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Abstract

Plastic pollution has been recognized as an emerging risk for the aquatic environment.
Shifting from the prevailing linear “take-make-dispose” model to a “circular” economy
framework is essential for mitigating the environmental impact of plastics. Microplastics
(MPs) in the natural environment are formed when synthetic polymers are fragmented
and micronized to a size < 5 mm. MPs are a global environmental problem, particularly
within aquatic ecosystems, due to their persistence, accumulation, and uncertain long-term
effects. This review examines the degradation pathways of polymers that result in MP
formulation, their rate and distribution across ecosystems, and their potential entry into
food systems. Key challenges include a lack of standardized detection methods, specifically
for nanoparticles; limited evidence of long-term toxicity; and the inefficiency of current
waste management frameworks. Emphasis is placed on the cradle-to-grave lifecycle of
plastic materials, highlighting how poor design, excessive packaging, and inadequate post-
consumer treatment contribute to MP release. The transition from Directive 94/62/EC to the
new Regulation (EU) 2025/40 marks a significant policy shift towards stronger preventive
measures. In line with the waste hierarchy and reduction in unnecessary packaging
and plastic use, effective recycling must be supported by appropriate collection systems,
improved separation processes, and citizen education to prevent waste and improve
recycling rates to minimize the accumulation of MPs in the environment and reduce
health impacts. This review identifies critical gaps in current knowledge and suggests
crucial approaches in order to mitigate MP pollution and protect marine biodiversity and
public health.

Keywords: aquatic environment; microplastics; packaging materials; plastic contamination

1. Introduction

Currently, plastics are used in various sectors, with an annual demand of 54 Mt [1].
Packaging makes up 39% of this use and is dominated by food packaging that accounts
for around 90% [2]. In this sector, the end-of-life treatment of plastics is underperforming,
especially when compared with more homogenous materials, such as metals or glass,
traditionally used in food packaging [3].

Plastic pollution has been recognized as an emerging risk for the aquatic environment
(Figure 1). MPs and nanoplastics (NPs) that contaminate the natural environment are
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formed when synthetic polymers are fragmented and micronized to a size < 5 mm or
<1 um, respectively, and they are known to pose significant hazards to animals in marine
and other ecosystems as they may induce impaired growth, oxidative stress, neurotoxicity,
or other physiological harm [4]. However, despite increasing evidence, the full extent of
their ecological impact, especially under environmentally relevant concentrations, remains
uncertain, with some studies reporting no controversial results at trophic levels [5-7].
This uncertainty is further compounded by the presence of plastic additives, such as
phthalates and bisphenols, which may leach from packaging materials and exert toxic
effects independently of the polymer matrix [8,9]. The biggest source of MPs is textiles [10],
accounting for approximately 35% of the total MPs present in the ocean, followed by
tires/rubbers and municipal waste, including fossil-based polymers, e.g., polyethylene
(PE), polypropylene (PP), and polystyrene (PS) [11]. MPs enter the oceans from a diversity
of sources, including cosmetics, plastic packaging, discarded and lost fishing equipment,
through wastewater, wind, and rain and they often accumulate in the air and terrestrial
ecosystems. MP prevalence in groundwater has been correlated with intense anthropogenic
activities (agricultural, industrial, and urban) [12].
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Figure 1. Schematic presentation of current and circular plastic concept (adapted from Balwada et al.,
2021) [13].

Worldwide, 0.8-2.5 million tn of MPs are estimated to end up in the oceans annu-
ally [14]. Of the MPs that pass through wastewater treatment plants, approximately 95%
are estimated to be retained as biosolids [15]. Annually, 63,000-430,000 tn of MPs enter
into European agroecosystems through biosolids alone, while relevant calculations for
North America range from 44,000 to 300,000 tn annually [11]. According to Plastics Europe,



J. Mar. Sci. Eng. 2025, 13, 1245

3o0f14

in 2023, 35.5 Mt of plastic waste was recycled in Europe. Nevertheless, there are many
opportunities to reduce plastic waste and improve end-of-life treatment [16]. The recently
adopted EC’s plastics strategy aims to decouple plastic production from virgin materials,
reducing its leakage into the environment and improving the economics and uptake of
recycling to support the transition from a linear to a circular economy model. Recent
research aims to reinforce the strong bond that the bioplastics sector has with the packaging
sector (which is by far the largest consumer of biodegradable and bio-based plastics) by
providing alternative packaging materials for foodstuff and other goods [17-19]. The main
benefits of using bioplastics vs. conventional plastics are linked to saving non-renewable
resources and their low toxicity. However, bioplastics often present poor mechanical and
barrier properties, and their fragility and brittleness may limit their potential for appli-
cation and shorten the shelf life of sensitive food products. Recyclable and/or recycled
packaging materials have the potential to effectively preserve food without limiting its
shelf life [20,21].

