risks of plastic pollution [288].

6.5. Final Remarks

Overall, the detection of MPs involves a diverse group of methodologies, each con-
tributing unique insights into the characterization and quantification. In particular, the
summary of the size detection limit of various imaging techniques can be found in Figure 4.
In practical applications, the challenges associated with MP detection, such as their small
size and diverse morphology, necessitate the use of multiple analytical strategies to ensure
accurate identification and quantification. The integration of multiple approaches often
enhances the sensitivity, specificity, reliability, and comprehensiveness of MP analysis.
Notably, a recent study has highlighted the possibility of overestimation, emphasizing
the need for further validation regarding contamination, interference issues, and the stan-
dardization of observational methodologies. [175,176]. Furthermore, the development
of novel MP detection methods is crucial for addressing the environmental challenges
posed by these pollutants. Advancements in automated analysis and sample-preparation
techniques are expected to streamline the detection process, making it more efficient and
less labor-intensive. Finally, as previously discussed in Chapter 4 and highlighted by Anuar
et al. [289], standardized methods for analyzing MPs are essential for global comparisons
of MP pollution and its environmental impacts.

 

Figure 4. Detectable MP sizes with different imaging techniques.

7. Conclusions and Future Perspectives
The present review clearly demonstrates that MPs are ubiquitously distributed in

environmental compartments and are increasingly detected within the human body. These
findings highlight that MP pollution is no longer solely an environmental issue but rep-
resents a growing concern for human health. Based on the current state of knowledge,
several critical aspects emerge:

• Urgent need for methodological standardization.

One of the major limitations in MP research is the lack of standardized sampling
and analytical protocols. Harmonization is urgently required with respect to sampled
water volumes, units of measurement, size classification, polymer identification, and
reporting formats. In particular, the vast majority of studies reported in the literature
employ a detection limit exceeding 10 µm. Even the methodology prescribed by EU
Directive 2020/2184 for drinking water quality sets a limit of 20 µm. This practice contrasts
sharply with recent findings demonstrating that the bulk of microplastics consists of
significantly smaller particles, often reaching the sub-micrometric scale. A clear and globally
harmonized definition of this parameter, while accounting for the inherent diversity of
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various ecosystems, is of paramount importance for establishing future research guidelines.
Without standardized methodologies, comparison among studies remains difficult and
hampers the development of reliable global assessments.

• Identification of gaps in detection and the most effective quantification methods.

Although numerous techniques are currently employed to sample, identify, and quan-
tify MPs, not all methods offer the same levels of sensitivity, accuracy, or reproducibility.
Regarding identification, Raman and FTIR have been used in most of the literature about
this field and could be regarded as the gold standard for polymer classification. However,
other spectroscopy methods such as fluorescence, MS, and NMR have been proposed for
characterizing MPs. Integrating these techniques with optical microscopy and artificial in-
telligence could be the key to achieving a complete and reliable analysis of MPs. Moreover,
the demand for simple, automated, inexpensive, portable systems for on-site inspection
should also be considered. Future efforts should aim to critically evaluate existing ap-
proaches and define a set of validated, cost-effective, and widely applicable methods for
MP detection in environmental and biological matrices.

• Growing evidence of risks to human health.

An increasing body of scientific evidence indicates that MPs can enter the human body
through multiple exposure pathways and accumulate in tissues and organs. This raises
serious concerns regarding their potential toxicological effects, including inflammation,
oxidative stress, and the transport of chemical additives and pathogens. The presence of
MPs in human organs underscores the urgency of assessing their short- and long-term
health implications.

In conclusion, future research should focus on elucidating the mechanisms of MP toxi-
city, evaluating chronic exposure effects, and understanding dose–response relationships
in humans. Addressing MP pollution requires coordinated efforts across environmental sci-
ence, toxicology, medicine, and policy-making to develop comprehensive risk assessment
and mitigation strategies.

