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Abstract: Microplastic pollution is a problem of increasing concern in food, and while food safety
issues around the world are serious, an increasing number of food safety issues related to microplastics
have become the focus of people’s attention. The presence of microplastics in food is a worldwide
problem, and they are present in all kinds of foods, foods of both animal and plant origin, food
additives, drinks, plastic food packaging, and agricultural practices. This can cause problems for
both humans and the environment. Microplastics have already been detected in human blood,
heart, placenta, and breastmilk, but their effects in humans are not well understood. Studies with
mammals and human cells or organoids have given perspective about the potential impact of
micro(nano)plastics on human health, which affect the lungs, kidneys, heart, neurological system,
and DNA. Additionally, as plastics often contain additives or other substances, the potentially harmful
effects of exposure to these substances must also be carefully studied before any conclusions can be
drawn. The study of microplastics is very complex as there are many factors to account for, such as
differences in particle sizes, constituents, shapes, additives, contaminants, concentrations, etc. This
review summarizes the more recent research on the presence of microplastic and other plastic-related
chemical pollutants in food and their potential impacts on human health.

Keywords: plastic waste; polymers; additives; biological effects

1. Introduction

Plastics are frequently used in a variety of applications in our everyday lives, and they
constitute a current source of pollution in the environment through microplastics (MPs),
which are particles smaller than 5 mm [1]. Fuller et al. (2022) estimated that in 2019, 9 million
people died from pollution (approximately 70% of these deaths were due to household
and ambient air pollution) [2]. The safety and toxicity of MPs present throughout the
environment have drawn the attention of ecotoxicologists to their safety and toxicity. MPs
are resistant to degradation and have adsorbent properties, all of which threaten ecosystems,
from oceans to soils to insect digestive tracts, etc. [3]. Microplastic contamination of
the aquatic and terrestrial environments jeopardizes biodiversity, which has negative
consequences in terms of food security, environmental protection, and, consequently,
human health [4].
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There were 400.3 MMTs of plastics produced globally in 2022, a 2.5% increase over
2021 [5]. Plastic production has grown significantly since the 1950s. The combination of
versatility and affordability accounts for the continuous growth of plastic production. In
2020, Europe was responsible for 15% of the total plastics produced worldwide [6]. The
plastics polyvinyl chloride (PVC), polystyrene (PS), polypropylene (PP), and polyethylene
(PE) account for more than 60% of total European plastic demand [7]. Plastics that have not
been properly disposed of can cross-link with other toxic substances and potentially spread
to humans via inadvertent dietary consumption [8]. Plastic particles might be harmful for
many reasons; we highlight three: (1) because of their complex chemical characteristics;
(2) because of the release of persistent organic pollutants that have been adsorbed to the
plastics; and (3) because of the leaching of additives from the plastics [9]. Some examples
of contaminants adsorbed on plastic packaging released into food are heavy metals and
highly toxic phthalates [10]. The common types of plastic waste frequently found in various
locations globally are fragments, fibers, and films [11].

The internal uptake and external adsorption of micro(nano)plastics (MNPs) in plants
have been reported to be related to plastic shape and size, with internalization limited to
nanosized and very small MPs [12]. Many studies have reported the presence and effects of
MNPs in plants [13-15], animals [16,17], and food [18-21]. More recently, a study reported
harm caused by MPs from COVID-19 face masks [4].

The first publication related to MPs in food found in the Scopus database was pub-
lished in 2009 [22]. But in recent years, the number of published documents regarding
“microplastics” or “nanoplastics” in food has significantly increased, as shown in Figure 1.
However, the number of publications concerning MPs is still not comparable to that of other
pollutants of emerging concern, such as heavy metals, pharmaceuticals, plastic additives,
and pesticides. Additionally, biodegradable MPs, a variety of MPs, have also been an
emerging concern among scientists, and publications relating them to food have almost
doubled every year since 2019 (Figure 1).
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Figure 1. Published documents in the Scopus database.
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The scientific community’s lack of agreement on standardized techniques has resulted
in a serious deficit of properly comparable data for understanding the environmental distri-
bution, fate, transport, and food levels of MPs and their implications for human health [23].
Therefore, there is an urgent need to comprehend extraction and separation techniques and
also to determine a single approach for investigating MPs in food samples [20].

The majority of the literature research confirms that MNPs have adverse impacts on
human health [24], although, still, few studies [24] exist. Moreover, models such as mouse
and human cells have already been tested, and microplastic toxicity has been confirmed.
This review aims to summarize the presence of MPs and nanoplastics in food and their
potential effects on human health.

2. Microplastics (MPs), Biodegradable Microplastics (BMPs), and Nanoplastics (NPs)

MPs are categorized as primary (beads/pellets used in cosmetics and personal care
products), or secondary (fragments of large plastic materials) [1]. The formation of sec-
ondary MPs, or tiny plastic fragments, can be caused by a combination of physical abrasion,
UV radiation, and microbiological degradation of the environment [25,26].

Plastic waste released into the environment will deteriorate under mechanical, physic-
ochemical, and biological stresses into MPs (<5 mm) or even nanoplastics (NPs, < 100 nm),
which will interact with organisms [27]. This plastic can be categorized in terms of sizes
such as macro, >25 mm; meso, from 5 to 25 mm; large micro, from 1 to 5 mm; small micro,
from 20 um to 1 mm; and nano, from 1 to 1000 nm [28]. MPs and NPs are referred to
together as MNPs [27]. MNPs are also classified according to their form and shape, which
include pellets, pieces, fibers, film, rope and filaments, microbeads, sponges or foam, and
rubber [29]. Natural sorting mechanisms cause some microplastic forms to predominate in
specific situations. Fibrous MPs, for example, are the most common form among fibers,
fragments, and granules [30]. The polymers from which the MPs are mostly derived and
their characteristics are shown in Table 1.

