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Abstract: Given the broad and intense use of plastic, society is being increasingly affected by its
degradation and by-products, particularly by microplastics (MPs) -fragments smaller than 5 mm in
size-, and nanoplastics (NPs) -with sizes less than 1 um. MPs and NPs may enter the body primarily
through inhalation, consumption, and skin contact. Once ingested, MPs can penetrate tissues,
deviating to other parts of the body, and hence potentially affecting important cellular pathways
such as nonconforming chemokine receptors that control the communication between the fetus and
the mother. Consequently, the potential health harm induced by MP internalization is a major issue,
evidenced by multiple studies demonstrating harmful consequences in diverse animal models and
human cells. Here, an overview of the various modes of exposure to MPs and NPs is presented,
including inhalation, placental transfer, ingestion, breastmilk consumption, and skin absorption, as
well as placental and fetal toxicity due to plastic particles based on animal and in vitro studies.
Though MPs in our environment are becoming more recognized, their developmental toxicity is
still scarcely known. Besides negatively affecting pregnancy, MPs and NPs have been shown to
potentially harm the developing fetus, given their ability to cross the placental barrier. Still,
considerable gaps remain in our understanding of the dispersion and toxicity of these particles in
the environment, as well as the precise types of NPs and MPs bearing the greatest dangers. As a
result, we advocate for larger-scale epidemiological investigations, the development of novel
approaches for measuring NP and MP exposures, and the necessity of understanding the toxicity of
various kinds of NPs to guide future research efforts.

Keywords: exposure routes; human breast milk; human placenta; microplastics; nanoplastics

1. Introduction

The production of plastics worldwide has increased from just 2 million tons in 1950 to over 390
million tons in 2021. This is due to the high demand for the material, which was commonly believed
to be the best choice for durability, adaptability, and usage in consumer products [1]. Hence, plastic
products can be found everywhere in our modern lives and are a very popular material in
construction, textiles, consumer goods, transportation, electronics, and machine parts. The largest
application for plastics, though, is as packaging material. One of the biggest concerns and challenges
with plastics is that they can degrade to microplastic through weathering, e.g., by mechanical,
microbial or photodegradation. The term "microplastics” (MPs) refers to particles that are smaller
than 5 mm, and it is estimated that over 170 trillion of these microplastic particles afloat in the world’s
oceans [2]. MPs found in the sea can be ingested by marine animals and then accumulate and end up
in humans through the food chain. Indeed, there are several reports of MPs in the environment and
in food [3], predominantly in sea salt, seafood [4] and in drinking water [5]. Their effect on human
health is yet unknown but plastics often contain additives, such as stabilizers or flame-retardants,
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and other possibly toxic chemical substances that may be harmful to the organism ingesting them
[6,7]. Because MPs are pervasive in the environment, human exposure is unavoidable, mostly
through three major paths: consumption, breathing, and skin contact. MPs can traverse cell
membranes after being internalized. They are seen as unknown substances by the body and hence
generate regional immune responses [8]. Given that the amount, incertitude, and variations of MP
exposure concentrations and its associated incorporation kinetics still remain uncertain, the potential
risks that MPs represent to human health can consequently result controversial [7].

A previous review [9] has reported on human exposure assessments for MPs by estimating total
MP intake present in different sources (i.e., table salt, drinking water and air). Nonetheless, the
analytical detection approach has proven to be challenging, as the distribution of global MP intake
rates is not necessarily well represented when using only single exposure estimates based on average
exposure rates. The review provides solid quantitative data highlighting that the most significant
MPs intake is through inhalation (estimated to be 1.9 x 10% to 1.0 x 10% items-year~ indoor air;
compared to 0 — 3.0 x 107 items-year~ outdoor air). Furthermore, they conclude that long-term MP
exposure in human, as well as the fate and transport of MPs upon entering an organism through
absorption and excretion, is vague [10].