In addition, to effectively mitigate MP-related health risks, proactive measures are
needed, including stricter regulations, standardized limits for MPs in products, reduction of
single-use plastics, improved waste classification and recycling systems, and increased pub-
lic awareness. Promoting sustainable and environmentally friendly lifestyles is essential to
mitigate MP pollution at its source. Only through standardized scientific approaches, robust
regulatory frameworks, and collective societal action can the risks posed by microplastics
to both environmental and public health be effectively addressed.
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56. Hietbrink, S.; Materić, D.; Holzinger, R.; Groeskamp, S.; Niemann, H. Nanoplastic Concentrations across the North Atlantic.
Nature 2025, 643, 412–416. [CrossRef]

57. Katare, Y. Microplastics in Aquatic Environments: Sources, Ecotoxicity, Detection & Remediation. Biointerface Res. Appl. Chem.
2021, 12, 3407–3428. [CrossRef]

58. Rede, D.; Delerue-Matos, C.; Fernandes, V.C. The Microplastics Iceberg: Filling Gaps in Our Understanding. Polymers 2023,
15, 3356. [CrossRef] [PubMed]

59. Cincinelli, A.; Martellini, T.; Guerranti, C.; Scopetani, C.; Chelazzi, D.; Giarrizzo, T. A Potpourri of Microplastics in the Sea Surface
and Water Column of the Mediterranean Sea. TrAC Trends Anal. Chem. 2019, 110, 321–326. [CrossRef]

60. Borges-Ramírez, M.M.; Mendoza-Franco, E.F.; Escalona-Segura, G.; Osten, J.R. von Plastic Density as a Key Factor in the Presence
of Microplastic in the Gastrointestinal Tract of Commercial Fishes from Campeche Bay, Mexico. Environ. Pollut. 2020, 267, 115659.
[CrossRef] [PubMed]

61. Hunter, A.; Thorpe, S.E.; McCarthy, A.H.; Manno, C. Microplastic Hotspots Mapped across the Southern Ocean Reveal Areas of
Potential Ecological Impact. Sci. Rep. 2024, 14, 31599. [CrossRef]

62. Gao, S.; Yan, K.; Liang, B.; Shu, R.; Wang, N.; Zhang, S. The Different Ways Microplastics from the Water Column and Sediment
Accumulate in Fi Sh in Haizhou Bay. Sci. Total Environ. 2023, 854, 158575. [CrossRef]

63. Parolini, M.; Ferrario, C.; De Felice, B.; Gazzotti, S.; Bonasoro, F.; Candia Carnevali, M.D.; Ortenzi, M.A.; Sugni, M. Interactive
Effects between Sinking Polyethylene Terephthalate (PET) Microplastics Deriving from Water Bottles and a Benthic Grazer.
J. Hazard. Mater. 2020, 398, 122848. [CrossRef]

64. Zhao, S.; Kvale, K.F.; Zhu, L.; Zettler, E.R.; Egger, M.; Mincer, T.J.; Amaral-Zettler, L.A.; Lebreton, L.; Niemann, H.; Nakajima, R.;
et al. The Distribution of Subsurface Microplastics in the Ocean. Nature 2025, 641, 51–61. [CrossRef]

65. Gonzalez-Pineda, M.; Avila, C.; Lacerot, G.; Lozoya, J.P.; Teixeira de Mello, F.; Faccio, R.; Pignanelli, F.; Salvadó, H. Experimental
Ingestion of Microplastics in Three Common Antarctic Benthic Species. Mar. Environ. Res. 2025, 204, 106879. [CrossRef] [PubMed]

66. Collins, S.F.; Norton, A. Prevailing Wind Patterns Influence the Distribution of Plastics in Small Urban Lakes. Sci. Rep. 2024,
14, 17741. [CrossRef] [PubMed]

67. Allen, S.; Allen, D.; Phoenix, V.R.; Le Roux, G.; Durántez Jiménez, P.; Simonneau, A.; Binet, S.; Galop, D. Atmospheric Transport
and Deposition of Microplastics in a Remote Mountain Catchment. Nat. Geosci. 2019, 12, 339–344. [CrossRef]

68. Bergmann, M.; Mützel, S.; Primpke, S.; Tekman, M.B.; Trachsel, J.; Gerdts, G. White and Wonderful? Microplastics Prevail in
Snow from the Alps to the Arctic. Sci. Adv. 2019, 5, eaax1157. [CrossRef]