Table 1. Polymer characteristics of MPs present in the environment.

Microplastic Polymer Density (g/cm®) Molecular Weight Applications Ref.
(g/mol)
Polyethylene (PE) 0.90-0.99 30,000-50,000 Plastic bags, straws [20]
Polypropylene (PP) 0.85-0.95 ~67,000 Bottle caps, netting [20]
Polystyrene (PS) 0.95-1.1 1,00,000-4,00,000 Food containers, foam cups [20]
Polyamide (PA) 1.02-1.15 224.3 Trap netting [20]
Polyester (PES) 1.38 4000 Clothes, fibers [20]
Polyvinyl chloride e
(PVC) 1.1-1.58 99,000 Plastic films, cups [20]
Polyethylene
terephthalate (PET) 1.38-1.45 22224 Bottles [20]
Polylactic acid (PLA) 1.24 120,000 Biomedicine [31,32]
Poly-3- g?
hydroxybutyrate 3 1.248 206,000 Biotechnology, biomedicine [33]
(P3HB) §
Polyhyi;i%l))utyrate % 1.20 600,000 Veterinary, flasks, pens [34]

The main sources of MNPs are consumer-care products, raw industrial materials,
fish nets, food packaging [20], and wastewater treatment plants (WWTPs) [3]. Biosolids
from WWTPs are a significant source of MPs for agricultural soils treated with biosolids,
and wastewater from the laundry of synthetic clothes is a main source of fibers [35].
MNPs are found in different colors, such as transparent, white, orange, red, blue, gray,
brown, green, yellow, pink, and crystalline [20]. The most common MPs are fibers and
fragments from polyethylene (PE) or polyethylene terephthalate (PET) [36-39]. PE is one
of the most widely used synthetic polymers due to its exceptional thermal, chemical, and
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processing capabilities, which justifies its abundance in the environment, especially in
marine ecosystems [40].

Biopolymers (BPs) are polymers in which enzymes and microorganisms can break
them down into CO,, H,O, CHy4, and biomass [41]. BPs can be categorized into natural poly-
mers and synthetic polymers based on how they are made. Plastics made from renewable
resources, such as plants and biomass, such as polylactic acid (PLA), polyhydroxyalka-
noates (PHA), poly-3-hydroxybutyrate (P3HB) [33], starch-based plastics, cellulose-based
plastics, protein-based plastics, and others, are primarily classified as natural polymers [42].
Synthetic polymers, such as polybutylene adipate terephthalate (PBAT), polycaprolactone
(PCL), and polybutylene succinate (PBS), and others, are produced from nonrenewable
resources such as petroleum or gas [43,44]. Some BPs are not biobased, such as PCL made
from fossil fuels, and certain bioplastics that are not biobased, such as biopolyethylene and
biopolyvinyl chloride. BPs are frequently combined with additional substances and addi-
tives [45]. Owing to their high degradability, they are mostly employed in the production of
disposable goods, including biodegradable rubbish bags, agricultural mulch, food or food
service items, and packaging for perishable commodities such as fresh fruit [43,46]. Addi-
tionally, they can be used in medical applications as bioabsorbable polymers, such as in
medication capsules, biodegradable screws or plates for mending and repairing ligaments,
and wound sutures, and as materials for 3D printers [47].

The biodegradation process of BPs depends on biotic and abiotic factors, such as
oxygen, temperature, humidity, and specific microorganisms; however, nature cannot
always provide such conditions, and when BPs enter a soil system, MPs may form that are
similar to conventional plastics and remain there for a long period of time [42]. Owing to
the easier degradation of BPs, more MPs may be created in the same length of time, which
would result in even more severe soil microplastic contamination [48,49].

For a better understanding, it is essential to develop biodegradability standards that
account for both large-scale breakdown and the formation of MPs and NPs, as well as BMPs.
Studying BMP degradation across different real-world environments, including soil, water,
and air, is crucial [50]. This is especially important as the use of biodegradable plastics
increases in daily life and agriculture, leading to their greater presence in the environment.

2.1. Additives in Microplastics

The type of additives used varies across and within plastics: PVC requires the most
additives, followed by PE, PP, and PS [51]. Approximately 100 chemicals, including
phthalates (plasticizers), have been detected in 120 food-contact plastic goods (e.g., bottles
and bags) [52]. Table 2 below shows the functions of the main plastic additives. A total
of 10 additives, such as plasticizers (phthalates and adipates), antioxidants (bisphenol B),
and phosphorous flame retardants, were found in food containers made of polymers (PPs)
and biopolymers (PLAs) [53]. Organophosphite antioxidants (OPAs) and organophosphate
esters (OPEs) are found in food contact materials (FCMs) [54]. Phthalic acid ester (PAE)
concentrations were found to be correlated with the abundance of ingested MPs in fish
species [55].

Plastic additives (PAs) are found in baby food, e.g., baby formulas, cereals, purees,
and meat products [56]. Plasticizers, such as diisobutyl phthalate and dibutyl phthalate,
were found in samples of spices and roasted chicken meat [57]. Phthalates are also found
in frequently consumed food products such as bread, apples, salami, and cheese [58,59].
Phthalates and di-ethylhexyl adipate (DEHA) were found in commercial beer, with an
average concentration of 5.8 ug/L [60]. Other phthalates with concentrations as high
as 61.56 ug/L have also been detected in regional beers [61]. Phthalates have also been
detected in coffee samples obtained from capsules [62,63]. Some of these substances
are known as endocrine disruptors because they interfere with the generation, release,
transport, metabolism, binding, or removal of natural hormones in the body, which results
in endocrine dysfunction in both humans and animals [57].
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Antimony trioxide (SbyO3) is a common input applied in the manufacture of PET.
Its presence in bottled mineral water has been detected [64] at concentrations up to
7.12 £ 0.34 ug/L when it is stored at 60 °C for long periods [65].

