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ABSTRACT

Micro- and nanoplastics (MNPs) have emerged as a critical group of contaminants in food systems, particularly
due to their release from food contact materials (FCMs). In 2025, the European Food Safety Authority (EFSA)
published an extensive literature review analysing the mechanisms, extent, and implications of MNP release
from common packaging polymers. Polymers such as polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET), polystyrene (PS), and polylactic acid (PLA) can emit micro- and nanosized particles during
production, handling, heating, or storage. Physicochemical degradation processes, including thermo-oxidation,
photo-oxidation, hydrolysis, and mechanical abrasion, mainly drive the release. Analytical studies have
identified significant variability in particle detection using methods such as Fourier-transform infrared (FTIR)
and Raman microspectroscopy, pyrolysis—gas chromatography/mass spectrometry (Py-GC/MS), and laser
direct infrared (LDIR) imaging. Reported concentrations typically range from 10% to 10° particles per litre,
depending on polymer type, exposure time, and temperature. Despite technological progress, a lack of
harmonised protocols, certified reference materials, and unified reporting metrics continues to limit
comparability among studies. Although the toxicological significance of MNP exposure from packaging is not
yet fully understood, cumulative intake through packaging, environmental, and dietary sources remains an
emerging concern. EFSA emphasised the urgent need for method harmonisation, development of reference
materials, and comprehensive risk assessment integrating analytical, exposure, and toxicological data.

Keywords: microplastics, nanoplastics, food contact materials, migration, packaging, analytical methods,
EFSA, risk assessment

INTRODUCTION

Micro- and nanoplastics (MNPs) are increasingly recognised as emerging contaminants in food and
the wider environment, posing potential risks to both human and ecosystem health. These particles
originate not only from environmental pollution but also directly from food contact materials (FCMs)
used during the production, processing, packaging, and storage of food [1]. The European Food Safety
Authority (EFSA) has identified the release of MNPs from packaging as a key route of dietary exposure,
highlighting the urgent need to evaluate the extent of contamination and its implications for consumer
safety [2].

Plastic materials, particularly polyethylene (PE), polypropylene (PP), polyethylene terephthalate
(PET), polystyrene (PS), and polylactic acid (PLA), are widely used due to their stability, low cost, and
versatility [3]. However, under certain physical and chemical conditions, these polymers can degrade or
fragment, generating microscopic and nanometric particles that may migrate into food [4]. The
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degradation is influenced by factors such as temperature, ultraviolet (UV) radiation, oxidation, solvent
exposure, and mechanical stress [S]. EFSA’s 2025 review summarised more than 130 peer-reviewed
publications addressing this phenomenon, reporting that most studies detected measurable microplastic
concentrations in food simulants, beverages, or actual food samples following contact with plastic
materials [6].

The release mechanisms of MNPs are closely linked to the intrinsic properties of the polymer and
external stressors. Polyolefins (PE and PP) are susceptible to thermo-mechanical cracking, while PET is
prone to hydrolytic cleavage at elevated temperatures or in acidic environments [7]. In contrast, PS
undergoes photo-oxidative degradation, producing oxidised surface layers that easily fragment under
stress [8]. Even biodegradable plastics such as PLA can emit small fragments during thermal or
enzymatic degradation, demonstrating that biodegradability does not preclude particle release [9].
Analytical advances over the past decade have enabled more precise identification of MNPs [10].
Techniques such as Fourier-transform infrared spectroscopy (FTIR), Raman microspectroscopy, and
pyrolysis—gas chromatography—mass spectrometry (Py-GC/MS) are now widely applied for polymer
identification [11]. Newer imaging-based technologies, such as laser direct infrared (LDIR) chemical
imaging and focal-plane-array FTIR mapping, allow rapid scanning and automatic classification of
thousands of particles per sample [12]. Nevertheless, inter-laboratory comparability remains limited due
to the lack of validated protocols and certified reference materials [13], leading to inconsistencies in
reported particle counts, size ranges, and polymer types [14].

EFSA (2025) concluded that the available data, although extensive, are heterogeneous and frequently
difficult to compare due to varying analytical procedures and reporting units. Concentrations of MNPs
detected in food simulants and beverages range from 10? to 10° particles per litre, depending strongly on
polymer type, contact duration, and temperature [15]. The report emphasised the need for harmonisation
of analytical procedures, improved quality assurance, and method validation to ensure reliable exposure
assessment [16].