69. Li, Y.; Zhang, J.; Xu, L.; Li, R.; Zhang, R.; Li, M.; Ran, C.; Rao, Z.; Wei, X.; Chen, M.; et al. Leaf Absorption Contributes to
Accumulation of Microplastics in Plants. Nature 2025, 641, 666–673. [CrossRef]

70. Liu, K.; Wu, T.; Wang, X.; Song, Z.; Zong, C.; Wei, N.; Li, D. Consistent Transport of Terrestrial Microplastics to the Ocean through
Atmosphere. Environ. Sci. Technol. 2019, 18, 10612–10619. [CrossRef]

71. Bhowmik, A.; Saha, G.; Saha, S.C. Microplastics in Animals: The Silent Invasion. Pollutants 2024, 4, 490–497. [CrossRef]
72. Sobhani, Z.; Panneerselvan, L.; Fang, C.; Naidu, R.; Megharaj, M. Chronic and Transgenerational Effects of Polyethylene

Microplastics at Environmentally Relevant Concentrations in Earthworms. Environ. Technol. Innov. 2022, 25, 102226. [CrossRef]
73. Chang, X.; Fang, Y.; Wang, Y.; Wang, F.; Shang, L.; Zhong, R. Microplastic Pollution in Soils, Plants, and Animals: A Review of

Distributions, Effects and Potential Mechanisms. Sci. Total Environ. 2022, 850, 157857. [CrossRef] [PubMed]
74. Hodson, M.E.; Duffus-Hodson, C.A.; Clark, A.; Prendergast-Miller, M.T.; Thorpe, K.L. Plastic Bag Derived-Microplastics as a

Vector for Metal Exposure in Terrestrial Invertebrates. Environ. Sci. Technol. 2017, 51, 4714–4721. [CrossRef]
75. Upadhyay, S.; Sharma, P.K.; Dogra, K.; Bhattacharya, P.; Kumar, M.; Tripathi, V.; Karmakar, R. Microplastics in Freshwater:

Unveiling Sources, Fate, and Removal Strategies. Groundw. Sustain. Dev. 2024, 26, 101185. [CrossRef]
76. Li, Y.; Lu, Z.; Zheng, H.; Wang, J.; Chen, C. Microplastics in Surface Water and Sediments of Chongming Island in the Yangtze

Estuary, China. Environ. Sci. Eur. 2020, 32, 15. [CrossRef]
77. Ramage, S.J.F.F.; Coull, M.; Cooper, P.; Campbell, C.D.; Prabhu, R.; Yates, K.; Dawson, L.A.; Devalla, S. Microplastics in

Agricultural Soils Following Sewage Sludge Applications: Evidence from a 25-Year Study. Chemosphere 2025, 376, 144277.
[CrossRef]

78. Guo, M.; Noori, R.; Abolfathi, S. Microplastics in Freshwater Systems: Dynamic Behaviour and Transport Processes. Resour.
Conserv. Recycl. 2024, 205, 107578. [CrossRef]

79. Sulaiman, R.N.R.; Bakar, A.A.; Ngadi, N.; Kahar, I.N.S.; Nordin, A.H.; Ikram, M.; Nabgan, W. Microplastics in Malaysia’s Aquatic
Environment: Current Overview and Future Perspectives. Glob. Chall. 2023, 7, 2300047. [CrossRef] [PubMed]

80. Hagelskjær, O.; Hagelskjær, F.; Margenat, H.; Yakovenko, N.; Sonke, J.E.; Le Roux, G. Majority of Potable Water Microplastics Are
Smaller than the 20 Mm EU Methodology Limit for Consumable Water Quality. PLoS Water 2025, 4, e0000412. [CrossRef]