Table 2. Microplastic additives, their functions, and the common percentages present in the plastic

material (adapted from [66]).

Function Substance Name Percentage (%)
Resorcinol
Octabenzone 0.2-5.0
Light stabilizers 2-(2H-benzotriazol-2-yl)-4,6-bis(1-methyl-1-
0.2-5.0
phenylethyl)phenol
N-(2-ethoxyphenyl)-N’-(2-ethylphenyl)oxamide 0.7
Sodium benzoate 0.2
Nucleating agents Fumes, silica (flame retardant) n.a.
838 2,2'-Methylene bis-(4,6-di-tert-butylphenyl) sodium 0.2
phosphate '
Sodium acetate n.a.
Antistati Zinc oxide 5
ntistatic Disodium tetraborate, anhydrous 5
Phosphoric acid, dodecyl ester, potassium salt n.a
Dibutyltin dilaurate 3
. Triphenyl phosphite 3
Heat stabilizers Pentalead tetraoxide sulphate 2
Diisodecyl phenyl phosphite 3
6,6'-Di-tert-butyl-4,4’-butylidenedi-m-cresol 0.5
Antioxid 6,6'-di-tert-butyl-4,4'-thiodi-m-cresol n.a
ntioxidants Dioctadecyl 3,3'-thiodipropionate 0.25-3.0
2,4-Bis(octylthiomethyl)-6-methylphenol 0.015-0.2
Perylene-3,4:9,10-tetracarboxydiimide 2
Chromium (III) oxide 1
Pigments agents Zinc sulphide 2.0-10.0
Carbon black 2.5-40.0
2,9-Dichloro-5,12-dihydroquino[2,3-b]acridine-7,14-dione 2
Triethyl phosphate 10
Melamine 25
Flame retardants Cyanuric acid n.a.
Diantimony trioxide 8
Aluminum sodium tetrahydroxide n.a.
Tributyl-O-acetyl citrate 10.0-35.0
Triethyl citrate 10.0-35.0
Plasticizers 2,2'-Ethylenedioxydiethyl bis(2-ethylhexanoate) n.a.
Triphenyl phosphate (flame retardant) 2
Amides, C16-C18 (even), N,N’ -ethylenebis 1

2.2. Other Contaminants Adhered to Microplastics

In addition to the migration and diffusion of additives from plastic materials to
the surface and their release into the environment, the reverse process, i.e., compound
adsorption on MNPs, has been observed [67].

Microplastics can act as adsorbents in the environment for a wide range of pollutants,
such as heavy metals, and persistent organic pollutants (POPs), like organochlorinated
pesticides (OPCs), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), and dichlorodiphenyltrichloroethane (DDT) [8,27]. PCBs and PAHs have been
detected in beach pellets at concentrations of up to 93 and 1592 ng/g, respectively [68,69].
The combustion of land-based biomass was identified as one source of PAHs found in
microplastics [70]. The sorption of organic chemicals by MNPs is dependent on pH, salinity,
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ionic strength, degree of crystallinity, surface weathering, chemical characteristics, and
polymer type [71,72]. There are theories suggesting that MPs act as sinks rather than as
increasing levels of contaminants in marine life [51]. MPs can also function as carriers of
hazardous microbes, such as toxic microalgae [73]. A study carried out with six different
MPs assessed the adsorption of a-endosulfan and reported that low-density polyethylene
(LDPE) (particle size < 300 um) could adsorb approximately 0.4 mg/g of x-endosulfan
from water [74].

Numerous studies have revealed that MPs may serve as carriers to adsorb various
antibiotics such as sulfadiazine, amoxicillin, ciprofloxacin, trimethoprim, and tetracycline,
among others [75], through a variety of processes such as electrostatic and hydrophobic
interactions [76,77]. Metals and heavy metals have been detected in microplastics world-
wide, with Ti, Al, B, Fe, and Pb being detected at the highest levels [78,79]. The arsenic
concentration in MPs reached a value of 6.53 mg/kg, and factors such as organic matter,
iron hydroxides, and plastic additives may increase the As adsorption onto MPs [80]. Metal
concentrations were found to be higher in samples associated with foam plastic (PS, PUR,
PEVA) than in those associated with hard plastic (PE, PP, PET) [81]. Metal desorption is a
major problem, and researchers have discovered that the low pH of the digestive system
and gut may increase the desorption of toxic metals, causing them to accumulate in the
body [82].

To fully understand the behavior and mechanism of MP adsorption of antibiotics,
it is necessary to explore how pH, salinity, and other conditions impact the adsorption
process [83]. Pathogens and biotoxins have also been identified in MP biofilms, posing a
threat to human health [84]

2.3. Methods to Extract, Identify, and Quantify Microplastics

The detection and quantification of micro- and nanoplastics (MNPs) pose significant
challenges for researchers worldwide. MPs are difficult to work with as they typically
represent a small percentage of the sample. Additionally, multiple techniques are necessary
to perform a comprehensive analysis of MP polymer identification, mass quantification,
and determination of particle distribution, color, shape, and other characteristics. To avoid
contamination of the sample, it is necessary to use glass and metal materials, and quality
assurance and quality control processes and clean working areas are necessary.