From a toxicological perspective, current evidence is insufficient to establish safe exposure levels for
humans [17]. Experimental studies suggest that MNPs can cause oxidative stress, inflammation, or
cellular damage in vitro, yet the relevance of these findings to realistic dietary exposures remains
uncertain [18]. Consequently, EFSA and other European agencies have called for comprehensive risk
assessment frameworks that integrate analytical data, exposure modelling, and toxicological evaluation
[19].

The objective of this review is to synthesise the main findings of the EFSA Supporting Publications
(2025) report, expanding on the mechanisms of MNP release from food-contact polymers, the analytical
approaches used for their detection, and their implications for food safety risk assessment.

Beyond summarising existing findings, this paper highlights how data integration across analytical,
toxicological, and regulatory domains can support a unified European approach to MNP evaluation. The
harmonised framework proposed by EFSA combines four complementary pillars: (i) standardised
analytical characterisation, encompassing validated extraction, imaging, and polymer identification
methods; (ii) exposure quantification, which includes dietary intake modelling and the use of realistic
food simulants; (ii1) toxicological and mechanistic evidence, addressing cellular uptake, oxidative and
inflammatory pathways, and dose-response relationships; and (iv) risk management and stakeholder
engagement, designed to translate scientific findings into effective regulatory and industrial practices.
Such an integrated system allows for the identification of critical control points in the food value chain—
ranging from packaging material selection and processing temperatures to storage conditions and
consumer handling—that directly influence MNP release and migration. Harmonisation will also
enhance comparability across laboratories, facilitating meta-analyses and the establishment of reference
exposure ranges.

A key challenge remains the absence of certified reference materials (CRMs), which currently limits
both analytical validation and inter-laboratory reproducibility. The development of polymer-specific
CRMs (e.g., PE, PET, PS) of defined size and morphology is therefore a prerequisite for ensuring
traceability and quantification accuracy.
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Furthermore, translating in vitro findings into human-relevant risk assessment requires bridging
experimental data with realistic dietary exposure levels. While EFSA’s 2025 framework encourages the
use of physiologically based kinetic models, these tools depend on reliable migration and exposure data
that remain scarce.

From a regulatory perspective, aligning research outputs with international standardisation
initiatives—such as ISO 24187:2023 on MNP terminology and ISO 20296-1:2018 on sample
preparation—will accelerate the establishment of consistent monitoring and reporting practices across
EU Member States. Collaboration between analytical chemists, toxicologists, and food technologists is
thus essential to close methodological gaps and to ensure that risk assessment reflects both polymer-
specific behaviour and the complexity of food matrices.

This article contributes to that goal by contextualising EFSA’s recommendations within the broader
landscape of food-contact polymer degradation, highlighting methodological strengths, critical gaps, and
practical implications for laboratory testing and regulatory decision-making.

Ultimately, the review aims to provide a scientifically grounded basis for future harmonisation of
analytical protocols, validation studies, and risk-based regulatory frameworks addressing MNP
contamination in food systems. Figure 1 summarises the conceptual framework for MNP risk assessment
adopted by EFSA (2025), illustrating how analytical detection, exposure estimation, hazard
characterisation, and risk management are interlinked within a holistic assessment paradigm [19].
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Figure 1 Conceptual framework of micro- and nanoplastic (MNP) risk assessment [19].

Note: A schematic representation of a holistic human health risk assessment approach for micro- and
nanoplastics, integrating four complementary paradigms:

(1) analytical techniques and exposure quantification,

(2) empirical toxicological evidence,

(3) theoretical and probabilistic modelling approaches, and

(4) stakeholder engagement.
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The framework links analytical detection and exposure data with hazard identification,
characterization, and risk management strategies, in accordance with EFSA’s multi-tiered paradigm for
MNP risk evaluation (2025).

Methodology

A structured methodological framework was established to evaluate the current knowledge on micro-
and nanoplastic (MNP) release from food contact materials (FCMs). The approach was designed to
ensure transparency, reproducibility, and consistency with the systematic review principles commonly
applied in European risk assessment practices [20].