2. Characteristics of Micro- and Nanoplastics

Common plastic polymers like high- and low-density polyethylene, polyvinyl chloride,
polyethylene terephthalate, polypropylene, and polystyrene are widely used [4]. Industries produce
primary plastic particles used as essential components, e.g., in manufacturing plastic goods, for
biomedical applications, and as cosmetic additives. Secondary plastic particles are formed from the
degradation of larger plastics in natural environments, e.g., by mechanical, microbial and/or
photodegradation, as mentioned above. Primary MPs are intentionally produced for specific
purposes, including preproduction resin pellets, microbeads in personal care products, powders for
textile coatings, and drug delivery systems. Similarly, nanoplastics (NPs) are increasingly
manufactured for products such as paints, adhesives, drug delivery vehicles, and electronics. These
fragmented particles are the main source of MPs/NPs found in terrestrial and aquatic environments.
Due to their limited biodegradability, they can persist for extended periods, spanning hundreds of
years, in marine and terrestrial environments [11].

Defining the size of MPs and NPs has lacked universal agreement. MPs are generally smaller
than 5 mm, while NPs have less defined boundaries, but are typically below 1 pm or even below 100
nm [11-13]. To provide context regarding human exposure, it is worth noting that viruses, which can
easily enter human cells, have a diameter of approximately 100 nm. Bacteria, which can be engulfed
by immune cells like macrophages, have diameters between 1 and 5 pm. Parasitic worms, larger than
eukaryotic cells (10-100 um), can cause chronic diseases in humans. Therefore, the size of MPs/NPs
is comparable to pathogens that commonly infect humans [13]. MPs and NPs exist in various shapes,
including spherical, angular, irregular, and fibrous forms [14]. Recent findings suggest that MPs can
travel up to 100 km in the atmosphere, maybe even farther, exhibiting true free tropospheric MP
transport and high-altitude MP particles <50 um [15,16]. Therefore, it should not come as a surprise
that MP particles are now found in a large variety of ecosystems, including in Arctic Sea ice [17].

3. Routes of Exposure

As both MPs and NPs are present widely in food, water and air, the most common routes of
exposure are ingestion and inhalation. Bottled water serves as a prevalent source of exposure,
potentially originating from both the water itself and the plastic packaging it comes in [18]. According
to a study on human consumption, between 74,000 and 121,000 microplastic particles are consumed
yearly per person in the United States [19]. MPs have been found in human feces, which is a strong
proof that they were consumed through the food chain and exposed to the stomach [20]. MPs and
NPs can be incorporated into the lungs and gastrointestinal tract through processes including
endocytosis and persorption after being inhaled or ingested and eventually reach the circulation [21].
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An important development is the recent detection and quantification of plastic polymer particles even
in human blood [17,22].

Thus far, only a limited number of studies have assessed these MPs/NPs exposures to humans.
Based on consumption of foods and drinking water in the United States, a study from Cox et al., in
2019, estimated daily MP exposure at 203 particles for girls and 223 particles for boys. Furthermore,
the combination of ingestion and inhalation of MPs yields total exposure estimates of approximately
81000 and 74000 particles - year -, for boys and girls, respectively. Nonetheless, a thorough
description of the children population is missing, only to be inferred that individuals are less than 18
years old [23]. The authors used different analytical methods, including Fourier-transform infrared
spectroscopy (FTIR), inductively coupled plasma mass spectrometry (ICP-MS), Raman spectroscopy,
and Rose Bengal stain to determine MP concentration in several samples, including seafood, honey,
salt, sugar, and water. Another research study assessed the daily consumption rates of 553 particles
for children and projected the lifelong accumulation of MPs using a physiologically based
pharmacokinetic model [7]. According to more child-focused studies, however, these figures may be
"dramatic underestimates”. Cox’s et al. (2019) analysis on estimates of American consumption of MPs
could be underestimated by a factor of at least 1 x 105[23]. They state that around 15% of an average
male adult’s caloric intake is interrelated with the consumption of up to 52000 MP particles per year,
unfortunately the remaining 85% of calories cannot be extrapolated to a specific number of MPs
consumed. In another example, Li et al. [24] examined the potential exposure of infants to MP from
consuming formula prepared in polypropylene infant feeding bottles. The bottles were able to release
up 16.2 x 106 MPs per liter. This wide range underscores the significant uncertainty surrounding
human exposure to both NP and MP, especially during infancy, as well as the difficult analytical
tasks involved in quantifying them [24].