These methods are used in three main aspects: separation, identification, and quantifi-
cation. Separation methods are particularly challenging due to the heterogeneous nature of
samples. Current separation technologies include flotation and filtration, while digestion
processes involve enzymatic treatment and chemical digestion. Flotation, based on the prin-
ciple of density differences between plastic particles and other sample components, is often
used to isolate MPs from sediments, food, and biological samples. Filtration techniques are
frequently applied for water samples, where filters with specific pore sizes can trap MNPs
for further analysis. Membrane bioreactor filtration has been identified as an effective MP
separation technology for water and beverages [20]. As each method has advantages and
disadvantages, the combination of analytical techniques to identify MPs may be a better
solution since it may optimize and enhance the efficiency of the process [20].

Enzymatic treatment, though less common due to higher costs, is employed to digest
organic matter in samples, leaving MNPs intact. Chemical digestion, often using potassium
hydroxide (KOH) or hydrogen peroxide (H,O,), is widely used, with KOH being the
most commonly used chemical for sample digestion [20,85]. Other digestive solutions,
such as inorganic acids (HNO3, HCl, and HCIO4) and enzymes, have been used; however,
these methods have limited application in high-density organic materials and are more
expensive [18].
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After separation, the MNPs are identified and quantified via several analytical tech-
niques. The identification techniques can include optical detection, scanning electron
microscopy (SEM), thermoanalytical methods, Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, and hyperspectral imaging [20,86]. The most frequent identifi-
cation method for MPs was found to be FTIR, followed by visual identification and Raman
spectroscopy [85,87]. Quantification of MNPs typically involves assessing particle concen-
tration, size distribution, and mass. Techniques such as thermogravimetric analysis (TGA)
and pyrolysis/GC/MS can be used for polymer mass quantification, offering insights into
the total amount of plastics present in a sample.

Some of these methodologies are detailed in Table 3, which provides an overview of
the presence of MPs in food and beverages reported in the literature over the last three
years. The table highlights the sizes, shapes, colors, and abundance of MPs, as well as the
analytical methods applied, demonstrating the diversity of approaches used for detection
and analysis.

At present, there is no globally accepted standardized method for detecting, identify-
ing, and quantifying MNPs in food or other complex matrices [88]. The standardization of
sampling methodologies, particle characterization techniques, and analytical methods is
urgently needed to improve the comparability and reliability of results [89]. Since standard-
ization is not available, all steps (sampling, treatment, solution preparation, equipment
required) must be detailed in future works to allow future developments and improvement
of the procedures and to achieve more precise results. This transparency will help the
future development of improved protocols and enhance the precision and reproducibility
of microplastic research [90].

2.4. Presence and Toxicity of Biodegradable MPs and Micro- and Nanoplastics in the Environment

MP pollution is a growing concern not only in marine environments but also in
terrestrial settings, where the yearly discharge of plastic waste is believed to be 4-23 times
greater than in marine environments. Soil, in particular, is a vast reservoir where MPs
accumulate, posing a potential risk to both ecological and agricultural systems [91,92].
Despite this, research on soil MPs is still in its infancy compared to marine environments,
with only 7.01% of studies focused on soil MPs by 2020, compared to 47.02% focused on
marine MPs [93]. This highlights the need for greater attention to the impacts of MPs on
terrestrial ecosystems.

Currently, the primary methods for managing plastic waste are burning, landfill-
ing, and recycling, but each method has drawbacks and is ineffective in reducing MP
pollution [43].

The toxicological implications of MNPs in freshwater and marine organisms include
bioaccumulation; histopathological impacts; survival, growth, and development; oxidative
stress; genotoxicity; and reproductive toxicity [27].

The noxious effects of MNPs on organisms are mostly determined by particle size [94],
type, charge, and concentration; environmental and biological aspects; and the related
toxicity of the adsorbed pollutants [27].

MPs with a diameter of <20 pm have been shown to permeate organs, whereas MPs
with a diameter of <10 pum have been shown to penetrate cell membranes and breach the
placental barrier in exposed cells or laboratory animals. Despite this, little is known about
the harmful consequences of MPs in humans, which may vary on the basis of characteristics
like MP type, size, shape, concentration, and charge, among others [95].

MPs have been reported to inhibit the survival, fecundity, and population fitness of
the waterflea Daphnia [96]. Exposure to MPs decreases the gut digestive enzyme activities
of fish and has caused disorders of hepatic lipid metabolism [97,98]. MPs may induce
an abnormal and lethargic behavior, promote reactive oxygen species (ROS) production,
induce anemia, and affect the immune system of fish; however, as most studies have
been conducted under extremely high exposure scenarios, more research on the toxic
effects of MPs under realistic exposure scenarios is needed [99]. MPs have been shown
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to affect a variety of plant species, including lettuce, wheat, broad beans, and maize, by
influencing seed germination, root development, and overall plant growth [42]. In recent
years, biodegradable MPs (BMPs) have been touted as a more environmentally friendly
alternative to conventional MPs. However, emerging research suggests that BMPs may
pose an equal or even greater risk to ecosystems under certain conditions. BMPs can break
down into smaller, potentially more harmful particles, and their degradation products can
interact with environmental pollutants, enhancing their toxicity. Moreover, BMPs may also
be more likely to bioaccumulate in organisms due to their tendency to break down in the
presence of moisture or microbial activity. Consequently, BMPs could have higher potential
for bioavailability in soils, posing risks to soil-dwelling organisms and plants [100].