Literature Search and Study Selection

Peer-reviewed publications addressing the occurrence, mechanisms, and quantification of MNPs
released from FCMs were collected from central databases, including Web of Science, Scopus, and
PubMed. The search strategy employed combinations of keywords such as “microplastics,”
“nanoplastics,” “migration,” “release,” “food contact materials,” and “packaging.” The review covered
studies published between 2018 and 2024, representing the most active period of scientific progress in
this field [21].

Studies were included if they:
1. Investigated polymer degradation or particle release under conditions relevant to food contact
applications;
2. Reported analytical confirmation of polymer identity; and
3. Provided quantitative or semi-quantitative data on particle concentration, size, or morphology.
Exclusion criteria involved research lacking analytical validation or focusing solely on environmental
pollution. Following screening, approximately 130 studies were identified as suitable for further
evaluation [22].

29 ¢¢

Data Extraction and Standardisation

Each selected study was systematically analysed to extract key information, including polymer type,
exposure conditions, analytical method, and particle concentration. To allow comparability across
datasets, reported values were converted to standardised units—typically particles per litre of food
simulant or per gram of food sample [23].

Where necessary, concentration values were normalised by polymer density, contact surface area,
and exposure time.

This harmonisation enabled the identification of general trends across studies, such as the influence
of polymer chemistry, processing temperature, and pH on MNP release. Studies were also grouped by
main analytical approach (Table 1), facilitating comparisons of detection capabilities and analytical
reliability.

Table 1 Classification of analytical methods for micro- and nanoplastic quantification.

Analytical Detection Polymer
cate )(I)r Typical techniques range (um) identification Automation level
sory gefn capability
Optical microscopy, o
Optical/Imaging Fluorescence microscopy, >10 Limited to Semi-automated
. . moderate
LDIR imaging
p-FTIR, Raman
Spectroscopic microspectroscopy, QCL- 1-500 High Fully automated
. . possible
IR imaging
Thermo-
. Py-GC/MS, TED-GC/MS Mass-based  Excellent Fully automated
analytical
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Spectroscopic and thermo-analytical methods were identified as the most robust tools for polymer
identification, while optical techniques remain essential for particle counting and morphology
assessment [24]. The analytical sequence used for MNP identification and quantification is summarised
in Figure 2.

Plastic pollution Plastic biodegradation

000 ©

Methods used to detect microplastics in the environment and/or it’s degradation

Microscopic Spectroscopic Chemical and
methods methods analytical
methods
NTA
TEM . ‘ Contact
‘ - J angle
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\? — ——
ﬁ microscopy : s -
]
> A GC-Ms 1=
s \ DLS N -4 DCS = -
Optical ! - = -
microscopy — 2 XPS HPLC/ UPLC Weight loss
1 Raman TGA
AFM ; . .
gl J XRD SpECiTOsDORY Clear zone

SEM
Figure 2 Analytical workflow for micro- and nanoplastic identification [44].

Quality Assurance and Contamination Control

To minimise analytical artefacts, attention was given to contamination control and quality assurance
(QA). Reliable studies typically implemented sample handling under HEPA-filtered laminar flow
conditions, used non-plastic laboratory equipment, and incorporated procedural blanks and recovery
experiments to verify data reliability [25]. However, a notable proportion of the literature did not fully
document QA procedures. This gap underscores the need to develop certified reference materials and
standardised QA/QC frameworks for micro- and nanoplastic analysis [26]. Implementing such materials
would enable laboratories to evaluate method recovery rates, instrument sensitivity, and background
contamination levels more consistently.

Data Quality and Uncertainty Assessment

The overall reliability of available studies remains constrained by methodological diversity.
Variations in digestion protocols, filtration pore size, and optical resolution contribute to uncertainty in
particle quantification [27]. Additional uncertainty arises from incomplete recovery of the most minor
fractions (<1 pm) and inconsistent calibration of spectroscopic methods [28]. To address these
challenges, recent European initiatives have proposed creating shared spectral databases, validating
detection limits, and implementing inter-laboratory comparison schemes to ensure reproducibility [29].
These steps represent essential progress toward harmonised analytical standards and traceable
measurement uncertainty.

Volume 19 600 2025




@ Scifood Scifood

Methodological Limitations and Future Needs

Despite advances in analytical technology, no single method currently covers the entire size spectrum
of interest — from nanoplastics below 1 pum to larger microplastic fragments exceeding 5 mm [30].
While p-FTIR and Raman spectroscopy remain dominant for particle-scale identification, mass-based
quantification using Py-GC/MS or TED-GC/MS is increasingly required to complement particle counts
[31].

