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Microplastics (MPs) pollution has become a pressing environmental issue, significantly impacting marine
ecosystems and food safety. These synthetic particles, defined as plastic fragments smaller than 5 mm,
originate from various sources and have infiltrated marine habitats worldwide, from surface waters to
deep-sea sediments. This review provides a comprehensive analysis of MPs contamination in marine
organisms, highlighting global case studies and detection methodologies. MPs are ingested by marine life
through direct uptake or trophic transfer, causing adverse biological effects, including growth inhibition,
reproductive impairments, and bioaccumulation of toxic substances. Humans are exposed to MPs primar-
ily through seafood consumption, raising concerns about potential health risks. We examine various
detection techniques, including visual identification, spectroscopic methods (FTIR, Raman spectroscopy),
and thermal analytical approaches (Py-GC/MS, TGA), evaluating their advantages and limitations. Despite
significant research progress, challenges remain, particularly in detecting nanoplastics, standardizing
methodologies, and understanding the long-term ecological and human health implications. Case studies
from different regions demonstrate varying contamination levels, influenced by local environmental con-
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ditions, industrial activities, and waste management practices. This review emphasizes the need for
improved monitoring, regulatory frameworks, and mitigation strategies to address the pervasive threat of
MPs pollution. Future research should focus on refining detection technologies, assessing human health
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Introduction

Plastic pollution has emerged as a critical environmental
threat, particularly in marine ecosystems, due to the wide-
spread use and persistence of synthetic polymers.’ Originating
from products first developed in the late 19" century’ and
mass-produced post-World War II,° plastics are now ubiqui-
tous. Their durability, once an advantage, has resulted in long-
term environmental contamination.* Over time, larger plastic
debris degrades into microplastics (MPs)—plastic fragments
smaller than 5 mm (ref. 5)—and even nanoplastics at the sub-
micron level.® These particles have been detected across all
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impacts, and implementing policy measures to reduce plastic emissions into marine environments.

environmental compartments, including surface waters,” sedi-
ments,® deep-sea habitats,” soils,’® and the atmosphere.
According to Jambeck et al, an estimated 8 million metric
tons of plastic waste enter the oceans annually, contributing to
the generation of trillions of microplastic particles worldwide.
Global modeling studies suggest that the oceans currently
contain between 15 and 51 trillion microplastic particles,
weighing approximately 93 000 to 236 000 metric tons.’"'* To
visualize these data, Fig. 1 presents a summary of global
plastic waste inputs and modeled marine distribution of MPs.
Moreover, a UNEP 2021 report highlights that plastic accounts
for up to 85% of total marine litter, underscoring its pervasive
presence. Their infiltration into the food chain is of growing
concern, with MPs found in seafood species consumed by
humans,™ drinking water,’* and various food products such
as table salt and honey,"® raising alarms about food safety and
potential human exposure.'*

Marine organisms encounter MPs directly through their
environment. Filter feeders (e.g., mussels and oysters) ingest
suspended MPs,'® while predatory species acquire them via
trophic transfer." Numerous studies report that MPs ingestion
negatively affects marine life, manifesting as reduced feeding,
growth inhibition, reproductive impairment, behavioral
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Fig. 1 Comparison of mean and modeled densities. Comparison of
dataand model predictions for count density (A — pieces km-2) and
weight density (B — weight km-2) for four size classes from six ocean
regions: North Pacifc (NP), North Atlantic (NA), South Pacific (SP), South
Atlantic (SA), Indian Ocean (I0), and Mediterranean Sea (MED).'?

changes, and increased mortality."® These biological effects
pose significant risks to marine biodiversity’” and, by exten-
sion, to seafood safety.’® The health effects of human exposure
to MPs are still uncertain. However, studies indicate they may
carry harmful chemicals or pathogens and can reach vital
organs like the liver and brain."* This highlights an urgent
need to understand the toxicological risks posed by MPs to
both marine organisms and human health."’

Research on MPs contamination in marine life has
expanded rapidly in the past decade,® with scientists report-
ing MPs in hundreds of marine species across all trophic
levels. However, critical knowledge gaps remain (Fig. 2). One
major gap is understanding the long-term toxicological effects
of chronic MPs exposure on marine organisms and humans.
While ecotoxicological studies indicate harm to marine life,
the dose thresholds at which MPs pose a serious risk to wild-
life or human consumers have not been established. In fact,
regulatory agencies have yet to determine a safety threshold for
MPs in food due to insufficient data. Another gap lies in the
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Fig. 2 MPs research gaps.
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analytical methods: detecting and quantifying the smallest
MPs (especially nanoplastics <1 um) is technically challenging,
leading to possible underestimation of true contamination
levels.”* Standardized methods for sampling and analysis are
needed to compare results across studies and regions. MPs
interact with other environmental stressors such as climate
change and pollution. For example, they often carry pollutants
or serve as surfaces for microbial colonization, increasing their
environmental impact.”> These uncertainties underscore the
need for comprehensive research.

In the following sections, we provide a global overview of
MPs contamination in marine life, emphasizing detection
methods and current status. We first review the detection and
analytical methods used to identify and quantify MPs in
environmental and biological samples, comparing their
strengths and limitations. Next, we survey global case studies,
highlighting regional patterns of contamination in seafood
and marine fauna and discussing potential human exposure
risks. We then delve into the mechanisms and underlying
factors that influence MPs impacts, including biological
uptake pathways, the role of biofilms, and interactions with
other stressors. Finally, we conclude with a synthesis of key
findings and discuss perspectives, including policy recommen-
dations and future research directions needed to address this
emerging pollutant. By consolidating global insights, we aim
to clarify the current status of MPs pollution in marine life
and identify strategies to safeguard marine ecosystems and
food safety.

Sampling, isolation, and detection
techniques

Accurately detecting and quantifying MPs in marine environ-
ments and organisms is fundamental for understanding con-
tamination levels. However, MPs present unique analytical
challenges due to their small size, diverse shapes and polymer
types, and tendency to accumulate in complex matrices (water,
sediment, or biological tissue). Over the years, researchers
have developed a suite of methods for sampling and analyzing
MPs. These methods can be broadly grouped into: (1)
sampling and isolation techniques, (2) visual and microscopic
identification, (3) spectroscopic identification, (4) thermal
analytical techniques, and (5) emerging or combination
methods. Each approach has distinct advantages and draw-
backs, and often multiple methods are used together to
improve reliability.