This review aims to offer a novel and integrated perspective on the rational use of
plastics in the food and beverage sector to restrict MP pollution. Although numerous
studies address polymer degradation mechanisms or the environmental effects of MPs, a
comprehensive analysis that connects plastic use in food systems with the formation, entry
routes, and policy context of MPs remains lacking. This work addresses that gap by inter-
connecting the role of plastics throughout the food supply chain with the environmental
mechanisms that lead to their degradation, the routes through which MPs enter the food
chain, and the significant contribution of food and beverage packaging to MP pollution.
Furthermore, it critically examines the European Union’s evolving legislative framework
on plastic use, highlighting new legislation that aims to restrict the excessive use of plastic
packaging materials. Therefore, the present review aims to enhance understanding of the
current state of MP pollution in relation to food systems, a perspective currently lacking in
the literature, while supporting the development of targeted, multidisciplinary strategies
for pollution mitigation.

2. Polymer Degradation and Microplastic Pollution

The various types of polymer degradation play a critical role in the generation and
accumulation of microplastics across ecosystems. This section outlines how microplastic
pollution can be generally identified and assessed in the environment, while its entry into
food systems and food chains is analyzed in the following section.

Polymer degradation is based on a chemical modification in the molecular structure
of the polymer that alters its properties. A wide range of polymers, which are available
for extensive use in different sectors, have different chemical structures and thus are more
or less susceptible to different types of degradation process. Degradation is a complex
process in which a polymeric material, when subjected to environmental factors and
mechanical stress, gradually loses its initial characteristics. A central feature of this process
is the breakdown of macromolecules. In many contexts, the term “polymer degradation”
specifically refers to the fragmentation of these large molecules into smaller segments
with varying structures and sizes. If this breakdown results in monomers, it is known as
depolymerization as it reverses the polymerization reaction (Figure 2). Conversely, when
the disintegration of macromolecules is not the main mechanism, the process is typically
called polymer aging or corrosion [22].
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Figure 2. Schematic representation of the relationship between polymerization, depolymerization,
and degradation [22].

Degradation is caused by microorganisms, specific enzymes, or the combined effects
of natural environmental factors, which is referred to as biodegradation. Commonly used
polymers, such as PE, PP, PS, and polyvinylchloride (PVC), possess a carbon backbone
that is resistant to hydrolytic and enzymatic degradation. For this reason, microorganisms
do not have the necessary enzymes to assimilate and mineralize conventional polymers,
and this has led to their accumulation in the environment. For example, the lifetime of
polyolefins on land is in the range of hundreds of years [23]. Polymer degradation in
soil may be achieved by photo- and thermos-oxidative degradation and some degree
of biodegradation after exposure to certain microorganisms and an extensive level of
oxidation [11].

A polymer without active centers remains stable at temperatures higher than its ceiling
temperature (Tc) because of the high-activation Gibbs energy required for center formation.
The polymer is kinetically stable but thermodynamically unstable. Decomposition begins
only after initiation, when active centers are formed within the polymer. The primary
degradation-active species are free radicals, which may arise through various mechanisms
such as thermal activation, exposure to light (photochemical processes), mechanical stress,
or oxidative reactions [22]. Table 1 summarizes the four main types of polymer degradation.

Table 1. Types of polymer degradation.