2.5. Occurrence of MPs in Food

There are preliminary findings on the existence of MPs in seafood, poultry, terrestrial
snails, a small number of fruits and vegetables, salt, honey, sugar, and water; and a select
group of alcoholic drinks, such as beer and wine. Since there is no verified technique
available, the validity of these data is, nonetheless, in doubt [101]. The presence of MPs
has been detected in different categories of foods, such as beverages, condiments, honey,
meat, seafood, and vegetables, with concentrations varying substantially by orders of
magnitude [85]. Worldwide findings concerning the presence of MPs in food are discussed
in the literature [19,102]. Infant exposure has been a major problem because of contamina-
tion from the diet, feeding bottles, and other elements. Microplastics have been detected
in canned and box infant milk powders, with the latter being the second most common
form of microplastics present [103]. The presence of MNPs in food can be explained not
only by aquatic contamination and its trophic transfer in the food chain, but also by the
food packing and other plastic-contact sources. A plastic teabag releases approximately
11.6 billion MPs and 3.1 billion NPs into a single drink cup [104]. Another study reported
that take-out food containers have from 3 to 29 MPs/container and estimated that people
who order take-out meals 4-7 times per week may ingest 12203 pieces of MPs on the
basis of the prevalence of MPs in take-out box [105]. An estimation of 18,500 microplastic
particles ingested per year was also reported, considering the weekly consumption of
takeaway meals [106].

Table 3 shows the presence of MPs in food and beverages reported in the litera-
ture in the last 3 years, by size, shape, color, and abundance, including the method of
analysis applied.

Table 3. Recent publications on the presence of MNPs in food.

Sample

Source

Qualitative/Quantitative

Digestion Qualitative Info Quantity Info Ref.

Analysis
Bivalves:
Ostrea. Xiangshan Ba 10% KOH + Optical /Micr + 821 i 82)2
Denselamellosa &8 Y 30% H;0,,24h phc croscope Fiber. ’ ’ [107]
. China 2 w-FTIR 0.36 -+ 0.07
Sinonovacula. at 60 °C (items/g)
Constricta &
. 10% KOH + . .
Shrimp Xlan(g;?in Bay, 30% HyOy, 24 h Optical/ 1-\1/:[}15:Irlgscope + Fiber. 0.i2t5 nj: 9.08 [107]
a at 60 °C H cmsre
Fish:
Konosirus . 10% KOH + . . 0.044 £ 0.025
punctatus Xla“giﬂig Bay, 309 H0,, 240 OPtical/ IF;IITCEI‘;SCOP" * Fiber. 0.008 £ 0.006  [107]
Larimichthys at60 °C H items/g

crocea
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Table 3. Cont.
Sample Source Digestion Quallt;ﬂ::ll}%lilsantltatlve Qualitative Info Quantity Info  Ref.
Mostly fiber (50%),
fragment (15%),
and line (12%).
o Mostly 300 to .
Fish Bangladesh 7;(11/;,:(431;16 Optical/Microscope 1500 pm. 7 f:cl)e5s1/ gsa}l;tl- [108]
Most colors were
transparent (30%),
gray (26%) and
black (23%).
Mainly fibers
Optical/Microscope + followed by
. 10% KOH, Staining and fragments.and 11.4 MP items
Fish Iran 48h o Fluorescence synthetic . [109]
at60 °C Mi : per fish
icroscope + microbeads.
SEM-EDX Mostly <500 um in
light colors.
10% H, O, s .
Fish Pakistan overnight at Optical/Microscope Mlcroﬁbers and 76"6.2 1.tems/ [110]
60 °C microfragments. individual
Mostly Nitric Mostly <100 pm
acid (69 %) or 47.21 %) and by
sodium 100-250 pum size 35.57 £ 104 to
Salted and West coast of hydroxide Optical/Microscope + group (23.98 %). 61.20 £21.8 [111]
dried fish India (10 %) or Staining + p-FT-IR Mostly fragments items/g of
hydrogen and fibers. dried fish
peroxide (30 %) Mostly translucent
72hat60 °C and black.
Mostly LDPE, PP,
HDPE, Nylon-66,
and PS.
Seafood Sri 30% HyO, Optical/Microscope +  Mostly fibers (52%) 0.04 = 0.02
.. ri Lanka o .. MP/g to [112]
varieties 24-48 h at 65 °C Staining + m-FT-IR and fragments 18 £ 021 MPs/
(19%). Mostly blue ’ ’ &
(69%) and black
(17%).
o Optical/Microscope +
Eoos 121/022)/1;1?5?12&1 ¢ Fluorescence + Spherical and 11.67 +3.98 [113]
88 60 °C ATR-FT-IR + 50-100 um. particles/egg
FESEM-EDX
. . 0.20 to
35% HyO, Optical/Microscope +  Mostly PP and PE, .
Seaweed Korea 79190 h P FLIR P mostl}}ll 20-99 . 14.328[7;1"[1— [114]
Ethanol and Optical/Microscope +  Mostly PP and PE, n. d. to
Honey Korea H,0, P FT-IR P mostl}}ll 20-99 pum. 46.0 particles/L [114]
Mostly fragment
China, the and fibers.
Infant milk Netherlanc.is, Artificial gastric Mostly PE and PET. 1+1to
i Ireland, China, - Average of :
powder: boxed Swi juice FT-IR 11 + litems/  [103]
and canned witzerland, for 3hat37 °C 139 & 343 um and 100 g
France, and 193 + 415 um for
New Zealand boxed and canned,

respectively.
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Table 3. Cont.

Sample

Source

Qualitative/Quantitative

Digestion Qualitative Info Quantity Info  Ref.