Future efforts should focus on multi-method integration, particularly combining optical imaging for
morphological characterisation with thermo-analytical quantification for mass-based estimation [32].
Developing robust calibration standards and inter-laboratory validation protocols is essential to support
regulatory applications and risk assessment [33].

Results and Discussion
General Trends and Polymer-Specific Behaviour

Recent research consistently demonstrates that the release of micro- and nanoplastics (MNPs) from
food contact materials (FCMs) depends on the polymer type, production quality, and environmental
stressors applied during use and storage [34]. Among the most frequently studied materials are
polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), polystyrene (PS), and
polylactic acid (PLA), which represent the dominant classes of polymers used in packaging and
consumer containers [35]. Each of these materials exhibits distinct degradation pathways resulting in
particle detachment at the micro- or nanoscale.

Polyolefins such as PE and PP are mechanically robust but undergo chain scission when exposed to
repetitive mechanical stress, ultraviolet (UV) radiation, or high temperatures [36]. PET, being a semi-
crystalline polyester, degrades mainly through hydrolytic cleavage of ester bonds, especially under moist
or acidic conditions [37]. PS demonstrates high sensitivity to photo-oxidation, leading to surface
embrittlement and formation of oxidised layers that subsequently fragment under shear stress [38]. Even
biodegradable polymers such as PLA are not exempt from this behaviour, as their ester linkages are
prone to hydrolysis and depolymerisation during heating and storage [39].

Across the analysed studies, release rates typically ranged from 10* to 10° particles per litre of food
simulant, with the highest values observed with prolonged contact times, elevated temperatures, and
acidic or alcoholic environments [40]. Such variability confirms that both the chemical structure and the
physical conditions exert a major influence on MNP generation from packaging. The principal
degradation pathways leading to polymer fragmentation and migration are illustrated in Figure 3.
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: 8 A additional plastics
.,‘;;.‘ \ & 4«“ SA ’-‘_ (packaging, processing)
—» & /v p - . R,
G N T e \ -
==\ ® ) e 5hd o
| T N e o SR h. A
i, g % o%. ¢ 3 < T ege
F- 9 o ‘ ’ o G . A 2 dysfunction& ® ¢
. microplastic : P
s . [ - S A - > damage
industry & ./ éf'm "~ s‘ o ingestion

plastic Y ~
items dietary pattern

plastic packaging ¢ Mediterranean diet
decomposition o Western diet

o Lacto-ovo-vegetarian

Figure 3 Mechanisms of micro- and nanoplastic release from food contact materials [34]
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Mechanisms of Degradation and Fragmentation

The detachment of MNPs from polymeric matrices can be attributed to a combination of
physicochemical degradation mechanisms, including thermo-oxidation, hydrolysis, mechanical
abrasion, and photolytic degradation [41]. Each mechanism contributes differently depending on the
polymer type and application.

Thermal degradation accelerates polymer chain scission and oxidation, particularly above the glass
transition temperature. In PP and PE, heating above 90 °C leads to oxidative cleavage of C—C bonds,
forming radicals that promote chain shortening. Repeated heating—cooling cycles, such as those
encountered during microwaving or hot-filling, significantly increase the formation of secondary cracks
on the polymer surface [42].

Photochemical degradation primarily occurs via UV-induced oxidation, forming carbonyl and
hydroxyl functional groups that weaken the polymer backbone. Studies simulating sunlight exposure
reported up to a tenfold increase in microplastic release from PET bottles after 30 days of irradiation.
The resulting oxidised layers exhibit greater brittleness and increased susceptibility to fragmentation
during mechanical stress.

Mechanical abrasion plays a critical role in the degradation of reusable containers and utensils.
Simulated dishwashing, stirring, or repeated bending of polymer surfaces causes cumulative microcrack
formation and surface erosion. For example, abrasion tests on PP lunch boxes revealed a progressive
increase in released particles from approximately 10° L™ after the first cycle to more than 10° L' after
50 cycles [43]. This pattern reflects the progressive weakening of polymer chains combined with surface
oxidation and additive leaching.