Type of Degradation

Mechanism Primary Cause Final Product

Thermal degradation

Homolytic bond cleavage due
to increased intramolecular
vibrations

Radical chain ends,
depolymerization, and
possible oxidation in air

Increased temperature (T > Tc)

Photochemical degradation

Electronic excitation or bond
dissociation induced
by radiation

Radical formation, bond
cleavage, crosslinking, and
photooxidation in air

UV light, visible light, X-rays,
and y-rays

Mechanochemical degradation

Chain fragmentation, viscosity
reduction, and altered
molecular weight distribution

Shear flow, ultrasound, and
physical stress

Mid-chain scission by
mechanical stress or shearing

Oxidative degradation

Chain scission ([3-scission),
carbonyl compounds,
hydroxyl groups, and

chemiluminescence

Radical chain reaction
initiated by oxygen

Air exposure, heat, light,
and autoxidation

In order to assess the risk of MPs in ecosystems, methodologies are needed to assess,
extract, quantify, and characterize MP contamination in water and sediment samples [24].
Although extensive research has identified the detrimental effects to the biosphere of large
plastic debris, the effect of MPs and NPs remains less clear. In lab-based studies, high
doses are often used to assess the effect of a specific pollutant in experimental studies so
one can determine dose-response curves and elicit toxicological endpoints. Considering
studies on pesticides and other endocrine-disrupting chemicals, nonlinear or non-sigmoidal
dose-response relationships are often observed (e.g., U-shaped responses). Specifically,
while evaluating the biological effect of NPs, the particle surface area or concentration seem
to have a more prominent effect than mass-based doses [25].
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Choosing an appropriate subject is critical for the reliability of results. For example, if
the test organisms are already exposed to high background levels of a pollutant, a lack of
response compared with the tested treatment may merely be an artifact of the organism’s
prior exposure. Certain organisms have also been proven to be more sensitive compared
with others, such as juvenile organisms at early developmental stages, and these should
be prioritized in initial screenings [11]. In a recent study, the effect of PS NP exposure
(50, 500, and 1000 nm and concentrations ranging from 0.001 to 10 ng/mL) on fibroblast
cell lines from zebrafish as well as human male newborns and female adults. The PS
NPs negatively affected fibroblast migration in a time-, size- and concentration-dependent
manner, with larger PS NPs at higher concentrations causing a more significant inhibition
of cell migration and human fibroblasts having a higher sensitivity to NPs. This means that
by controlling the concentration and time of exposure to MPs it may be possible to limit
their impact on the environment and public health [26].

3. Entry Points of MPs into Food Systems and the Food Chain

There are multiple pathways that allow the entry of MPs into the food chain. There
are organisms that ingest the MPs or there is the possibility of direct contamination during
the food processing steps. MPs enter the food chain primarily through aquatic organisms
such as plankton, fish, and aquatic species of crustaceans and mollusks, although terrestrial
mollusks and crustaceans may also play a role in MPs’ transfer within terrestrial ecosystems.
Moreover, indirect contamination may occur during food processing due to the use of plastic
materials or machinery at stages such as manufacturing, storage, and transport, which are
crucial for MP release [27].

Beer et al. (2018) investigated the amount of MPs in wild fish of the Baltic Sea
and found 1-3 plastic items in the digestive tract of 63 herring and 97 sprat samples
of 814 examined fish (i.e., approximately 20%). Among the plastic items, 95% were charac-
terized as MPs and 93% as fibers. The authors did not report significant differences between
species, locations, and the time of day the fish were caught. However, they pointed out that
samples collected during the summer were more contaminated with MPs compared with
those caught during the spring period, which was attributed to the increasing food uptake
with size and seasonal differences during the feeding period. Seasonal variations influence
microplastic ingestion, with a higher number of particles observed in the digestive tracts of
fish during the summer period compared with spring [28].

Seafood such as shellfish and crustaceans are also reported to be highly contaminated
food systems [29]. Abbasi et al. (2018) analyzed the commercially important species of
pelagic fish and crustaceans (tiger prawn) for the presence of MPs. They found that MPs
in fish exist mainly in the gut, skin, gills, muscle, and liver while the MPs in prawns were
found in the exoskeleton and muscle. Tiger prawns, Penaeus semisulcatus, were the most
contaminated test species. The average MP quantities were between 0.16 g~! on a mass
basis for the mesopelagic fish Cynoglossus abbreviatus and 1.5 ¢! on a mass basis for Penaeus
semisulcatus across all tissues from each species. However, the researchers could not explain
the pathways of entry of MPs into the non-digested marine species’ tissues [30].

Honey is also studied for the presence of MPs, and their presence may be attributed to
the environment through flowers, transport by bees to the hive, or plastic bags used for
carrying sugars [31].