Analysis
Mostly PA and PET.
Mostly 50-100 pm.
S Mostly fiber (60%)
Soft drinks: Optical /Microscope + and fragment 5 to 18 poly-
PET and Tetra Turkey - [115]
FT-IR (34%). mers/sample
Pak bottles
Mostly transparent
(57%) and blue
(28%).
Optical/Microscope +  Mostly PP and PE, 0.01 to
Beer Korea i FT-IT mostly 20-99 um. 102 particles/g 1)
Epifluorescence Fibers (87%),
Food ice cubes Mexico City 30% H2?2 Optical/Microscope + fragm?nts (12'Z o), 19+ 4 to [116]
lhat65°C SEM-EDX + ATR-FTIR and films (0.3%). 178 £+ 78 items/L
Mostly PP and PE.
Mostly fragment
(93%).
. Optical/Microscope + Mostly PET, PS,
ﬁlgg?lb‘(’j;‘fg Tran ; ATR-FTIR + Raman and PE, 56 agégles o [17]
Microscopy 1280-4.200 pm. p
Mostly transparent,
black.
Mostly fiber and
fragment. 2to
Mineral water . Optical/Microscope +  Mostly PET, PE, PS .
in PET bottles China - Ww-FTIR + SEM and PA. 23 particles/ [118]
bottle
Mostly
0.050-0.300 mm.

Visual observation via either microscopy or SEM is the most common method applied
for MP detection in food, followed by FTIR. The most common types of MPs in fibers and
fragment shapes were PE, PP, and PET. The quantities ranged from 0.008 to 61.20 items/g
and from 0 to 178 particles/L. The more recent studies are mostly concentrated in Asia,
more specifically in China, India, and Korea. The digestion of food and beverage samples
is usually carried out with either 10% KOH or 30% HO,, or both.

Three mechanisms have been identified as contributors to the release of MPs from
plastic bottled in water: the filling process, opening/closing, and squeezing [117]. Adults in
China are expected to drink 0.274 MPs/kg daily, which can vary according to consumption
behavior [118] but can also be extended to other countries that are high consumers of
bottled water. Researchers have estimated that, globally, human ingestion of 0.1 to 5 g of
MPs per week occurs through different exposure pathways [96].

2.6. Trophic Transfer in the Food Chain

Small plastic particles have been found in the digestive tracts of creatures from various
trophic levels, impacting more than 690 marine species [89]. The authors affirm that the
physical and chemical characteristics of MPs make it easier for pollutants to stick to the
surface of the particles, acting as a vehicle for toxins to reach organisms after ingestion;
however, the bioaccumulation parameters for higher-trophic-level animals, and the effects
on larger marine food webs, are still unknown.

The transfer of contaminants to marine organisms can take place either directly, with
MPs carrying POPs adhering to the organism’s external (such as its skin or skeleton)
or internal surfaces (such as its gut or gill walls), or indirectly, with MPs absorbing the
contaminants from aqueous phases such as water (external exposure) or organismal fluids
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(internal exposure) [51]. Trophic transfer is an important pathway for MP exposure that
might have negative impacts on sensitive developmental stages [119].

Three routes allow MNPs to enter an animal’s body: (1) through the digestive tract
through food and drink, (2) through the lungs, and (3) through the skin surface [17].

The presence of the NPs in the digestive systems of higher-trophic-level species and
their adhesion to the surface of primary producers were both verified by microscopic exam-
ination [120]. The results revealed that fish exposed directly to NPs presented histopatho-
logical abnormalities in their livers and that the NPs also entered the embryonic walls and
were found in the yolk sacs of juveniles after hatching, which demonstrated that NPs are
quickly transmitted through the food chain. The effects of plastic and MNPs in animals
have been widely investigated. More recently, Charlton-Howard et al. (2023) referred to
plasticosis, a new fibrotic disease induced by plastic [121]. Figure 2 illustrates the sources
and interactions of MNPs in the environment.

Fiber particles __

B

Landfill -
PEPPPSPVC B |
/ Production —~
- 1B Ingestion by { '_,-'. .

el humans of . N

.. contaminated food s 3 ®  Ingestion by
y animals

Food contaminated . . e

Figure 2. Scheme of the sources and interactions of MNPs and additives in the environment. Created
by BioRender.com.

3. Presence in Humans and Health Impacts

Human body monitoring research from the late 1990s reported the presence of plastic
fibers in lung tissue, which indicated that MPs were deposited or accumulated in the
lungs [122]. Approximately 20 years later, investigations have detected the presence of MPs
in the human placenta [123] and breastmilk [124], and the first measurement of plastic in
human blood was quantified as 1.6 pg/mL [125]. The first evidence of microplastics in the
human testis and semen revealed PS, PE, and PVC in sizes of 20 to 100 um [126]. MPs were
also detected for the first time in human vascular tissues, specifically saphenous vein tissue
samples [127], and even in the heart [128].

It is estimated that a person who consumes rice, noodles, and packaged meats regularly
consumes approximately 400 g of MPs per year, which translates to approximately 50 plastic
bags [85,96].

The effects of MPs in humans are being explored in recent studies. The associated risks
to humans exposed to MPs are oxidative stress, translocation, inflammation, accumulation,
and toxicity from the additive chemicals [129].