https://doi.org/10.3390/environments13030134

https://doi.org/10.3390/environments9070093
https://doi.org/10.1038/s41586-025-09218-1
https://doi.org/10.33263/briac123.34073428
https://doi.org/10.3390/polym15163356
https://www.ncbi.nlm.nih.gov/pubmed/37631413
https://doi.org/10.1016/j.trac.2018.10.026
https://doi.org/10.1016/j.envpol.2020.115659
https://www.ncbi.nlm.nih.gov/pubmed/33254635
https://doi.org/10.1038/s41598-024-79816-y
https://doi.org/10.1016/j.scitotenv.2022.158575
https://doi.org/10.1016/j.jhazmat.2020.122848
https://doi.org/10.1038/s41586-025-08818-1
https://doi.org/10.1016/j.marenvres.2024.106879
https://www.ncbi.nlm.nih.gov/pubmed/39622123
https://doi.org/10.1038/s41598-024-68516-2
https://www.ncbi.nlm.nih.gov/pubmed/39085467
https://doi.org/10.1038/s41561-019-0335-5
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1038/s41586-025-08831-4
https://doi.org/10.1021/acs.est.9b03427
https://doi.org/10.3390/pollutants4040033
https://doi.org/10.1016/j.eti.2021.102226
https://doi.org/10.1016/j.scitotenv.2022.157857
https://www.ncbi.nlm.nih.gov/pubmed/35932864
https://doi.org/10.1021/acs.est.7b00635
https://doi.org/10.1016/j.gsd.2024.101185
https://doi.org/10.1186/s12302-020-0297-7
https://doi.org/10.1016/j.chemosphere.2025.144277
https://doi.org/10.1016/j.resconrec.2024.107578
https://doi.org/10.1002/gch2.202300047
https://www.ncbi.nlm.nih.gov/pubmed/37635702
https://doi.org/10.1371/journal.pwat.0000250
https://doi.org/10.3390/environments13030134


Environments 2026, 13, 134 30 of 38

81. Qian, N.; Gao, X.; Lang, X.; Deng, H.; Bratu, T.M.; Chen, Q.; Stapleton, P.; Yan, B.; Min, W. Rapid Single-Particle Chemical Imaging
of Nanoplastics by SRS Microscopy. Proc. Natl. Acad. Sci. USA 2024, 121, 2017. [CrossRef]

82. Semmouri, I.; Vercauteren, M.; Van Acker, E.; Pequeur, E.; Asselman, J.; Janssen, C. Distribution of Microplastics in Freshwater
Systems in an Urbanized Region: A Case Study in Flanders (Belgium). Sci. Total Environ. 2023, 872, 162192. [CrossRef]

83. Li, Y.; Peng, L.; Fu, J.; Dai, X.; Wang, G. A Microscopic Survey on Microplastics in Beverages: The Case of Beer, Mineral Water and
Tea. Analyst 2022, 147, 1099–1105. [CrossRef]

84. Ormaniec, P. Occurrence and Analysis of Microplastics in Municipal Wastewater, Poland. Environ. Sci. Pollut. Res. 2024,
31, 49646–49655. [CrossRef]

85. Murphy, F.; Ewins, C.; Carbonnier, F.; Quinn, B. Wastewater Treatment Works (WwTW) as a Source of Microplastics in the Aquatic
Environment. Environ. Sci. Technol. 2016, 50, 5800–5808. [CrossRef] [PubMed]

86. Bhusare, S.; Satkar, S.G.; Sahu, A.; Savaliya, B.; Karale, T.; Gautam, R. Microplastic (MP) Pollution in Aquatic Ecosystems and
Environmental Impact on Aquatic Animals. Uttar Pradesh J. Zool. 2024, 45, 59–68. [CrossRef]

87. Okoffo, E.D.; Tscharke, B.J.; Thomas, K. V Release of Micro- and Nanosized Particles from Plastic Articles during Mechanical
Dishwashing. ACS EST Water 2025, 5, 2870–2881. [CrossRef]

88. Mani, T.; Hauk, A.; Walter, U.; Burkhardt-Holm, P. Microplastics Profile along the Rhine River. Sci. Rep. 2015, 5, 17988. [CrossRef]
89. Stratmann, C.N.; Dris, R.; Gasperi, J.; Buschman, F.A.; Markus, A.A.; Guerin, S.; Vethaak, A.D.; Tassin, B. Monitoring Microplastics

in the Seine River in the Greater Paris Area. Front. Earth Sci. 2024, 12, 1386547. [CrossRef]
90. Scherer, C.; Weber, A.; Stock, F.; Vurusic, S.; Egerci, H.; Kochleus, C.; Arendt, N.; Foeldi, C.; Dierkes, G.; Wagner, M.; et al.