4. The Role of Plastic Packaging of Foods and Beverages in Microplastic
Production

Plastic packaging materials for food and beverages mainly consist of thermoplas-
tic resins, i.e., high-density polyethylene (HDPE), low-density polyethylene (LDPE), PP,
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polyethylene terephthalate (PET), PVC, and PS, depending on the features of the material
and the proposed application [32]. Food storage and consumption are mainly based on
plastic containers (pouches, wraps, trays, cups, and bottles) or plastic coatings in the inner
part of metal cans or paper wraps. Cox et al. (2019) recently estimated that the range of
exposure to microplastics through air and highly consumed foods for humans is approxi-
mately 203-332 particles per person per day [33]. Extensive research is being carried out to
investigate direct human exposure to MPs, particularly from ocean food and water and
indirectly via the food chain [34,35]. However, the release of MPs from plastic packaging
products and exposure to humans via this route remain poorly studied.

The chemical composition and the physical characteristics of MPs influence the po-
tential release of MPs from packaging material. Most MPs are transparent or white and
can be detected in food systems (Figure 3) with analytical methods such as Micro-Raman
Spectroscopy, Scanning Electron Microscopy (SEM) analysis, or Fourier Transform Infrared
Spectroscopy (FTIR). The shape of the MPs is variable and may be cubical, spherical, rod-
like, or irregular and can influence the consequences of exposure [32]. In the literature,
exposure to such irregular MPs is frequently discriminated by the terms “microplastic
fragments” or “fibers”. The size of MPs detected in food systems is influenced by the
type of food packaging. For example, plastic food containers have microplastics between
100 and 500 pm [36] and plastic food trays with sealing films can generate sub-millimeter
fragments [37]. The MPs from paper cups with an inner plastic layer range from 150 nm to
764.8 um [38], while most of the MPs in single-use plastic bottles are lower than 1.5 um [39].
Reusable PET bottles produce MPs mainly between 1.5 and 5 pm [40].

/‘ \\
e Natural Resources and \\
7 .
H Environments A
]
é | Farming Practices v Technology and i
< and Agroecology (=~~~ "7 T7% Infrastructure i
A 1 Production 1 I
< | oo -
g | ! G d Livestock Breedi :
rop and Livestock Breedin

S Food Processing - ————_ Yy P SRR &l
I r S and Biodiversity i
H 1 Transport H H
I L !
: | 1
1 L 1
: Policy support ______ v Commumcat.wn and !
i . S Education 1
: i Consumption i I
N " :
| - |
i ' i
i l i
1
I I !
| | |
: Food Preparation v !
]
\ ]

\ .
\ Nutrition and Health /’

\\ Outcome 7
\-_ _______________________________________ _—'

Figure 3. The food system aspect (adapted from Tansey and Worsley, 2014) [41].

The release rate of MPs from packaging material into a food system increases when the
size of the MPs and the polymer dynamic viscosity decrease. Smaller MPs have a higher
surface-area-to-volume ratio, increasing their mobility, the possibility of their release, and
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their ability to absorb environmental contaminants. Additionally, plastic materials with
lower polymer dynamic viscosity have a tendency to show weaker intermolecular forces
and so are more prone to wear abrasion and migration under stress conditions like high
temperatures [42,43].

The potential release of MPs from packaging materials into packaged food is currently
under investigation for different types of food commodities [32,37]. Although numerous
studies have investigated the presence of microplastics in food, only a limited number
have specifically attributed their occurrence to migration from food packaging materials.
Table 2 provides a summary of the occurrence of MPs in food and beverages attributed
to their packaging. Temperatures higher than 40 °C increase the risk of MP migration
into packaged food, for example, in the case of plastic teabags or cups for hot beverages
where temperatures may reach 70 °C or even higher [44]. In the case of in-pack heating
of food, the thermal resistance and stability of polymers are key selection parameters to
ensure an appropriate material is used [45]. The mechanical stress of bottles was, in a work
from Winkler et al. (2019), proposed to be a potential reason for MP release into water.
According to this study, the squeezing of PET bottles did not affect the morphological
characteristics of the inner wall of the bottles, implying that bottles are not a consistent
source of MPs due to mechanical stress [39]. According to Du et al. (2020), the major cause
of the migration of MPs in plastic containers to food is a consequence of mechanical forces,
loose structures, and rough surfaces. A higher risk of MP ingestion by humans has been
correlated with the reuse of single-use plastic bottles, although the MPs primarily originate
from the bottleneck—cap system [36]. The age of the bottle and the number of times it is
reused are directly correlated with the amount of MPs released into the packed material
and ranges from a 3-fold to 8-fold higher MP particle release into water compared with
single-use bottles [40,46].