Toxicological knowledge of the potential effects of MNP exposure on human health
is still in its early stages [95,129]. Most studies are conducted in animals such as mice, as
shown in Table 4.
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Table 4. Health impacts of micro(nano) plastics and related substances.
Material . .
Model Concentration Size Exposure Health Impact Source
Evaluated
At orgLee
Mice Y Y DEHP); 200 um/Kg 1-10 um 1 week Delayed skin healing. [130]
phthalate DEHP
(DEHP)
. Polystyrene 1-10 um and Delayed skeletal
Mice MPs 10mg/L 50-100 um 30 days muscle regeneration. [131]
Damage on the
muscle cardiac
Polystyrene 0.5mg/L; 5mg/L .
Rats MPs and 50 mg/L 0.5 pm 90 days structure, apoptosw [132]
of myocardium and
cardiac fibrosis.
Alterations observed
on endpoints in
physiological, serum
Rats Polystyrene 0.1% 0.10 pm 14 days biochemical, [133]
MPs .
hematological, and
respiratory function
markers.
Decrease of the
secretion of mucin in
Mice Polystyrene 10 2nd 1000 ug/L 0.5 and 50 um 5 weeks gut, induced gut [134]
MPs He ' H microbiota dysbiosis,
induced hepatic lipid
metabolism disorder.
Disturbance of
energy and lipid
metabolism,
Mice Polystyrene 0.1 mg/day 5 pm and 20 28 days oxidative stress, [135]
MPs pm .
alteration of blood
biomarkers of
neurotoxicity.
Intestinal barrier
Polvstyrene dysfunction, gut
Mice Yy 100 and 1000 ug/L 5 um 6 weeks microbiota dysbiosis, [136]
MPs . . .
bile acid metabolism
disorder.
Inflammation,
. Polystyrene apoptosis and
Mice MPs 0.1 mg/day 5 um 30 days oxidative stress, [137]
hepatic injury.
Inflammation and
. Tributyltin + ..
Mice microplastics 0.1 mg/day 5 um 33 days apo.pt051s. in [138]
epidermis.
Obstruction of follicle
assembly progress
Di and interference with
(2-ethylhexyl) 175DPC (days ~ ‘heir developmental
Mice y y 40 u/Kg - ’ ) y status, increase in [139]
phthalate post coitum) DNA damage, and
(DEHP) 8¢

apoptosis in germ
cells and/or somatic
cells.
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Table 4. Cont.
Material . .
Model Concentration Size Exposure Health Impact Source
Evaluated
Reductions in testis
. weight, germ cell and
bi Sertoli cell toxicit
Neonatal (2-ethylhexyl) 60, 300, or Y
- 21 days lung granulomas, [140]
rats phthalate 600 mg/day Lo
inhibition of lung
(DEHP)
alveolar
development
Impaired glucose
Polvstvrene tolerance and hepatic
Mice }I]\/[I?‘]s 100-1000 pg/L 1 um 8 weeks lipid deposition; [141]
alteration in hepatic
lipid species.
Alterations in
testicular
morphology and
reductions in
. Polystyrene 100 pg/L and 0.5 um, 4 pm, testosterone, LH, and
Mice MPs 1000 ug/L and 10 pm 180 days FSH contents in [142]
serum, decline in
sperm viability and
increase in rate of
sperm abnormality.
Sperm quality
. Polystyrene 100 ug/L, 1000 pg/L, decline, abnormal
Mice MPs and 10 mg/L 5 pm 35 days testicular [143]
spermatogenesis.
NPs: 50 nm; Kl.dney 11.1ﬂammat10n,
Polystyrene MPs: 300 nm histological damage
Mice NP-MPs 100 mg/mL 600 nm and 4 weeks 9f kldney,‘mlce [144]
4 um weight loss, increase
a in death rate.
Pregnant Polystyrene 100 pg/L and 0.5 um and Gestation Poteptlal risk o.f fatty
mice MPs 1000 pg/L 5 um period acid metabolism [145]
disorder in offspring.
Testis development
disorder and male
Pregnant subfertility, likely
and Polystyrene 0.5mg/L,5mg/L, 0.5 um 35(ar;(;1t_7r(1)a1:i\llD regulated by the [146]
postnatal MPs and 50 mg/L K P days) Hippo signaling
mice y pathway and
involving an immune
reaction.
Coexposure to MPs
Polyethylene and OPFRs increased
and polystyrene oxidative stress,
MPs and 10 ne /L and induced greater
Mice organophos- 1 gg /L 0.5-1.0 um 90 days neurotoxicity, and [147]
phorus flame HE enhanced disruption
retardants of amino acid
(OPFRs) metabolism and

energy metabolism.
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Table 4. Cont.

Model Material Concentration Size Exposure Health Impact Source
Evaluated
Impacted animal
behavior: higher
Different sizes anxiety index, slower
. Polyethylene and shapes locomotion speed,
Mice MPs 500 mg/L (35.46 um + 7 days lack of defensive [148]
18.17 pum) social aggregation,
and reduction in risk
assessment behavior.
Hepatotoxicity and
disruption of lipid
Human Polystyrene 0.25 ug/L, 2.5 ug/L, metabolism in
organoids MPs and 25 pg/L 1 um 48h human pluripotent [149]
stem cell-derived
liver organoids.
Induction of higher
1pug/L, 10 pg/L, mitochondrial
Human Polystyrene 20 ug/L, 50 ug/L, 0.1 um and 1h depolarization in [150]
cells MPs 80 pug/L, and 5 um human colon
200 ng/L adenocarcinoma
Caco-2 cells.
NP25: 30, 25,20, 15, Affected the viability,
10, 5, and 2.5 pg/mL; ) apoptosis, and cell
H;rﬁsan P(’lﬁtgsrene NP70: 300,220, 160, N0 ;5) o and 5} 4hand8h cycles of A549 [151]
100, 60, 30, and human lung
10 pg/mL epithelial cells.
Pulmonary
cytotoxicity,
Human Polystyrene > pulmonary barrier
cells MPs 10 and 1000 pg/cm 1.72 £ 0.26 um 24 and 48 h impairment, and [152]

chronic obstructive
pulmonary disease.

The expected impacts on human health are wide, considering the reported studies.
MPs can cause problems in organs, such as the lungs, kidneys, and heart, or even in more
complex components such as DNA and the neurological system.

The most common effects are related to cell toxicity, inhibition in cell production,
cell apoptosis, metabolic disorders, and organ malfunction. Microplastic exposure has
also been shown to be responsible for modifying animal behavior, such as an increase in
anxiety rates.