In recent studies, the analysis of MPs and NPs has expanded to include various food products
such as honey, chicken, beer, sugar, salt, teabags, milk, seaweed, and certain fruits and vegetables.
Plastic teabags, bottled water, and seafood are identified as major sources of exposure to MPs/NPs.
Particularly high levels of MPs have been reported in fruits and vegetables. Despite some estimates
of daily exposure to MPs/NPs from certain sources, the actual extent of human exposure remains
unknown [11].

Most MPs and NPs that have the potential to be harmful to humans are primarily made of
polyethylene terephthalate (PET), polystyrene (PS), and polyvinyl chloride (PVC) [25]. In laboratory
studies, these plastics have been found to negatively affect cell viability and trigger the expression of
inflammatory genes by releasing compounds that could potentially cause cancer. Plastics, including
MPs/NPs, can contain hazardous substances and endocrine-disrupting compounds like phthalates
and bisphenol A. These substances have been associated with various health issues in humans, such
as epigenetic changes, reproductive toxicity, insulin resistance, type II diabetes, obesity, skeletal
abnormalities, allergies, asthma, and cancer [26]. MPs/NPs may consist of different types of plastics
and other chemicals, and their combined effects could lead to more severe health risks [11].

4. Transport routes for MPs in the human body

Inhalation, cutaneous contact, and ingestion are the three main ways that MP can be exposed as
recorded in the literature; the latter is the most important and is thought to result in annual intakes
in the range of 39,000 — 52,000 mg per individual [7,27]. After being swallowed or breathed, MPs can
be incorporated in tissues. In the digestive tract, they can bypass the epithelial tissue by either
endocytosis processes or by diffusion paracellularly before being transported by means of dendritic
cells into both the circulatory and lymphatic system [23]. According to reports, once MPs enter the
body, they might gather and then cause localized damage by triggering or amplifying immune
reactions, which weakens the body's defenses against infections [18]. These MPs may enter the
placenta through para-cellular or M cell-mediated endocytosis pathways from the respiratory or
digestive systems. The most plausible method of transport for MPs is through particle absorption
and translocation, which has already been described for internalization from the gastrointestinal
system. [18]. A recent study showed that the presence of MPs was at higher concentrations in indoor
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air and dust (from homes and offices) compared to outdoors [28]. As an example, in a coastal area of
California, airborne MPs in indoor air (3.3 + 2.9 fibers and 12.6 + 8.0 fragments per m?) was higher
than in outdoor air (0.6 + 0.6 fibers and 5.6 + 3.2 fragments per m?). This was ascribed to several
potential factors, such as interior MPs sources (such as furniture and textiles), greater atmospheric
MP deposition indoors, and less atmospheric mixing and dilution in comparison to outdoor air [28].
Figure 1 summarizes the different pathways that MP may encounter with the human body. The
following subsections will expand to our current understanding of specific transport routes involving
the placenta and breast milking, inhalation, ingestion, cutaneous contact, and circulatory system.
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Figure 1. Pathways of human exposure to microplastics and their types, modes of interactions and
possible associated health consequences.

4.1. Placenta and breastmilk

As with other foreign substances, MPs can enter the tissue in depth once they have achieved the
maternal side of the placenta through several, yet poorly known active and passive transport modes.
Trans-placental transit of MPs sized 5-10 pum can be influenced by a variety of physiological factors
and inherited traits. This may help to explain the various locations and properties of the particles
found in the current investigation, as well as the patients' varied dietary and lifestyle habits and the
lack of MPs in 2 out of 6 placentas that were examined in a recent study by Ragusa et al. [29].
Nonconforming chemokine receptors that control the communication between the fetus and the
mother, motioning between the womb and the embryo, as well as transferring of uterine immune
cells like the dendritic, natural killer, T cells, and macrophages during a characteristic gestation are
just a few of the cellular regulatory pathways that MPs may potentially alter in the placenta.
Preeclampsia and fetal growth restriction are two possible unfavorable pregnancy outcomes that
might result as consequence [19]. Breastmilk also serves as the finest nutritional standard for
newborns, providing nutrients and strengthening their immune system, hence it is crucial to make
sure breastfeeding is as pure as possible. The occurrence of MPs in placenta, which symbolizes
interactions amongst the fetuses and the mothers that are exposed to the environment, was confirmed
by Braun et al. [30]. Recent research has shown that MPs circulate throughout every region of the
body due to the existence of plastic particles in the blood [31]. Both immune cell-dependent pathways
and mammary epithelial cell-dependent pathways have been proposed as potential routes for
exogenous particles to go from the circulation to breast milk in the mammary glands, with the latter
being more pertinent in inhaled particles [13,32-34].
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4.2. Inhalation