Table 2. Literature review of MPs in food and beverages due to their packaging.

Food/Beverage Type of MP Detected MP MP Concentration Reference
Salt PET Fibers 120 £ 7 particles/kg [47]
Fragments and fibers .
Bottled water PET (30-500 um) 2.9 particles/L [48]
Iced tea Polyamide, poly(ester-amide) 1 4 0.57-6.2 particles/L
Soft drink - }17 nitril/-}; ty diene-stvr n, Fibers and fragments <7 £ 3.21 particles/L [49]
Energy drink e e (100-3000 pm) <6 + 1.53 particles/L
Beer <28 £ 5.29 particles/L
. Polypropylene, polyethylene, 5 a0
Seaweed, nori and poly-{ethylene-propylene) 1-5 mm 0.9-3.0 items/g [50]
Tea Nylon and PET 1-150 um 2.3 million particles/cup of [51]
beverage
Fibers (300-450 pm and .

Meat Extruded polystyrene 130-250 1um) 4-18.7 particles/kg [37]

Fruit 52,600-307,750 particles/g
Vegetables 151-2.52 pm 72,175-130,500 particles/g 521

Spherical shape .
Eggs Polyethylene (50-100 um) 11.67 + 3.98 particles/egg [53]
Polypropylene, polyethylene,
Ice cubes olpcirll}glrg;réclllefr?: ‘;Z;g’f O?in Fibrous (87%) 19 +4-178 + 78 [54]
poymer, & Ing Non-colored (54%) particles/L

(2824, large), polyamide 6,
and cellophane
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To investigate the sources of MPs in bottled water (as a standardized product stored
long-term in plastic containers) and evaluate the MPs released from packaging material,
a recent study was carried out in Germany by Weisser et al. (2021). The first step of
mineral water bottling is pumping from a groundwater source, which is generally safe
and free of contaminants such as ferric (iron) ions, specifically Fe(II) and Fe(Ill), which are
naturally occurring in groundwater, and MPs [55]. Water quality, including MP prevalence,
is not uniform in all groundwaters and can be affected by the soil type and anthropogenic
activities on the top-ground layer [56]. After the aeration and precipitation of ferric ions,
water is filtered to remove germs and other physical, chemical, and biological contaminants
and transferred into appropriate bottles under sterile conditions. According to the results
reported by Weisser et al. (2021), 81% of MPs resembled the PE-based cap sealing material,
leading to the conclusion that abrasion from the sealings may be the main entry path for MPs
into bottled mineral water, which is in line with the results of Winkler et al. (2019) [39,55].
However, systematic studies are needed to evaluate the potential prevalence of MPs in
groundwater as a function of geographic distribution, climate, and human activities.

5. European Union’s Targets for Plastic Reduction

The regulatory framework of the European Union concerning packaging and pack-
aging waste has evolved significantly over the past decades. It began with the entry
into force of Directive 94/62/EC on 20 December 1994 [57], establishing the foundation
for EU-wide rules on packaging and waste management. Over time, this directive was
complemented and amended by several other legal instruments. On 19 November 2008, Di-
rective 2008/98/EC [58] introduced essential definitions for waste, recycling, and recovery,
enhancing legal clarity (Figure 4).

General application date of PPWR provisions

11 February 2025
Regulation (EU) 2025/40: Packaging and Waste Regulation entered into force: Amending of Regulation (EU) 2019/1020 and Directive (EU) 2019/904, and Repealing of
Directive 94/62/EC

19 December 2024

Regulation of Packaging and Packaging Waste (PPWR)

4 April 2024

Revision of the Packaging and Packaging Waste Directive

30 November 2022

Commission adopted a revision of Directive 94/62/EC on Packaging and Packaging Waste.