Comparative Assessment of Microplastics in Water and Sediment of a Large European River. Sci. Total Environ. 2020, 738, 139866.
[CrossRef]

91. Rodrigues, M.O.; Abrantes, N.; Gonçalves, F.J.M.; Nogueira, H.; Marques, J.C.; Gonçalves, A.M.M. Spatial and Temporal
Distribution of Microplastics in Water and Sediments of a Freshwater System (Antuã River, Portugal). Sci. Total Environ. 2018,
633, 1549–1559. [CrossRef]

92. Sbarberi, R.; Magni, S.; Boggero, A.; Della Torre, C.; Nigro, L.; Binelli, A. Comparison of Plastic Pollution between Waters and
Sediments in Four Po River Tributaries (Northern Italy). Sci. Total Environ. 2024, 912, 168884. [CrossRef]

93. Cox, K.D.; Covernton, G.A.; Davies, H.L.; Dower, J.F.; Juanes, F.; Dudas, S.E. Human Consumption of Microplastics. Environ. Sci.
Technol. 2019, 53, 7068–7074. [CrossRef]

94. Brancaleone, E.; Mattei, D.; Fuscoletti, V.; Lucentini, L.; Favero, G.; Cecchini, G.; Frugis, A.; Gioia, V.; Lazzazzara, M. Microplastic
in Drinking Water: A Pilot Study. Microplastics 2024, 3, 31–45. [CrossRef]

95. Chowdhury, S.R.; Razzak, S.A.; Hassan, I.; Hossain, S.M.Z.; Hossain, M.M. Microplastics in Freshwater and Drinking Water: Sources,
Impacts, Detection, and Removal Strategies; Springer International Publishing: Cham, Switzerland, 2023; Volume 234.

96. Yang, L.; Kang, S.; Luo, X.; Wang, Z. Microplastics in Drinking Water: A Review on Methods, Occurrence, Sources, and Potential
Risks Assessment. Environ. Pollut. 2024, 348, 123857. [CrossRef] [PubMed]

97. Calero, E.C.; Viršek, M.K.; Mali, N. Microplastics in Groundwater: Pathways, Occurrence, and Monitoring Challenges. Water
2024, 16, 1228. [CrossRef]

98. Sangkham, S.; Islam, A.; Adhikari, S.; Kumar, R.; Sharma, P.; Sakunkoo, P.; Bhattacharya, P.; Tiwari, A. Evidence of Microplastics
in Groundwater: A Growing Risk for Human Health. Groundw. Sustain. Dev. 2023, 23, 100981. [CrossRef]

99. Mintenig, S.M.; Löder, M.G.J.; Primpke, S.; Gerdts, G. Low Numbers of Microplastics Detected in Drinking Water from Ground
Water Sources. Sci. Total Environ. 2019, 648, 631–635. [CrossRef]

100. Samandra, S.; Johnston, J.M.; Jaeger, J.E.; Symons, B.; Xie, S.; Currell, M.; Ellis, A.V.; Clarke, B.O. Microplastic Contamination of
an Unconfined Groundwater Aquifer in Victoria, Australia. Sci. Total Environ. 2022, 802, 149727. [CrossRef]

101. Pivokonsky, M.; Cermakova, L.; Novotna, K.; Peer, P.; Cajthaml, T.; Janda, V. Occurrence of Microplastics in Raw and Treated
Drinking Water. Sci. Total Environ. 2018, 643, 1644–1651. [CrossRef]

102. Kirstein, I.V.; Gomiero, A.; Vollertsen, J. Microplastic Pollution in Drinking Water. Curr. Opin. Toxicol. 2021, 28, 70–75. [CrossRef]
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280. Bianco, V.; Valentino, M.; Běhal, J.; Pirone, D.; Itri, S.; Mossotti, R.; Dalla Fontana, G.; Stella, E.; Miccio, L.; Memmolo, P.; et al.
Digital Holography in Microplastic Identification. In Proceedings of the Unconventional Optical Imaging III, Strasbourg, France,
3–7 April 2022; Georges, M.P., Popescu, G., Verrier, N., Eds.; SPIE: Bellingham, WA, USA, 2022; p. 75.