However, as the complexity of environmental matrices
increases—such as highly organic-rich sediments, biota with
strong pigment interferences, or the presence of nanoplastics
—conventional methods may become insufficient. In such
cases, advanced detection technologies have proven essential.
Techniques like thermal extraction desorption-gas chromato-
graphy-mass spectrometry (TED-GC/MS) enable polymer-
specific identification with minimal sample preparation, while
emerging bioresponsive sensors and aptamer-based platforms
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offer selective and rapid detection in biological tissues.
Moreover, machine learning-enhanced image recognition
systems now facilitate automated classification of MPs from
large datasets with reduced subjectivity. These technologies
address key challenges in throughput, resolution, and polymer
specificity, and are increasingly used in tandem with tra-
ditional methods to ensure comprehensive and accurate MPs
characterization, especially in samples with high background
interference.

To facilitate an at-a-glance comparison of key methods dis-
cussed, we have included Fig. 3, which presents a decision
matrix that evaluates commonly used MPs detection tech-
niques across a range of practical criteria. This matrix is
intended to assist researchers in selecting appropriate tech-
niques based on study goals (e.g., polymer identification vs.
particle quantification), sample type (e.g:, sediment, biota,
water), and resource availability.

Sampling and isolation techniques

The first step in MPs analysis is obtaining representative
samples from the environment or biota. Sampling methods
must be carefully chosen because they strongly influence the
results.”® In aquatic environments, surface water MPs are com-
monly collected using nets such as manta trawls or neuston
nets that skim the water surface. These nets (with mesh sizes
typically around 300 pm) retain floating plastic pieces,
especially larger MPs (>0.3 mm), over a towed distance. For
subsurface or deeper waters, specialized pumps or plankton
nets can be used at various depths. To collect MPs from sedi-
ments or beaches, researchers use tools like corers or scoops.
The samples are then sieved and processed for further ana-
lysis. Biotic samples (marine organisms destined for MPs ana-
lysis) require careful handling to avoid contamination from
airborne plastics or equipment. Laboratory protocols typically
involve dissecting organisms (e.g., fish gastrointestinal tracts,
bivalve tissues) and then isolating MPs by digesting organic
material. Chemical digestion uses reagents such as hydrogen
peroxide or strong alkalis/acids (e.g., 10% KOH or enzymatic
digestion) to dissolve soft tissues, leaving behind MPs par-
ticles.* The residue can then be filtered so that MPs remain
on a filter membrane for further analysis. Throughout
sampling and isolation, strict quality assurance/quality control
(QA/QC) measures are recommended, such as procedural
blanks and using non-plastic tools, to prevent introduction of
extraneous plastic fibers. Fig. 4 shows the scheme of MPs
sampling and analysis process. These steps ensure that
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Fig. 4 Scheme of MPs sampling and analysis process.

detected MPs indeed originate from the sample and not the
laboratory environment.

Visual and microscopic identification

Once a sample is prepared (e.g., filtered onto a membrane or
sorted from sediment), visual inspection is often the first
approach to identify suspected MPs. Under a stereomicroscope
(Fig. 5) or even the naked eye, MPs can be recognized by their
physical characteristics: they often have no cellular or organic
structures, may have unnaturally bright colors, and exhibit tex-
tures (films, fragments, fibers, beads) distinct from natural
materials. Simple physical tests (prodding with a needle to test
flexibility, for instance) can help distinguish plastic fragments
from organic debris. Light microscopy is widely used to
examine smaller MPs (tens of micrometers and above).””
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Fig. 5 Examples of MPs found in individuals of Anomalocardia flexuosa
using a stereomicroscope®®.
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Fig. 3 Decision matrix for selecting microplastic detection techniques based on practical considerations.
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Under a microscope, researchers categorize MPs by shape (e.g.,
fiber, fragment, bead, film) and measure their size. This
method enables direct counting and sizing of particles.
Microscopic analysis is intuitive and does not require highly
specialized instruments, but it has notable limitations. The
advantages include relatively simple sample preparation and
the ability to directly see the particles, providing immediate
confirmation of MPs presence.”® However, microscopy is time-
consuming and labor-intensive, often requiring an analyst to
manually pick out and identify each particle.”” This can lead
to subjectivity - results may vary between researchers depend-
ing on their experience and judgment, especially for tiny,
transparent particles that are hard to differentiate from
organic matter. Consequently, purely visual methods tend to
have lower accuracy and reproducibility compared to spectro-
scopic methods. For example, distinguishing a small clear
plastic fragment from a sand grain or shell fragment by eye
can be error-prone.”® Additionally, visual methods alone
cannot confirm the polymer type of a suspect particle. Despite
these drawbacks, microscopy remains a foundational step in
MPs research and is often coupled with other techniques.
Many studies first isolate and count MPs under a microscope,
then select a subset for chemical identification by spectroscopy
to confirm the particles are plastic and determine their
composition.

To enhance visual detection, especially for MPs that are too
small or transparent to easily see, fluorescent staining tech-
niques have been developed. One common approach uses dyes
like Nile Red, which selectively bind to hydrophobic plastic
polymers and fluoresce under specific wavelengths of light. By
staining a sample with Nile Red and viewing it under a fluo-
rescence microscope or blue-light source, MPs light up and
can be more readily distinguished from non-plastic debris.
This method has been reported to recover a high percentage of
MPs in environmental samples while being faster than exhaus-
tive manual sorting.*® Its drawback is that some organic
materials may also take up the dye, and thus staining is
usually combined with spectral confirmation or careful con-
trols to avoid false positives.’’ Nonetheless, fluorescence
tagging is an emerging, cost-effective way to screen samples
for MPs, especially the smaller size fractions that might other-
wise be overlooked.