30 September 2020 - 06 January 2021

Open public consultation on the review of requirements for packaging and other measures to prevent packaging waste

17 December 2020

Commission Implementing Regulation (EU) 2020/2151: Rules on harmonized marking specifications for single use plastic
5 June 2018

Directive (EU) 2019/904 Single-Use Plastic Directive: Promoting the reduction of the impact of certain plastic products on the environment
30 May 2018

Directive (EU) 2018/851 Packaging Directive amended to reinforce prevention and to promote reuse and recycling of packaging waste (amending Directive 2008/98/EC)
29 April 2015

Directive (EU) 2015/720: Packaging Directive amended to reduce the consumption of lightweight plastic carrier bags

6 May 2014

Council Regulation (EU) No 560/2014: European Commission established the Bio-based Industries Joint Undertaking

13 February 2012

European Commission adopted a strategy for «Innovating for Sustainable Growth: A Bioeconomy for Europe

19 November 2008

Directive (EU) 2008/98/EC: Including the definitions of waste, recycling and recovery

20 December 1994
Directive (EU) 94/62/EC: Packaging Directive entered into force

Figure 4. Historical timeline of regulations towards plastic reduction.

In a world of finite resources, the transition to a knowledge-based post-petroleum
economy is imperative. To support this evolution towards a low-carbon Europe, reducing
its heavy dependency on fossil resources, the EC presented in 2012 a roadmap targeting the
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establishment of sustainable and competitive bio-based industries and value chains [59].
The Bioeconomy Strategy and its Action Plan pave the way towards a more innovative,
resource-efficient, and competitive EU society, and were revised in 2017 [60] and subse-
quently updated in 2018 [61]. The aim of the transition is to accelerate the change towards
a more sustainable EU bioeconomy and the contribution to the UN 2030 Agenda and
associated Sustainable Development Goals (SDGs) as well as the Paris Agreement, the new
EU policy priorities (in particular, the renewed Industrial Policy Strategy), the Circular
Economy Action Plan, and Communication on Accelerating Clean Energy Innovation. As
part of this strategy, the European Commission published Directive (EU) 2019/904 on the
reduction of the impact of certain plastic products on the environment, also known as the
Directive on single-use plastics [62]. These rules aim to prevent and reduce the impact of
certain plastic products on the environment—in particular, the marine environment—and
on human health.

On 19 December 2024, the Regulation on Packaging and Packaging Waste (PPWR) was
introduced to replace the Packaging and Packaging Waste Directive with a more directly
applicable legal framework. Regulation (EU) 2025/40 entered into force on 11 February
2025 [63], officially repealing Directive 94/62/EC and amending both Regulation (EU)
2019/1020 and Directive (EU) 2019 /904.

Currently, the total greenhouse gas emissions caused by the plastics value chain are
estimated to be 208 million tons of CO;-eq. The 2025 model estimates that the total plastics
value chain emissions will be 182 Mt of CO;-eq, corresponding with a reduction potential
of approximately 26 Mt of CO,-eq or 13%. The 2025 model is based on the set targets
and expected trends. The greater reduction in the future model is derived from increased
recycling and replacing polymers produced from fossil fuels. However, a specific global
target for GHG emission reductions is not globally established in the plastic industry. The
absence of a standardized basis makes it demanding to definitively determine if a 13%
reduction is in accordance with the initial expectations. The EU aims at a 15% reduction in
annual overall GHG emissions, resulting in a positive scenario of an 8.7% further decrease.
The negative scenario corresponds with a 7% less decrease when contrasted with the
on-target 2025 model [64].

6. Discussion

The degradation of plastic materials into MPs and NPs in marine and terrestrial envi-
ronments is influenced by multiple factors. These include the physicochemical properties of
the polymer, such as its composition, and the presence of structural additives, which affect
its susceptibility to degradation. Furthermore, biological processes, including microbial or
enzymatic activity, can also contribute to the degradation of plastics. Temperature, UV radi-
ation, and oxygen availability are the main environmental conditions that play a significant
role in the process. The location of the particles in a marine environment further determines
the degradation rate. For example, particles that are in the upper water layer are more
exposed to sunlight and wave-induced abrasion, while those buried in sediments degrade
more slowly due to reduced oxygen and light penetration. The combination of mechanical
stress, chemical transformation, and biological activity accelerates the degradation. This
understanding is crucial for evaluating the long-term persistence of MPs [65].