Since MPs are consistently found at high quantities in both indoor and outdoor air, inhalation
has lately become a significant pathway for human exposure to MPs [35,36]. The importance of the
inhalation route was underlined by Cox et al. (2019) in a meta-analysis of 26 research articles on
human exposure to MPs with a special focus on the American population [23]. Based on the findings,
the average concentration was determined to be 9.8 MPs per m3. Adult males and females were
estimated to inhale 170 and 132 MPs per day, respectively, while children inhaled 110 and 97 MPs
per day. These estimates accounted for approximately 50% or more of the total daily exposure to MPs
through all routes, indicating that inhalation is the primary pathway of human exposure to MPs.
Another recent study conducted in Australian homes reported an average inhalation intake of 0.2 mg
per kg of body weight per year, equivalent to approximately 12,891 MP fibers per year, with higher
intake observed in young children (<0.5 years of age) at 0.31 mg per kg of body weight per year [37].
Previous studies estimated individual inhalation exposure to be between 26 and 132 MPs per day
[27], while a study by Vianello et al. [38] reported an average inhalation of 272 MPs per day for adult
males engaged in light activity. Notably, a recent study highlighted the increased risk of MPs
inhalation associated with wearing various types of face masks during the COVID-19 pandemic.
Fibers and spheres were the most commonly detected types of MPs, with activated carbon masks
showing the highest levels of MPs inhalation and N95 masks the lowest [28]. Another significant
matrix for human exposure to MPs has emerged as indoor dust. High concentrations of MPs in
samples of indoor dust were found, with children being more sensitive due to increased rates of dust
consumption. Higher exposure was noted inside compared to outdoors, with an estimated daily
intake of MPs via indoor dust ranging from 6500 to 89,700 ng per kg of body weight per day. Adults
were found to have lower exposure levels due to variations in body weight and dust intake rates,
whilst infants were found to have the greatest exposure levels. This emphasizes how important it is
to take indoor dust into account as a possible cause of exposure, especially for children [28].

4.3. Ingestion

Recent research has shown the paths through which people are exposed to MPs, revealing the
importance of both nutrition and indoor dust as channels. MPs have been identified in a variety of
foods, including fish, shellfish, table salt, sugar, honey, milk, and beer, therefore diet is an important
factor. According to studies calculating food exposure, daily MP consumption for various
demographic groups ranged from 106 to 142 particles per day [23]. Another recognized source of
exposure is the release of MPs from plastic packaging, such as teabags [39] and baby feeding bottles,
as discussed earlier. MPs have also been discovered in branded milk containers, meat items [40], and
bottled drinks. These results highlight the necessity of thorough research to comprehend the scope
and dangers of food exposure. Another significant matrix for human exposure to MPs has emerged
as indoor dust. Studies have found high concentrations of MPs in samples of indoor dust, with
children being more sensitive due to increased rates of dust consumption.

4.4. Dermal Contact

As summarized in Figure 1, the dermal contact includes cosmetic use and the use of synthetic
fibers. Studies explicitly evaluating human skin exposure to MPs and its dangers are scarce.
However, it is logical to think about dermal contact as a potential route for human exposure to MPs
given the widespread presence of MPs in indoor dust, atmospheric deposition from both indoor and
outdoor air, the use of microbeads in cosmetics, and the ongoing degradation of microfibers from
textiles, as discussed earlier. Microbeads, which generally have a diameter of less than 1 mm, are
frequently found in toothpaste, denture fillings, and treatments for washing and exfoliating the skin.
A limited number of studies tried to calculate the amount of microbeads that each person uses in
various personal care products [41]. For instance, research on face scrubs conducted in the UK
discovered that the MPs content ranged from 10 to 100 g per liter, translating to intake of 40.5 to 215
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mg per capita per day [42]. Another study calculated that the US population has an intake of 2.4 mg
of MPs per person per day on average, using liquid soaps [43].