When greater detail on morphology is needed, or to visual-
ize MPs at the nanoscale, electron microscopy comes into play.
Scanning Electron Microscopy (SEM) can produce high-magni-
fication, high-resolution images of MPs surfaces. Under SEM,
researchers can observe fine details like surface weathering
(cracks, pits) which indicate aging, or biofouling layers on the
plastic. SEM is often paired with Energy-Dispersive X-ray spec-
troscopy (EDX/EDS), which provides elemental composition
analysis of the sample. SEM-EDX can confirm a particle is syn-
thetic by showing elements like chlorine (for PVC) or high
carbon signals. It can also detect inorganic fillers like titanium
dioxide.** Fig. 6 shows the SEM images and corresponding
EDX spectra of acrylonitrile butadiene styrene (ABS), poly-
propylene (PP), and polyethylene (PE). Because most polymers
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Fig. 6 SEM images and corresponding EDX spectra of ABS, PP, and
PE.34

are non-conductive, SEM-EDX analysis requires coating the
sample with a conductive layer like gold or carbon to prevent
electron beam charging. This extra preparation is time-inten-
sive and means the sample is no longer in its original state
(and cannot be reused for other analyses). SEM-EDX identifies
elements rather than molecular structures. For instance, it can
show carbon and oxygen in a particle but cannot tell whether
it's PE or natural material.*® It also cannot discern plastic
color (important if color is used as a diagnostic feature).
Although SEM-EDX offers high-resolution imaging and
elemental analysis, it is typically reserved for special cases due
to its cost, sample preparation time, and destructive nature.

Spectroscopic identification (FTIR and Raman)

To unambiguously identify MPs and determine their polymer
composition, spectroscopic techniques are widely employed.
The two most common are Fourier-transform infrared (FTIR)
spectroscopy and Raman spectroscopy. Fig. 7 shows examples
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Fig. 7 (A) FTIR spectra recorded from reference PE and pink plastics
fiber.** (B) Raman spectra of reference PE, fish bone standard and MPs
sample.>®

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5an00358j

Published on 01 2025. Downloaded on 03.03.26 21:34:54.

Analyst

of FTIR and Raman spectra recorded for MPs. Both are forms
of vibrational spectroscopy that detect the unique molecular
vibrations of materials, effectively providing a “fingerprint” for
different polymers.

FTIR shines infrared light onto a sample and measures the
wavelengths that are absorbed, which correspond to specific
bond vibrations in the material. Each type of plastic (PE, PP,
polystyrene, etc.) has characteristic absorption peaks in the IR
spectrum. By comparing the sample’s IR spectrum to reference
spectra in libraries, researchers can identify the polymer. FTIR
can be used in different modes. ATR-FTIR involves pressing
particles onto a crystal so that infrared light interacts with the
surface, producing a spectrum that can help identify the
polymer. ATR-FTIR is generally effective for particles >20 um,
as it requires sufficient contact between the particle surface
and the ATR crystal. In practical applications, particles smaller
than 10-20 pm often yield weak or distorted spectra due to
poor contact and insufficient penetration depth, which limits
the accuracy of identification.® In contrast, micro-FTIR (also
known as FTIR imaging), particularly when equipped with
focal plane array (FPA) detectors, can routinely detect and
identify MPs down to ~10 pm in real samples, and in some
optimized settings, even approach detection near 5-6 pm. For
instance, Prata et al.®” reported successful characterization of
MPs as small as 10 pm using micro-FTIR with transmission
mode and a high-resolution detector. This makes micro-FTIR
more suitable for detailed analysis of smaller MPs and for pro-
cessing a large number of particles on a single filter. However,
it requires higher instrumentation cost, longer processing
times, and extensive sample preparation to reduce background
interference. In contrast, ATR-FTIR is more accessible and
faster for identifying larger, isolated particles but is less suit-
able for high-throughput or fine-resolution imaging
applications.

The advantages of FTIR are clear: it provides specific chemi-
cal identification, is non-destructive (the particles remain
intact after analysis), and can process multiple particles at
once with imaging systems. It also can sometimes give semi-
quantitative data on additives if they have distinctive IR peaks
(for example, certain flame retardants or plasticizers might be
detectable). However, FTIR has drawbacks. It can be time-
intensive for samples with thousands of particles since high-
resolution scans are needed for each particle or area of inter-
est.’® The equipment (especially FTIR microscopes with
imaging capabilities) is expensive and requires trained oper-
ators. Small or irregularly shaped MPs can produce weaker or
distorted spectra - for instance, ATR-FTIR can suffer if a par-
ticle doesn’t make perfect contact with the crystal, and very
small or thin particles may produce weak signals in trans-
mission mode.?® In practice, samples often need to be cleaned
before FTIR (to remove biofilms or inorganic residue) because
attached organic matter or sand grains can interfere with the
spectrum. Another challenge is the possibility of misidentify-
ing materials: spectra of some substances can mimic plas-
tics.*® As a cautionary example, certain surfactants or biogenic
materials like chitin have IR peaks that could be confused with
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polymers if the reference libraries are incomplete. Therefore,
expanding spectral libraries (including spectra of common
impurities or biogenic materials) and analyst expertise are
important to minimize false positives.

Raman spectroscopy is complementary to FTIR. Instead of
absorption, Raman measures light scattering: a laser is shone
on the particle and the spectrum of scattered light (with shifts
in wavelength corresponding to molecular vibrations) is
recorded. Like FTIR, every polymer yields a characteristic
Raman spectrum that can be matched to a library for identifi-
cation. Raman microscopy focuses a laser to a very small spot
(on the order of 1 pm or less), giving it an edge in detecting
very tiny particles - even down to the micron or sub-micron
scale, which pushes into the nanoplastic range that FTIR
might miss. Raman is also a non-contact method, so it pre-
serves the sample and avoids potential mechanical damage.
This is useful if one wants to perform additional analyses on
the same particle after Raman, or simply to keep it as evi-
dence.”’ However, Raman spectroscopy also has its limitations.
One issue is that many real-world MPs contain pigments or
dyes and other additives. These additives sometimes dominate
the Raman signal or cause fluorescence that masks the Raman
peaks, making it hard to identify the base polymer. For
instance, a blue PE fragment might have a Raman spectrum
where the signal from the blue dye obscures the characteristic
peaks of PE.*> Additionally, Raman, like FTIR, relies on good
reference spectra and can be confounded if two materials have
similar spectral features. An example cited in the literature is
confusion between PE and certain long-chain fatty acid com-
pounds (like stearates) — a reminder that even Raman can
produce false positives if a non-plastic particle has a coinci-
dentally similar spectrum.*® Another practical drawback is
sample heating or degradation: the laser in Raman can be
intense, and if focused on a small dark-colored plastic, it
might locally heat or burn the particle, altering it or reducing
quality of data (this often can be mitigated by using lower
laser power or shorter exposure). Finally, the instrumentation
is high-end and requires specialized expertise to interpret
spectra, similar to FTIR in cost and skill.