From the literature, we find that the effects of MPs on health are dependent on size,
exposure time, and concentration [145,151,153,154] and that the MNP impacts on the
intestinal barrier need more attention [155]. Promising studies are being conducted in
human cells and organoids, but still, no papers on human beings have been published.

4. Legislation and Initiatives

The growing awareness of microplastic pollution has led to various global initiatives
and legislative measures aimed at mitigating its impact. Initiatives such as the creation
of the Agenda 2030 by the United Nations (UN) are highly relevant to incentive actions
toward the microplastic issue [156]. Among the 17 Sustainable Development Goals (SDGs),
several are related, such as 3—Good health and well-being, 6—Clean water and sanitation,
12—Sustainable consumption and production, and 14—Life below water. In 2017, the UN
Environment Programme (UNEP) launched the Clean Seas Campaign, which was devoted
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to ending marine litter and plastic pollution [157]. The United States and the European
Commission formally joined the Clean Seas Campaign in 2022, showing their commitment
to reducing plastic waste in the oceans.

Some countries have started to create legislation to limit the application of MPs in
industry; however, most of them are related to cosmetic and personal care products, which
are a source of primary MPs [158].

Much effort has been given to reducing the consumption of plastic bags, which are
also sources of MPs, either by banning them or charging for their usage. The pioneers were
California State and the United Kingdom, which restricted the usage of plastic bags in
2014 and 2015, respectively. A total nationwide ban has been reported in some countries
of Africa (e.g., Cameroon, Morocco, and Kenya), Asia (e.g., China, Taiwan, and Malaysia),
and Europe (e.g., France and Italy) [159]. These bans, particularly in developing countries
like Kenya, are significant steps toward reducing plastic pollution, though enforcement
and compliance vary widely across regions.

Since 2018, the European Commission has adopted a plastic strategy to protect the
environment, reduce marine litter, and transform the way plastic products are designed for
use and recycled in the European Union [160]. On average, Europe consumes 180 kg of
packaging waste per year, which is mostly made of plastic and paper. In 2019, a directive
on single-use plastics entered into force in the EU; however, by the beginning of 2022,
60% of the Member States had not yet implemented it [161]. At the end of 2022, the
Commission began working on a policy framework for biobased, biodegradable, and
compostable plastics.

More recently, the European Commission published the Commission Delegated De-
cision Directive 2024/1441, supplementing Directive EU 2020/2184, which establishes
a methodology for measuring microplastics in drinking water [162]. This is a first step
toward the definition of an official protocol to detect and measure microplastics in water
samples, which can also serve as a model for food and beverage samples.

In summary, while there are notable efforts worldwide to reduce plastic pollution,
the effectiveness and implementation of these policies vary significantly between regions.
Countries like those in the EU are leading the way with ambitious regulatory frameworks,
but the lack of control, delays in implementation, and inconsistent enforcement reduce their
overall impact. In contrast, developing nations face the dual challenges of enforcement
and infrastructure, while major economies such as the United States and China still lack
comprehensive microplastic-specific legislation. A more coordinated global approach,
along with the development of standardized detection methodologies, is urgently needed
to tackle the growing problem of microplastic pollution effectively.

5. Conclusions and Future Perspectives

The presence of the MPs in the environment and our food is unquestionable. Re-
searchers worldwide have found MPs in different kinds of foods and beverages. Plastic
material has been found in different parts of humans, such as lung tissue, placenta, breast-
milk, blood, heart, testis, semen, and human vascular tissues, specifically saphenous vein
tissue samples. Microplastic pollution is currently underrated, considering the prelimi-
nary studies of health effects in animals and potential impacts on human health, such as
cell toxicity, inhibition of cell production, cell apoptosis, metabolic disorders, and organ
malfunction. Yet, there remains a significant gap in our understanding of how MPs affect
human health, particularly over the long term and with chronic exposure. There is already
a pathology in seabirds induced by plastics, called plasticosis [121], which underscores the
need for urgent research into similar impacts on humans.

Rethinking our consumption habits and changing legislation is a baby step toward
solving the significant problem we are facing. However, current efforts—such as limiting
plastic use and promoting recycling—are still inadequate, given the magnitude of the
problem. Even eco-friendly alternatives like bioplastics and existing recycling methods
contribute to MP pollution. This highlights the need for innovation in plastic-degrading
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technologies and mitigation strategies, such as plastic-degrading enzymes [3], advanced
oxidation processes, photocatalysis, and nanotechnology-based solutions [163].

Moving forward, several priority areas for investigation emerge. First, there is an
urgent need for standardized methods for identifying and quantifying MNPs, including
improved sample preparation techniques. Standardization will allow for better comparabil-
ity of results across studies and regions. Second, more research is needed to understand the
long-term effects of MPs on human health, particularly regarding chronic exposure from
food and beverages. Studies should focus on the impacts of different concentrations, parti-
cle sizes, and polymer types, as well as the interaction between MPs and environmental
contaminants or additives. Moreover, the cumulative effects of long-term exposure to MPs
in humans, especially in vulnerable populations like children, pregnant women, and indi-
viduals with preexisting conditions, should be a research priority. Epidemiological studies
investigating the correlation between MP exposure and health outcomes in humans are
critically lacking. Without these data, assessing the true scale of the risk remains difficult.

As researchers worldwide report food contamination from MPs in almost all types of
foods and beverages, a new question arises: is it possible to make food free from MP contam-
ination? If the answer is yes, then how? This critical question must be addressed through
interdisciplinary collaboration, involving food scientists, environmental researchers, poli-
cymakers, and the agricultural sector, to develop practical solutions for ensuring safer food
production and consumption [164].
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