Quantitative Observations of Particle Release

Quantitative data on MNP release exhibit substantial variability across polymer types and

experimental conditions. Most investigations report concentrations within 10°-~10° particles L™, with
PET and PP often exhibiting the highest levels [44]. Temperature and contact time are critical
parameters: increasing exposure from ambient to 90 °C typically raises particle counts by one to two
orders of magnitude.
For PET bottles used in hot-filled beverages, particle counts averaged 5 x 10* L after a single heating
cycle, while repetitive reuse or UV exposure further elevated emissions [45]. Similarly, PS containers
exposed to boiling liquids released up to 10* L' due to polymer softening near the glass transition
temperature. Fatty or alcoholic food simulants tend to increase migration rates compared with aqueous
media, likely due to enhanced polymer swelling and solubilisation of additives.

Although the majority of detected fragments fall within the 1-100 pm size range, the presence of
nanoplastics below 1 pm has been confirmed in a limited number of studies using advanced imaging or
scattering methods [46]. The current detection limit of most spectroscopic instruments prevents
comprehensive quantification of the smallest fractions, indicating that real exposure levels may be
underestimated. Typical particle concentrations obtained under various conditions are listed in Table 2.

Table 2 Summary of reported MNP concentrations released from food contact polymers.
Mean

Food simulant/  Condition (°C/ . Main
Polymer . . concentration

contact medium time) . -1 reference(s)

(particles L™")

PET Water, soft drink  90°C /24 h 5x10* [10], [48]
PP Milk, water 70°C/1h 3x10* (71, [55]
PE Acidic simulant 60°C/6h 2x10* [36], [47]
PS Boiling water 100°C / 30 min 1x10% [51]
PLA Hot tea 80°C / 10 min 0.8x10* [11], [31]
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Analytical Evidence and Method Performance

The analytical evidence for MNP release primarily stems from vibrational spectroscopic techniques,
complemented by thermo-analytical and imaging-based tools. Micro-Fourier-transform infrared (-
FTIR) and Raman microspectroscopy remain the most widely applied, offering polymer-specific
spectral fingerprints. Characteristic absorption peaks at 2915 cm™ and 2848 cm™' correspond to C—H
stretching in PE, while PET displays strong C=0 absorption at 1715 cm™ [47].

Recent technological advances include the use of quantum cascade laser infrared imaging (LDIR),

which enables rapid chemical mapping of entire filter surfaces and automatic classification of thousands
of particles per sample. Comparative assessments show strong consistency between LDIR and manual
FTIR mapping, with the added benefit of reduced analysis time and operator bias [48].
For mass-based quantification, pyrolysis—GC/MS and thermal desorption GC/MS have become
indispensable. These techniques thermally decompose the polymer into diagnostic fragments, enabling
the identification and quantification of multiple polymer types in complex mixtures. Combining these
methods with spectroscopic imaging provides a powerful hybrid approach for determining both particle
number and polymer mass concentration.

Despite progress, inter-laboratory differences remain significant. Variability in sample pre-treatment,
digestion, and filter selection can result in discrepancies exceeding 100% between studies. The lack of
harmonised reference materials further complicates method validation and comparability. Establishing
certified microplastic standards with defined particle size and polymer composition remains a critical
priority for analytical standardisation [49].

Migration Behaviour and Matrix Dependence

Particle migration into food is not uniform and strongly depends on matrix composition, surface-to-
volume ratio, and contact duration. Hydrophilic foods, such as beverages and soups, primarily exhibit
diffusion-driven transfer, whereas lipid-rich products facilitate polymer swelling and additive migration.
Higher release rates are consistently reported for acidic and fatty matrices compared to water-based
simulants, suggesting that physicochemical interactions play a dominant role.

Furthermore, packaging geometry affects migration intensity. Thin films and single-use cups
typically release more particles per unit mass of polymer due to their larger surface-area-to-volume
ratios. Conversely, rigid containers display lower release rates but are more susceptible to cumulative
surface damage during reuse cycles [50].

Once released, particles may act as vectors for plastic additives or adsorbed pollutants, including
phthalates, bisphenols, and polycyclic aromatic hydrocarbons. The interaction of these co-contaminants
with food matrices complicates the evaluation of overall exposure. Studies increasingly suggest that
MNPs should be assessed jointly with associated chemical residues to capture realistic migration
behaviour and risk implications.