In summary, FTIR and Raman spectroscopy are indispens-
able for confident identification of MPs, each with trade-offs.
FTIR is generally better for analyzing many or larger particles,
while Raman provides higher resolution for tiny ones and
serves as a useful complementary method. FTIR and Raman
spectroscopy provide chemical verification of MPs. This is
essential because visual identification alone can be misleading
or inaccurate. Despite the time and cost, these spectroscopic
methods greatly improve the rigor of MPs detection by provid-
ing polymer-specific information.

Thermal analytical techniques

While microscopy and spectroscopy focus on individual par-
ticles, thermal analysis methods take a different approach:
they analyze bulk samples by heating them and detecting
thermal decomposition products. These methods are particu-
larly useful for quantifying total MPs content in a sample (by
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mass) and identifying polymer types based on thermal behav-
ior or evolved gases. Key thermal techniques include
Thermogravimetric Analysis (TGA), Differential Scanning
Calorimetry (DSC), and Pyrolysis Gas Chromatography-Mass
Spectrometry (Py-GC-MS), often used in combination.

In TGA, the sample (e.g., a filtered residue suspected of con-
taining MPs) is heated at a controlled rate, and the weight loss
is recorded continuously. Different polymers decompose or
combust at characteristic temperature ranges, so a multi-step
weight loss curve can indicate which polymers were present.
For example, a distinct weight loss around 400 °C might
suggest the decomposition of PVC or PE, whereas a loss at
300 °C could indicate another polymer. DSC can similarly
detect thermal transitions like melting points. However, in
environmental samples with mixed polymers, overlapping
decomposition ranges can make it hard to deconvolute
signals. Studies have found TGA/DSC alone might clearly
identify some common plastics like PE and PP because their
thermal decomposition stands out,"* but could miss or
confuse others (polyamide, polyester, etc.) if their thermal
signals overlap or are masked.*> Purely thermal analysis
without additional techniques has limited resolution when
multiple polymer types are present.

Pyrolysis-GC/MS adds a powerful dimension to thermal
analysis. In this method, the sample is heated (pyrolyzed) to a
very high temperature (often ~600-700 °C) in an oxygen-free
environment, causing all polymers to break apart into smaller,
volatile compounds. These gaseous decomposition products
are then separated by gas chromatography and identified by
mass spectrometry. The resulting chromatogram (pyrogram) is
essentially a chemical fingerprint of the original material.
Different polymers yield different signature compounds when
pyrolyzed. For example, polystyrene (PS) yields characteristic
styrene fragments;*® PE yields a series of aliphatic hydro-
carbons,”” etc. By matching the pattern of pyrolysis products to
known standards, one can infer which polymers were in the
sample. Py-GC/MS is highly sensitive and only a very small
amount of sample (on the order of a few milligrams or even
less) is needed to detect polymers. It has been used to confirm
the presence of various plastics in environmental matrices—
such as sediments, biota, and wastewater—especially when
visual or spectroscopic methods are limited.*® However, a
notable drawback is the potential for polymer misidentifica-
tion due to overlapping pyrolysis products. For instance, poly-
ester and polyamide may produce similar decomposition com-
pounds that can complicate accurate polymer differentiation
unless compound-specific markers are well-characterized.*®
Moreover, the high operational cost and requirement for
advanced instrumentation and expertise limit the routine
applicability of Py-GC/MS in standard monitoring programs.
Most critically, thermal methods are inherently destructive;
they completely degrade the sample, thus precluding further
analysis of particle morphology, size distribution, or re-
usability for cross-validation. As such, while valuable for quan-
tifying total polymer content and confirming polymer classes
in complex mixtures, thermal techniques are best employed as
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complementary tools rather than standalone solutions in MPs
analysis pipelines. Py-GC/MS is effective in detecting polymers
missed by visual or FTIR methods, including weathered or very
small particles that still contribute to the chemical signature.
Py-GC/MS quantifies MPs by mass. For example, it can deter-
mine the microgram amount of PE in a sample rather than
just count particles. This is useful for risk assessment since
the mass might correlate with effects.

However, Py-GC/MS and other thermal methods are
destructive - the sample is entirely consumed by heating,
meaning one cannot retrieve the actual particles afterward. As
such, these methods do not provide information on the
number of particles or their sizes and shapes, just the total
quantity and types of polymers present. Another limitation is
that some polymers may not have unique pyrolysis markers
unless the Py-GC/MS method is -carefully optimized.
Researchers note that while PS and related plastics are readily
identified, other polymers might need specific marker com-
pounds to be identified with confidence.’®>" If those markers
are not known or if multiple polymers produce similar break-
down products, interpretation can be tricky. Additionally, tra-
ditional Py-GC/MS can only analyze a small sample size (a few
mg), which might not be fully representative of an environ-
mental sample. To overcome sample size limitations and to
marry the strengths of spectroscopy and thermal analysis,
hybrid techniques have been developed. One example is
TGA-FTIR-GC/MS, where the off-gases from a TGA are continu-
ously analyzed by FTIR and then captured for GC/MS ana-
lysis.”®> This setup allows real-time monitoring of decompo-
sition (qualitative and quantitative) and a detailed breakdown
of components, providing a very comprehensive analysis.
Another advanced method is TED-GC/MS (thermal extraction-
desorption GC/MS).>* In TED-GC/MS, a relatively large sample
can be heated in steps; the evolved gases from each step are
trapped, then released into a GC/MS. This allows much larger
sample masses to be analyzed. The advantage is improved
detection of low concentrations of MPs and capturing even
very small particles that collectively contribute to the mass.
Using such combined methods, researchers have been able to
identify multiple polymer types in one analysis and even quan-
tify total MPs content by polymer class (PE, PP, PS, PVC, etc.).
For instance, a study using TED-GC/MS showed it could detect
MPs down to 5 pm in size that might evade FTIR detection, by
analyzing the total outgassed products.>*

Comparison and emerging techniques

In MPs research, each detection technique has its own
strengths and limitations. Consequently, researchers often
select or combine multiple methods depending on the study’s
objectives and the characteristics of the sample. Microscopic
methods reveal particle shape and count. However, identifying
polymers can be subjective without chemical confirmation
methods. FTIR and Raman distinguish polymers via
vibrational fingerprints. Yet, analyzing many or very small par-
ticles requires time and specific preparation. Thermal analysis

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5an00358j

Published on 01 2025. Downloaded on 03.03.26 21:34:54.