These few studies do not offer a thorough knowledge of human cutaneous exposure to MPs, but
they do show that it is important to consider this route of exposure. Research indicates that NPs may
immediately overcome the dermal barrier, even though human skin serves as an efficient barrier
against the entry of bigger particles. The transdermal penetration of bigger particles, however, may
also occur by other pathways, including hair follicles, sweat glands, or open skin wounds.
Additionally, skin damage brought on by inflammation and oxidative stress has been linked to
dermal exposure to MPs. Determining human skin exposure to MPs through interaction with
cosmetics, settling dust particles, fabric fibers, and other sources requires more investigation. The
relevance of this exposure pathway and any potential health concerns involved must be further
considered [28].

4.5. Circulatory System

Regarding the circulatory system, inhaled MPs are more likely to pass via the lower respirational
region, which has a fine coating of secretion, and diffuse into the circulation via both cellular
absorption and paracellular distribution [44]. Growing scientific evidence supports the existence of
MPs in individuals. Ibrahim et al. revealed the predominance of MPs in specimens from colectomy
whereas Schwabl et al. stated the occurrence of MPs in feces from humans, demonstrating that they
can only partially cut across the intestinal membrane [45,46]. Medical studies on both rodents and
humans have shown that particles of PVC [47] and PS [48] less than 150 pm translocated from the gut
cavity to their lymph and circulatory systems. The mussel Mytilus edulis was used to investigate
ingestion, translocation, and accumulation of MPs. After ingestion, MPs accumulated in the gut and
then translocated to the circulatory system within 3 days and persisted for over 48 days. This long
persistence of MP particles in the hemolymph of M. edulis has further implications for predators (i.e.,
birds, crabs, starfish, and humans) [49]. Another publication shows that NPs can induce thrombosis,
here hamsters were injected with 60 nm particles of polystyrene, showing up later in the blood stream
[50]. Consequently, MPs in the circulatory system can potentially restrict the blood flow, ergo
damaging vascular tissues and causing changes in cardiac activity [51].

As stated by Persiani et al [51], different MP types have been demonstrated to accumulate in the
heart, explained by a trophic transfer via the bloodstream. It has been shown in mammals, that MP
presence impaired heart contractility, neonatal cardiomyocyte apoptosis, and activation of fibrotic
processes. MPs/NPs negatively interact with developing hearts, impairing cardiac function
(including loss of function, failure of cardiac morphogenesis in early stages, arrhythmia, or reduced
contractility, in developing and likely adult hearts).

In another study by Yang et al. [52], the existence of MPs in the human heart and its surrounding
tissues was examined using laser-based infrared chemical imaging and scanning electron
microscopy. Microplastic samples, comprising diverse tissue types and blood samples, were gathered
from a range of heart surgery patients. Even while not all tissue samples had MPs, nine different
forms were found in five different types of tissues, with the biggest being 469 um in diameter. Blood
samples taken before and after surgery revealed the presence of MPs, the largest of which had a
diameter of 184 um. After surgery, there was a shift in the kinds and sizes of MPs in the blood. The
study demonstrated conclusive proof of MPs in heart surgery patients' tissues, excluding surgical
accident as the source. Further study is necessary to understand how certain types of MPs are
introduced during surgery and any possible impact they may have on human health [52].

5. Placental translocation and effect on fetus

According to research conducted over the past few decades, the windows of sensitivity to
environmental toxins are during pregnancy and childhood [53]. Even little amounts of early exposure
to harmful substances can have long-term effects on a person's health because of child-specific
activities including crawling and hand-to-mouth action [54]. Children are exposed to the world
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differently than adults [55]. The key development of the immunological, metabolic, cardiovascular,
and other vital bodily systems coincides with these greater exposures.

The placenta carefully controls the fetal-maternal milieu and, indirectly, the external
environment, operating as a critical interface through several complex systems [14,17]. MPs may
harm embryo development by affecting the ability to distinguish self from non-self. Knowledge in
this area is limited and clarification is needed regarding the associated effects [56]. In a study done
by Ragusa et al. [13], MPs were found inside the placental cord of healthy females with a normal
gestation and childbirth; therefore, it is most likely that the mothers inhaled or ingested the particles.
MPs were also discovered in the barrier that the fetus develops inside the placenta, as well as on the
maternal and fetal sides of the placenta [13].