Risk Assessment Considerations

From a toxicological perspective, the current body of evidence remains inconclusive. Experimental
data indicate that microplastics can induce oxidative stress, inflammatory responses, or cellular
membrane disruption in vitro, yet extrapolation to human dietary exposure is uncertain. The potential
bioavailability of nanoplastics raises additional concerns, as particles below 1 pm may cross epithelial
barriers or interact with immune cells.
Due to the absence of validated dose-response relationships, risk assessment currently relies on a
weight-of-evidence approach that integrates analytical detection, exposure modelling, and toxicological
endpoints [S1]. Harmonised exposure scenarios and reference dose models are still under development,
and their implementation will require cross-disciplinary collaboration among analytical chemists,
toxicologists, and regulatory agencies.

Research Gaps and Future Directions
Although significant progress has been achieved, several research gaps persist. Nanoplastic detection
remains limited by instrumental sensitivity, while standardisation of recovery procedures and data
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reporting is urgently needed. The development of certified reference materials and harmonised inter-
laboratory validation studies is essential for achieving data comparability across Europe [52].

Future research should also focus on quantifying total particle mass, not just counts, as this parameter
i1s more relevant for exposure assessment and comparison with chemical migration limits. Expanding
the application of novel analytical technologies, such as atomic force microscopy coupled with infrared
spectroscopy (AFM-IR) or single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS),
will enable the quantification of submicrometre particles that currently escape detection.

Finally, integrating analytical and toxicological data into a unified risk assessment framework will be
critical for regulatory decision-making. Establishing validated methodologies, reference datasets, and
exposure models will support the formulation of health-based guidance values for micro- and nanoplastic
contamination in food systems [53].

Critical Analysis

The critical evaluation of current research on micro- and nanoplastics (MNPs) in food contact
materials reveals persistent methodological and conceptual challenges that hinder comprehensive
understanding and risk assessment. One of the primary issues remains the lack of standardized and
validated analytical procedures for MNP extraction, identification, and quantification across diverse
food matrices. Considerable variability in sample pre-treatment, digestion efficiency, and detection
limits among laboratories results in large discrepancies in reported concentrations. While advanced
spectroscopic tools such as u-FTIR, Raman, and LDIR imaging have improved polymer identification,
the absence of unified calibration procedures and recovery testing limits their inter-laboratory
comparability. Establishing harmonised analytical protocols and inter-laboratory validation schemes
therefore represents a fundamental prerequisite for data reliability and regulatory applicability.

Another critical gap is the absence of certified reference materials for MNP analysis. Such materials
are indispensable for verifying analytical accuracy, ensuring traceability, and assessing recovery rates.
Current laboratory practices rely on in-house standards or environmental particles of unknown origin,
introducing significant uncertainty into quantitative data. The development of certified reference
materials covering different polymer types, particle sizes, and morphologies would not only enhance
method validation but also facilitate proficiency testing and long-term quality control in analytical
laboratories.

From a monitoring perspective, the available data remain fragmented and geographically uneven.
Most studies have focused on beverages and bottled water, while limited information is available on
dairy, meat, and ready-to-eat products. Comprehensive, large-scale monitoring campaigns are required
to identify contamination hotspots and assess consumer exposure across food categories. Such
coordinated efforts should include harmonised reporting of both particle counts and polymer mass
concentrations to enable meta-analytical comparison and modelling of global contamination trends.

The lack of uniform data reporting is a further constraint. Studies differ in how they express
concentrations—using particles per litre, per gram, or per item—which prevents direct comparison.
Adoption of unified reporting standards, as recommended by EFSA and other regulatory bodies, would
improve data transparency and allow aggregation of datasets for quantitative risk assessment. Clear
documentation of detection limits, recovery factors, and quality assurance procedures should become
mandatory components of future publications.

Beyond analytical and methodological concerns, the policy dimension remains underdeveloped.
Although the European Union has introduced restrictions on intentionally added microplastics, there are
still no specific regulatory thresholds for MNP migration from food contact materials. Comprehensive
legislative measures addressing the full life cycle of plastics—from production and use to waste
management—are needed to reduce both environmental and food-borne microplastic contamination.
Incentives for developing sustainable packaging alternatives and biodegradable polymers should
complement these policies.