Analyst

gives total polymer mass in a sample. But it destroys particles,
so size, shape, and count data are lost.

Because a single approach rarely captures all necessary
information about MPs, researchers typically integrate
methods. For instance, combining visual or microscopic
counting with spectroscopic analyses not only yields abun-
dance and size distribution data but also clarifies polymer
identities.”> Thermal techniques, in turn, can complement
these results by revealing total MPs mass and confirming
polymer classes in heterogeneous samples.”® This multi-
pronged strategy ensures a more holistic assessment of MPs
contamination. Beyond these established methods, new
technologies are emerging to overcome current bottlenecks.
Fluorescent dyes like Nile Red stain MPs for easier counting.
Machine learning tools can speed up and reduce bias in par-
ticle classification.”” Nonetheless, detecting nanoplastics
remains an ongoing challenge due to the limitations of spatial
resolution in most current analytical approaches. Potential
solutions include high-resolution techniques like AFM-IR
(atomic force microscopy-based infrared spectroscopy)®® or
biosensors® with strong binding selectivity to polymer sur-
faces. Although these novel strategies are promising, many are
still in the experimental stage and require further validation.
To facilitate an at-a-glance comparison of key methods dis-
cussed, Table 1 summarizes their fundamental principles,
typical detection ranges, primary advantages, and main draw-
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backs. Visual and microscopic methods show particle mor-
phology. Spectroscopy verifies composition but is slower.
Thermal analysis gives mass but not particle-level detail.
Therefore, combining multiple methods is often essential to
obtain reliable, comprehensive information on MPs contami-
nation. Advances like high-resolution imaging, better dyes,
and AI classification are improving MPs detection and quanti-
fication across environments. As these techniques continue to
evolve, so too will the accuracy and comparability of MPs data
gathered worldwide, ultimately informing stronger risk assess-
ments and policy decisions.

Recent global advances in analytical techniques for
microplastics detection

While conventional analytical methods (e.g., FTIR, Raman
spectroscopy, Py-GC/MS) have significantly contributed to our
understanding of MPs contamination, recent years have seen a
surge in technological innovations aimed at overcoming
current limitations—especially in detecting smaller particles,
improving throughput, and enhancing automation and
accuracy.

One promising avenue involves machine learning (ML) and
artificial intelligence (AI) integrated with microscopic imaging.
Image recognition software powered by convolutional neural
networks (CNNs) can now classify MPs by shape and size from
high-resolution images with improved speed and reduced sub-

Table 1 Comparison of common MPs detection techniques

Typical particle size

Method Principle range Major advantages Major limitations

Visual & Direct observation of particle Generally - Simple sample - Can be labor-intensive and

microscopic morphology (optical microscopy, >20-50 pm (SEM preparation subjective

approaches SEM-EDX); fluorescent dyes for can go smaller) - Enables direct - Difficult to confirm

improved contrast assessment of shape and  polymer type (requires
size complementary methods)

- Small or transparent
particles can be missed

Spectroscopic Identification of polymers by FTIR ~10 pm; - Confident polymer - Instruments can be

methods (FTIR, molecular vibrational “fingerprints” Raman ~1 pm (or identification expensive and require

Raman) (infrared absorption or Raman smaller) specialized expertise

Thermal analysis
(Py-GC/MS, TGA,
DSC)

Emerging & hybrid
methods

scattering)

Heating samples to decompose
polymers; measuring weight loss or
analyzing released pyrolysis products
(gas-phase)

Includes fluorescent staining,
automated image analysis, AFM-IR,
biosensors, etc.

This journal is © The Royal Society of Chemistry 2025

No strict lower size
limit (mass-based)

Method-dependent;
target down to
nano-scale

- Non-destructive,
preserves particles

- Raman excels at sub-
micrometer resolution
- Can handle complex
mixtures

- Provides total MPs mass
fraction

- Py-GC/MS is highly
sensitive, can detect
multiple polymer types

- Higher resolution or
automated processing

- Potential for nano-
plastic detection

- Faster, more objective
identification

- Analysis of large numbers
of particles can be time-
consuming

- Pigments and fluorescence
may obscure signals

- Destructive technique;
cannot retrieve particle
shape/size/number

- Overlapping signals may
complicate interpretation

- Often requires extensive
calibration and high
operational costs

- Many are still in
development, requiring
validation

- May involve expensive
equipment and specialized
protocols

- Accuracy and
reproducibility need further
demonstration
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jectivity, particularly in large environmental datasets.’® For
instance, ML algorithms have been successfully trained to dis-
tinguish MPs from organic debris in complex matrices using
texture and spectral features.®!

Another significant development is thermal extraction-de-
sorption gas chromatography-mass spectrometry (TED-GC/
MS), which allows for the analysis of larger environmental
samples with minimal preparation. Unlike traditional Py-GC/
MS, TED-GC/MS offers semi-quantitative analysis of polymer-
specific signals without fully degrading the sample matrix.®>
Its high sensitivity and compatibility with multi-component
detection make it ideal for low-concentration MPs in sedi-
ments and biota.

The emergence of bioresponsive sensors and aptamer-
based platforms represents another frontier. These biosensors
exploit molecular recognition properties to selectively bind
polymer surfaces, allowing for rapid, label-free detection even
in complex biological tissues.®*®* SERS combined with nano-
structured substrates is also being explored to detect nanoplas-
tics down to ~100 nm, a scale beyond the resolution of conven-
tional FTIR or Raman spectroscopy.®’

Additionally, single-particle tracking techniques, such as
nanoparticle tracking analysis (NTA) and flow cytometry
adapted for MPs, are gaining attention.®® These techniques
enable real-time quantification and size distribution of small
MPs and nanoplastics in aqueous suspensions, albeit with
challenges in differentiating plastic from non-plastic particles
without fluorescence tagging.