https://doi.org/10.3390/environments13030134

https://doi.org/10.54097/ajst.v3i3.2918
https://doi.org/10.3390/polym15010241
https://doi.org/10.1016/j.envres.2022.113583
https://doi.org/10.1016/j.chemosphere.2024.143777
https://www.ncbi.nlm.nih.gov/pubmed/39566689
https://doi.org/10.3389/fenvs.2022.1032005
https://doi.org/10.4028/www.scientific.net/KEM.669.485
https://doi.org/10.1002/etc.5164
https://doi.org/10.1021/acs.analchem.2c05477
https://doi.org/10.1007/s00216-020-02979-w
https://doi.org/10.3390/microplastics1020021
https://doi.org/10.1021/acs.est.2c05850
https://www.ncbi.nlm.nih.gov/pubmed/36459143
https://doi.org/10.1021/acs.analchem.0c00300
https://doi.org/10.1002/pi.6348
https://doi.org/10.1002/wer.1281
https://doi.org/10.1038/s41598-021-89960-4
https://doi.org/10.3390/environments11050096
https://doi.org/10.1039/D3AY01286G
https://doi.org/10.3390/mi13040499
https://doi.org/10.1016/j.chemosphere.2024.141961
https://www.ncbi.nlm.nih.gov/pubmed/38615954
https://doi.org/10.1016/j.scitotenv.2022.160873
https://www.ncbi.nlm.nih.gov/pubmed/36521612
https://doi.org/10.1098/rsos.230586
https://www.ncbi.nlm.nih.gov/pubmed/37564069
https://doi.org/10.1039/D2AY01215D
https://www.ncbi.nlm.nih.gov/pubmed/36169110
https://doi.org/10.1364/AO.478700
https://doi.org/10.3390/environments13030134


Environments 2026, 13, 134 38 of 38

281. Zhu, Y.; Lo, H.K.A.; Yeung, C.H.; Lam, E.Y. Microplastic Pollution Assessment with Digital Holography and Zero-Shot Learning.
APL Photonics 2022, 7, 076102. [CrossRef]

282. Huang, J.; Zhu, Y.; Li, Y.; Zhang, Y.; Lam, E.Y. Polarization-Sensitive Digital Holography for Microplastic Identification through
Scattering Media. In Proceedings of the Optica Imaging Congress (3D, COSI, DH, FLatOptics, IS, pcAOP), Boston, MA, USA,
14–17 August 2023; Optica Publishing Group: Washington, DC, USA, 2023; p. HW3D.2.

283. de Medeiros, B.H.; Vargas Junior, E.C.; Alarcon, O.E.; Pottmaier, D. Training and Evaluating Machine Learning Algorithms for
Ocean Microplastics Classification through Vibrational Spectroscopy. Chemosphere 2022, 287, 131903. [CrossRef]

284. Zhong, S.; Zhang, Y.; Zhang, H. Machine Learning-Assisted QSAR Models on Contaminant Reactivity Toward Four Oxidants:
Combining Small Data Sets and Knowledge Transfer. Environ. Sci. Technol. 2022, 56, 681–692. [CrossRef]

285. Yan, X.; Cao, Z.; Murphy, A.; Ye, Y.; Wang, X.; Qiao, Y. FRDA: Fingerprint Region Based Data Augmentation Using Explainable AI
for FTIR Based Microplastics Classification. Sci. Total Environ. 2023, 896, 165340. [CrossRef]

286. Wang, Z.; Pal, D.; Pilechi, A.; Ariya, P.A. Nanoplastics in Water: Artificial Intelligence-Assisted 4D Physicochemical Characteriza-
tion and Rapid In Situ Detection. Environ. Sci. Technol. 2024, 58, 8919–8931. [CrossRef]

287. Zhang, L.; Wei, W.; Huang, G. Research on Identification and Classification Methods for Soil Microplastics in Hyperspectral
Detection. Sci. J. Technol. 2024, 6, 1–7. [CrossRef]
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