MPs are widespread across marine ecosystems, accumulating in surface waters, sedi-
ments, and biota. Their detection relies on physical separation techniques and spectroscopic
tools such as FTIR and Raman microscopy. However, challenges remain due to polymer
selectivity, interference from organic matter, and the absence of standardized protocols.
These limitations restrict accurate quantification and cross-study comparisons. Despite
this, ongoing improvements in detection methods have enhanced our understanding of mi-
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croplastic distribution and ecological impacts. Crucially, many marine organisms—ranging
from plankton to commercially important fish—are known to ingest microplastics, raising
serious concerns about trophic transfer and human exposure through water and food
consumption [66].

Considering that the risk is a function of hazard and exposure, one needs to quan-
titatively determine both. Significant effort has been devoted to the quantification and
characterization of MPs in media such as water and sediments [67]. However, it has become
evident that quantifying plastic particles smaller than 100 pum in environmental matrices is
analytically challenging [68]. Alak et al. (2021) determined the presence, shape, size, and
polymer type of MPs in rainbow trout (Oncorhynchus mykiss) fillets packed using different
packaging types and stored at two temperatures (+4 and —20 °C). The results showed
that fillets packed using polystyrene plate and wrapped film had the highest presence of
MPs, while fillets packed using chitosan film and polystyrene plate and wrapped film had
the lowest amount of MPs. In terms of temperature conditions, the presence of MPs was
determined at a high level at —20 °C while, in terms of chemical parameters, samples at
this temperature had better results. TBARS were found to be high in the samples with high
MP contents [69].

Overall, MP contamination is a huge problem for food and food security, leading
to nutrition deficiencies and causing concern not only for the environment but also for
public health. Risk assessments, risk management, and preventive measures are necessary
to determine the exact pathway and the amount of MPs in food and, finally, in humans.
Shifting from the current dominant linear “take-make-dispose” to the “circular” economy
model is currently considered to be imperative for reducing the impact of plastics on the
environment and the food chain [70]. Recent research findings and upcoming legislation
indicate the rational use of plastics as a prerequisite, with commitments over the entire
lifecycle. In line with the waste hierarchy [58] and reductions in unnecessary packaging
and plastic use, effective recycling must be supported by appropriate collection systems,
improved separation processes, and citizen education to prevent waste and improve
recycling rates to minimize exposure to MPs and reduce environmental and health impacts.
The regulations and policies target the circular plastic economy by producing plastic
materials based on renewable energy and bioplastic consumption.

Despite the numerous studies on microplastics, several knowledge gaps remain re-
garding their long-term behavior in marine environments. The degradation kinetics of
polymers in real aquatic conditions are still not fully understandable. The absence of stan-
dard protocols for the detection and characterization of MPs and NPs in food systems limits
the impact of them on human and animal health. Interdisciplinary collaboration will help to
understand the complexity of MP pollution and develop effective mitigation strategies [71].
An important but often underexplored aspect of microplastic research concerns the limited
availability of detailed information on the additives used in plastic materials. These sub-
stances, which serve various functional roles such as improving flexibility, durability, or
color, may be released into the environment as plastics degrade, potentially contributing to
the complexity of microplastic impacts. Although the chemical composition of plastics is
well understood within the industry for production and performance purposes, access to
such data by regulators, researchers, and consumers remains limited. This lack of trans-
parency can pose challenges for comprehensive risk assessments and the development of
effective regulatory frameworks. Enhancing communication and data sharing in this area,
while respecting intellectual property and commercial sensitivities, could support more
informed policy decisions, foster public trust, and contribute to improved understanding
of the environmental and health dimensions of microplastics. Encouraging dialogue and
collaboration among stakeholders may serve as a constructive path forward.
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7. Conclusions

Currently, considerable uncertainty exists regarding the impact of MPs on most trophic
levels in ecosystems due to the limited research reported in the literature, demonstrating
evidence of either effects or no-effects under relevant conditions. Systematic ecotoxicity
tests should be implemented to evaluate the direct and indirect consequences of MPs
on food safety. Holistic approaches, which include sustainable agriculture, and effective
policies that reduce the risk of the actual loading of MPs in food systems should be followed
in accordance with European and international guidelines. Reference particles must be
also used in order to identify the specific effects of MPs in experimental procedures. The
ultimate goal is the prediction of the risk of MP pollution for natural populations within
the context of any relevant environmental factors. Moreover, improving transparency
regarding the composition of plastic materials, particularly in relation to additives, would
support more accurate risk assessments and inform future regulatory and research efforts
aimed at mitigating microplastic pollution.
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