Despite these advances, several analytical gaps remain.
First, no single method currently offers simultaneous high-
throughput analysis, polymer identification, and nanoscale
resolution. Second, matrix effects (e.g,, biogenic debris,
organic matter) continue to hamper accuracy. Third, interla-
boratory reproducibility is limited by the absence of validated
reference materials and standardized protocols. Lastly, field-
deployable, low-cost devices for real-time monitoring remain
underdeveloped. Ongoing collaborative efforts—such as the
European Commission’s JRC harmonization initiatives and
ISO standardization projects—are vital to address these gaps.
The integration of complementary approaches and the adop-
tion of novel tools from materials science, nanotechnology,
and bioengineering will play a central role in advancing MPs
analytics globally.

Case studies of MPs contamination in
marine life

MPs pollution is a pervasive global issue that presents signifi-
cant challenges to marine ecosystems and human health.
Although MPs are ubiquitous in the world’s oceans, their dis-
tribution, composition, and potential impacts vary widely
among regions due to differences in plastic consumption pat-
terns, waste management practices, and environmental pol-
icies. A series of recent case studies from diverse geographic
locations illustrate these variances and shed light on the com-
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plexities of MPs contamination in marine life (Table 2). These
studies not only document the presence of MPs in a range of
marine organisms—from bivalve mollusks and fish to crus-
taceans and seaweed—but also provide insights into the
sources, types, and potential risks associated with this
pollution.

A number of investigations have focused on bivalve mol-
lusks, which are especially vulnerable to MPs contamination
due to their filter-feeding habits. In the Itapessoca estuary of
Goiana, Pernambuco in Northeast Brazil, researchers exam-
ined the clam species Anomalocardia flexuosa during three
different sampling periods (October 2019, December 2019,
and February 2020). Their analysis revealed that 90% of the
individuals examined were contaminated with MPs, averaging
5.15 + 3.80 particles per individual and 3.66 + 2.59 particles
per gram of soft tissue. With fragments accounting for 54% of
the detected particles and fibers 43%, the study not only
marked the first record of MPs contamination in this clam
species in South America but also demonstrated the suitability
of A. flexuosa as a biomonitor for local MPs pollution.?® The
contamination in these clams is likely linked to local econ-
omic activities such as artisanal fishing, aquaculture, and
tourism, which contribute various plastic wastes to the
environment. Further studies on bivalves have been conducted
in the coastal waters of Qingdao, China, where four species—
scallops, mussels, oysters, and clams—were sampled across
different seasons in 2018. The analysis employed both stereo-
microscopy and ATR-p-FTIR to identify and quantify the MPs.
In this study, fibers were the most common type (45%), fol-
lowed by films (28%), fragments (23%), and granules (4%).
The particle size distribution indicated that over half of the
MPs were smaller than 1000 pm, with contamination levels
ranging between 0.5 and 3.3 items per individual. Notably,
clams (Ruditapes philippinarum) exhibited significantly higher
levels of contamination compared to other species, a result
attributed to habitat differences that influence MPs ingestion.
The study further suggested that local aquaculture equipment
and urban wastewater discharges were likely sources of the
plastics detected.®” In the Mediterranean region, the Apulia
region of Italy provided another compelling example of MPs
contamination in bivalve mollusks. Sampling in fish markets
around Bari and its neighboring towns between January and
May 2022 focused on mussels (Mytilus galloprovincialis) and
oysters (Crassostrea gigas). In mussels, fragments comprised
approximately 60.96% of the particles while fibers accounted
for 37.01%, with a predominance of polyamide (PA) and nylon
6/6 polymers. Oysters displayed a different profile, with a sub-
stantial presence of films (30.74%) alongside fragments and
fibers. Although contamination varied by geographic origin,
the overall size of MPs was most commonly between 5 and
500 um, and the data suggested that factors related to the site
of harvest were more influential than the species themselves.
The diversity of potential sources in this region included aqua-
culture equipment and various land-based anthropogenic
activities, underscoring the complex interplay between human
activities and marine pollution.®® Another extensive study from
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Daya Bay in Southern China evaluated several bivalve species,
including scallops, mussels, oysters, and clams, across two
seasons (summer and winter 2019). This investigation revealed
that fibers were predominant (86.5% in bivalves) and that
more than 80% of the MPs were smaller than 500 pm. The
overall occurrence of MPs ranged from 86.7% to 93.3% among
different species, with an abundance between 3.5 and 8.6
items per individual. Notably, sediment-dwelling bivalves
exhibited higher levels of MPs contamination than their water-
dwelling counterparts. The study also found that the polymer
hazard index (PHI) for most species fell within moderate risk
levels (II-III), suggesting that the MPs features in these organ-
isms closely mirrored those in their surrounding environment.
The authors attributed the contamination primarily to munici-
pal waste, sewage discharge, industrial effluents, and local
aquaculture practices.®® Similarly, research conducted in
coastal areas of Thailand along the Gulf of Thailand from
August 2020 to March 2021 examined green mussels, oysters,
cockles, and clams. This study reported an average detection
rate of approximately 74.83% for MPs, with fibers overwhel-
mingly dominant at 95.72% of the total count. The majority of
particles were within the 100-500 pm range, and benthic
species such as cockles and clams were found to have higher
MPs levels compared to pelagic species. Textile industries,
wastewater discharges, and aquaculture gear contribute to
MPs. These raise concerns about food safety even at moderate
exposure levels.”’