Public awareness and consumer education also play an essential role. Educating consumers about the
sources and risks of microplastics and encouraging practices such as minimizing single-use plastics and
choosing reusable materials can reduce indirect exposure. Simultaneously, industry-driven sustainability
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programs and eco-labelling initiatives can enhance accountability and stimulate innovation in safer
packaging solutions.

Scientific innovation remains central to overcoming the current analytical bottlenecks. The
integration of artificial intelligence and machine learning into microplastic analysis could accelerate
image-based particle recognition and classification, improving throughput and reducing human bias.
Emerging techniques such as portable Raman or infrared systems could enable on-site monitoring in
manufacturing or quality control environments, further bridging the gap between research and practice.

Finally, the complexity of the microplastic issue necessitates cross-disciplinary collaboration among
analytical chemists, food technologists, toxicologists, and regulatory scientists. Only through such
integrated efforts can the analytical, toxicological, and policy dimensions of MNP contamination be
effectively addressed. Strengthening the synergy between research institutions, regulatory agencies, and
industry stakeholders is essential for translating scientific findings into risk-based regulatory
frameworks and practical mitigation strategies.

Future Perspectives

Future progress in understanding and mitigating micro- and nanoplastic (MNP) contamination from
food contact materials (FCMs) will depend on a combination of analytical, regulatory, and technological
developments. Harmonisation of analytical procedures remains the foremost priority, as inconsistent
digestion, filtration, and detection practices continue to hinder data comparability. Establishing certified
reference materials that represent the main polymer classes (PE, PP, PET, PS, PLA) with defined particle
size and morphology would provide the foundation for reliable method validation and inter-laboratory
standardisation [54].

Advances in detection technology, particularly the integration of atomic force microscopy—infrared
spectroscopy (AFM-IR), laser direct infrared (LDIR) chemical imaging, and single-particle mass
spectrometry (SP-ICP-MS), will enable the quantification of submicrometre particles that are currently
below the detection limit of conventional spectroscopic instruments. Multi-method analytical workflows
combining optical, spectroscopic, and mass-based quantification are expected to become standard
practice in microplastic research [S5].

Inter-laboratory validation studies coordinated under European reference frameworks, such as those
promoted by EFSA and JRC, are essential to ensure reproducibility and traceability of microplastic data.
Mass-based quantification, rather than particle counting alone, is emerging as the preferred metric for
exposure estimation, reflecting polymer load rather than particle frequency. At the same time, modelling
approaches integrating particle size distribution, migration kinetics, and food consumption data will
provide a more realistic picture of dietary exposure.

From a toxicological standpoint, linking physicochemical particle characteristics to biological
outcomes remains a key challenge. Further in vitro and in vivo studies are required to clarify cellular
uptake, oxidative stress mechanisms, and potential systemic translocation of nanoplastics. Combining
toxicological data with realistic exposure scenarios will allow the development of threshold-based risk
models and guidance values applicable to food-contact polymers [56].

Finally, the long-term solution must include technological innovation and regulatory reform. The
transition toward sustainable, low-migration packaging materials, together with the establishment of
comprehensive European legislation covering microplastic release from FCMs, represents the most
effective way to reduce contamination at source [57]. Cross-disciplinary collaboration—linking
analytical chemists, toxicologists, polymer scientists, and policy-makers—will remain indispensable for
translating scientific evidence into protective food safety standards and sustainable material policies.
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CONCLUSION

This review demonstrates that food contact materials represent a consistent and measurable source of
micro- and nanoplastic contamination in food systems. Release intensity depends on the polymer's
chemical composition, contact conditions, and processing history. Despite significant analytical
progress, methodological inconsistencies and the lack of certified reference materials continue to limit
data comparability and the reliability of risk assessments.

Current findings confirm that polyethylene, polypropylene, polyethylene terephthalate, polystyrene,
and polylactic acid are among the most frequently studied and most affected polymers, particularly under
elevated-temperature and repeated-use conditions. The absence of harmonised international protocols
and the limited understanding of nanoplastic toxicity remain the main barriers to regulatory action.

To ensure consumer safety, research must continue to integrate analytical accuracy with toxicological
relevance and policy implementation. Coordinated monitoring programmes, inter-laboratory validation,
and transparent data reporting are vital for building a robust evidence base. Ultimately, reducing
microplastic exposure from packaging will require innovation in material design, responsible industrial
practices, and strong regulatory oversight supported by sound scientific evidence.
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