Fish, as an integral part of the marine food web and an
important human dietary resource, have also been extensively
studied for MPs contamination. In the Bay of Bengal near
Kuakata, Bangladesh, a study encompassing 10 commercial
marine fish species—including demersal, benthopelagic, and
pelagic species—demonstrated that all species contained MPs,
with an overall average of 2.2 + 0.89 items per individual. The
study highlighted that demersal fish exhibited higher MPs
abundance compared to their pelagic counterparts. Fibers,
films, and fragments were detected in various proportions,
with smaller particles (<500 pm) dominating the samples.
These findings pointed to domestic laundry discharges,
fishing gear fragmentation, and improper waste management
as likely sources of the MPs observed.”’ In Southern New
Zealand, a comprehensive study evaluated 10 commercial fish
species collected over multiple seasons from coastal waters.
Using a combination of stereomicroscopy and Raman spec-
troscopy, the study found that 75% of the sampled fish con-
tained MPs, with an average of 2.5 particles per individual and
a total of 391 MPs pieces recovered. The particles were predo-
minantly fibers, with most being smaller than 3 mm. While no
significant differences in MPs ingestion were observed
between benthic and pelagic fish, the high overall contami-
nation rate suggested that local sources, such as sewage
outflow and fishing gear degradation, were significant contri-
butors to the MPs burden in these waters.>® The situation in
Malaysia further underscores the potential human exposure to
MPs through fish consumption. In a study conducted along
several coastal locations, 158 fish representing 16 species were
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analyzed using an array of advanced spectroscopic techniques.
The results revealed that 86% of the fish contained MPs in
their gastrointestinal tracts and 92% in their gills. The average
number of MPs items per individual varied among sampling
sites, with urban areas showing higher levels of contami-
nation. The detected MPs, which ranged from 0.063 to
5.0 mm, were predominantly fibers and were frequently associ-
ated with heavy metals such as chromium and iron. This
finding highlighted the potential for chemical co-contami-
nants to interact with MPs, thus exacerbating the risks posed
to human health through seafood consumption.>* A further
study from Haizhou Bay, China, investigated three categories
of fish—pelagic, demersal, and benthic—by examining 146
individuals using stereomicroscopy coupled with FTIR ana-
lysis. The study observed that while fibers were dominant in
all fish types, demersal and benthic species contained slightly
higher levels of MPs compared to pelagic species. With a
reported trophic transfer factor (TMF) of 1.46, the study under-
scored that MPs transfer through the food web is a real and
measurable phenomenon. Moreover, body length and weight
were found to have significant correlations with MPs ingestion,
and a strong association was noted between MPs in pelagic
fish and those present in surface water, further linking marine
contamination to local anthropogenic inputs such as domestic
wastewater discharge and packaging materials.”” In the Black
Sea region, a study conducted along the Southern coast of the
Giresun province in Tiirkiye evaluated four fish species,
including both pelagic and benthic types. The findings indi-
cated that all examined species contained MPs, with fibers
being the most prevalent. Although the average MPs load per
fish was relatively low (approximately 1.7 items per individual),
the study raised concerns about the potential for human
exposure, particularly since many of the particles were found
to be of sizes that might not be completely removed by typical
cleaning practices.”?

Crustaceans have not been overlooked in recent research. In
a broad survey covering five Australian states and territories,
510 specimens of decapod crustaceans—including three
prawn species and two crab species—were analyzed for MPs
contamination. The study revealed that nearly 99% of the MPs
found were fibers, with contamination frequencies varying by
species; for instance, mud crabs exhibited the highest occur-
rence rate of MPs ingestion. The research attributed the plastic
contamination largely to land-based sources, such as synthetic
clothing fibers from domestic washing, as well as the degra-
dation of fishing gear and the influence of ocean currents in
transporting plastic waste.”* A complementary study from
Ireland focused on the commercially valuable Nephrops norve-
gicus (Dublin Bay prawn or Norway lobster) across five prawn
grounds. With an average of 1.75 items per individual and a
positive correlation between MPs ingestion and carapace
length, the study underscored that even after standard clean-
ing procedures such as deveining, consumers could be
exposed to MPs originating from both local fishing gear and
broader environmental sources.”” In the southern coast of the
Caspian Sea in Iran, a more recent investigation examined

This journal is © The Royal Society of Chemistry 2025
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both gammarids and shrimp. Although these organisms
exhibited relatively low levels of contamination, the study
noted that the MPs characteristics—predominantly fibers with
a range of sizes—were reflective of inputs from fishing gear
and domestic sewage. Interestingly, the researchers concluded
that these species might not serve well as biomonitors for MPs
pollution due to the lack of a consistent correlation between
organism wet weight and MPs abundance.”®

Beyond animal species, studies have also focused on sea-
weeds, which play a dual role as both food and potential bioin-
dicators of marine pollution. Research across East Asia,
encompassing China, South Korea, Japan, and North Korea,
analyzed brown seaweed (Saccharina japonica) and red seaweed
(Pyropia yezoensis) for MPs contamination. The results showed
an overwhelming predominance of fibers, with cellophane,
polyethylene terephthalate (PET), and PE being the most
common polymers detected. The study estimated that seaweed
contributed up to 45.5% of the dietary MPs intake in the region,
with some estimates suggesting that Chinese individuals might
ingest as many as 17 034 MPs particles per year through seaweed
consumption. These findings have serious implications for food
safety, as conventional washing methods appear to remove less
than 38% of the MPs present on the algae.”” In another innova-
tive study from the Mar Piccolo of Taranto in Southern Italy,
researchers examined the cultivation of the green seaweed
Chaetomorpha linum within an integrated multi-trophic aquacul-
ture (IMTA) system. The study found that the seaweed not only
accumulated significant quantities of MPs—primarily fibers—
but also demonstrated the potential to act as a bioremediator,
with the possibility of removing trapped MPs through washing
with a sodium chloride solution. This dual role underscores the
potential for certain seaweeds to contribute to both food pro-
duction and environmental cleanup efforts, although the pres-
ence of MPs in the harvested biomass still poses concerns for
human exposure and product safety.”®

Collectively, these case studies from disparate geographic
regions offer a comprehensive view of the current status of
MPs contamination in marine life. The studies highlight how
variations in local industrial practices, urbanization, and even
seasonal factors can influence the degree and types of MPs
present in marine organisms. In bivalve mollusks, the con-
tamination levels appear to be influenced largely by local
environmental conditions and aquaculture practices, whereas
in fish and crustaceans, feeding behavior, habitat, and trophic
dynamics play crucial roles in determining MPs ingestion
rates. Moreover, the detection of MPs in seaweeds extends the
concern to primary producers and dietary staples in certain
regions, further complicating the risk assessment for human
consumers. The cumulative evidence underscores the need for
enhanced monitoring and improved waste management strat-
egies that address the diverse and complex sources of MPs. As
research continues to evolve, it remains imperative that future
studies focus on the long-term ecological and human health
implications of chronic MPs exposure, while also exploring
innovative remediation strategies to mitigate this pervasive
pollutant.
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Conclusion and perspectives

MPs pollution has firmly been established as a contaminant of
concern in marine ecosystems worldwide. Our review high-
lights that MPs are present in all marine habitats and have
been found in a vast array of organisms, from plankton and
corals to fish and marine mammals. There is clear evidence
that MPs negatively affect marine life — over 90% of studied
species show some form of impact ranging from mild physio-
logical stress to severe injury or death under high exposure
scenarios. MPs also permeate the seafood we consume, intro-
ducing a direct pathway for human exposure. We have
reviewed how different detection methods reveal complemen-
tary aspects of the problem: visual and spectroscopic tech-
niques show the number and types of MPs organisms are
ingesting, while bulk chemical analyses confirm that a broad
spectrum of polymers have entered marine food webs.

Despite the advances in understanding, important gaps
remain. One is the human health impact. While it is intuitive
that consuming plastics is undesirable, we lack conclusive
data on how chronic dietary MPs exposure affects human
health. Toxicological studies are needed to determine if MPs
could cause subtle long-term effects such as gut microbiome
changes, inflammation, or uptake of harmful substances in
people. Epidemiological research could also investigate corre-
lations between high seafood consumption and any health
markers related to MPs. Another gap is in the very small par-
ticle range: nanoplastics. Current analytical methods struggle
to detect nanoparticles, yet these could be even more bioavail-
able and toxic at the cellular level than larger MPs. Developing
reliable methods to measure nanoplastics in environmental
and biological samples is a frontier challenge.

As MPs become increasingly prevalent in marine organisms
and seafood, concerns about their implications for human
health have intensified. Humans are exposed to MPs through
multiple pathways, most notably by consuming contaminated
seafood, seaweed, and table salt, and through the ingestion of
particles present in drinking water. Inhalation of airborne MPs
and, to a lesser extent, dermal contact through personal care
products or marine recreation may also contribute to exposure.
While direct causal links between MPs ingestion and specific
human health outcomes remain unconfirmed, recent studies
suggest that MPs can cross biological barriers, accumulate in
tissues, and potentially induce oxidative stress, inflammation,
and disruption of the gut microbiome. The discovery of plastic
particles in human blood and lung tissues underscores the
urgency of further toxicological and epidemiological investi-
gations into their health effects. Despite growing evidence of
widespread human exposure, regulatory frameworks remain
limited and fragmented. The European Food Safety Authority
(EFSA) has acknowledged the presence of MPs in food but con-
cluded that existing data are insufficient to establish a health-
based guidance Similarly, the World Health
Organization (WHO) has urged further research before setting
regulatory thresholds, emphasizing that current knowledge
does not allow a definitive risk assessment. At present, no
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binding legal limits for MPs in food, beverages, or environ-
mental media exist under national or international law, which
hampers coordinated risk management efforts.

To bridge this gap between emerging science and regulatory
action, we propose a conceptual framework to guide the devel-
opment of standardized protocols and threshold-based risk
assessments. The framework begins with the harmonization of
sampling, isolation, and analysis techniques to ensure data
comparability across studies and regions. It recommends the
adoption of unified reporting metrics, such as particle concen-
tration per gram or milliliter and polymer-specific mass con-
centrations, to improve exposure characterization. It calls for
long-term toxicological studies to establish realistic dose-
response relationships under environmentally relevant con-
ditions. These data can, in turn, inform the development of
provisional tolerable daily intake (PTDI) levels for key polymer
types. Finally, this evidence base should be integrated into
policy instruments through collaborative international efforts,
including standard-setting bodies like the ISO, regional
marine conventions, and emerging agreements such as the
United Nations global treaty on plastic pollution. Advancing
along this trajectory will ensure that MPs research is aligned
with regulatory objectives, thereby enabling effective protection
of public health and the marine environment.

There is also a need for standardization in MPs research
methods. Different studies use different sampling nets, digestion
procedures, and identification criteria, which can lead to highly
variable results. Efforts are underway to create standard protocols
(e.g., through organizations like ISO and regional sea conven-
tions) so that data from different regions are more comparable.
Standard reference materials (like synthetic sediment or biota
spiked with known MPs) could help laboratories validate their
methods. Moreover, long-term monitoring programs are still in
their infancy for MPs. For MPs already in the ocean, mitigation is
tricky, but some local efforts are possible. Cleaning beaches and
coastal areas can at least remove plastic before it breaks down
into MPs. There are also experimental efforts to collect MPs from
surface waters using special skimmers or filtration boats, though
scaling that up is daunting given the vast ocean area.

To effectively control future inputs of MPs into marine ecosys-
tems, a multipronged strategy is essential. First, source reduction
through bans or restrictions on single-use plastics, especially
those most commonly found in marine environments (e.g., poly-
ethylene bags, polystyrene foam containers), should be priori-
tized. Second, improved waste management infrastructure,
including recycling programs and advanced filtration in waste-
water treatment plants (e.g., membrane bioreactors), can signifi-
cantly reduce plastic leakage into aquatic systems. Third, indus-
trial regulations must be enforced to limit the release of micro-
beads and microfibers from manufacturing and textile sectors,
potentially through technologies such as microfiber filters in
washing machines or the adoption of biodegradable materials.
Fourth, public education and behavioral change campaigns are
necessary to raise awareness about plastic pollution and promote
sustainable consumption practices. Finally, international
cooperation and policy harmonization are vital, as marine plastic

This journal is © The Royal Society of Chemistry 2025
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pollution is a transboundary issue. Global agreements, such as
the UN Plastics Treaty currently under negotiation, could play a
crucial role in setting binding targets and standardizing report-
ing and monitoring protocols. Collectively, these interventions
can help reduce the influx of MPs into marine systems and miti-
gate their long-term ecological and human health impacts.
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