In another study by Ragusa et al., Raman Microspectroscopy revealed 58 MP particles in samples
from human placentas taken from six individuals [29]. A total of 12 MP pieces were discovered in
four placentas (3 in the chorioamniotic membranes, 4 on the maternal side, and 5 in the fetal side).
Furthermore, milk samples from 34 patients were collected and evaluated using Raman
Microspectroscopy, to verify the existence of microplastic contamination in breastmilk and to
evaluate a different MP exposure pathway in the particularly sensitive subset of babies. Out of the 34
samples of breast milk analyzed by Ragusa et al. [29], 26 exhibited MP contamination. The types of
MPs identified in the breast milk samples included polyethylene, polyvinyl chloride; polypropylene;
polyvinyl alcohol; poly (ethylene-co-vinyl acetate); poly (ethyl methacrylate); polyester, and
polycarbonate [13]. Additionally, most of the MPs that were detected were colored (~90%), with
orange/yellow and blue being the highly prevalent hues (about 36% and 17%, respectively).

Age, usage of hygiene items containing plastic (such as lotions, cleansers, and toothpaste),
consumption of seafood, drinks in plastic containers, and meals in plastic containers in the seven
days prior to and seven days after the expected date of delivery were all factors that were reflected.

6. Microplastics in our daily life

The feasting of seafood, drinks in plastics, plastic wrapped food, and the practice of using
hygiene products encompassing plastic particles in the seven days formerly and subsequently the
anticipated day of delivery were evaluated as possible relationships between the occurrence of MPs
in the breastmilk and data about moms' lifestyles. However, no links amongst MP existence or
amount and any of the aforementioned facts were discovered [57].

The lack of an association between utilizing personal care products and exposure to
contaminants is mostly justified by the fact that dermal touch has little influence as an exposure
pathway, since only particles smaller than 100 nm may get through the dermal barrier [58].
Contrarily, it is more difficult to explain why there is not a connection between the absence of lima
relationship and mothers' dietary preferences, given that ingesting food is the main way that MPs are
exposed. Fish, shellfish, and essential everyday items for humans such as bottled water, honey, milk,
salt, sugar, teabags, and, to a lesser amount, synthetic kitchenware, plates, and containers have all
been shown to contain MPs [59]. Furthermore, as per a study done by Liu ef al. [60], sixteen varieties
of MPs were detected, where polyamide and polyurethane dominated. It was shown that the intake
of water and the use of toothpaste or soap can be exposure sources for expectant females.
Additionally, nursing, the use of nursing bottles, and the use of synthetic toys may expose babies.
Due to MPs' ubiquitous presence in the environment and inherent vulnerability, it is difficult to
pinpoint their particular origin amid the complex array of confronted interactions.

7. Crossing the Blood Brain Barrier

The function of the biomolecular corona in the blood-brain barrier (BBB) breaching of MPs and
NPs has been discussed in the work by Kopatz et al. [61]. A critical defensive system, the BBB works
to keep dangerous chemicals from entering the brain. In the study, mice were given oral doses of
polystyrene micro/nanoparticles of different sizes (9.55, 1.14 and 0.293 pum) for short-term uptake
tests. The findings demonstrated that whereas bigger particles could not cross the BBB, nanometer-
sized particles could do so within two hours after consumption. In another study by Shan et al. [62]
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the effects of PS-NPs (polystyrene nanoparticles) were investigated. When administered to mice, PS-
NPs increased the permeability of the blood-brain barrier (BBB) and accumulated in the brain in a
dose-dependent manner. PS-NPs were found to activate microglia and cause damage to neurons. In
vitro studies using human brain endothelial cells showed that PS-NPs were internalized by the cells,
leading to the production of reactive oxygen species, inflammation, disruption of tight junctions, and
cell death. PS-NPs also activated murine microglia cells and their culture medium caused damage to
murine neurons. Overall, these findings suggest that PS-NPs can cross the BBB, induce neurotoxicity,
and activate microglia.

Since rodents and humans share many genetic and biological traits, they are frequently
employed as study models. After oral or intravenous injection, these investigations have
demonstrated that MPs/NPs bioaccumulate in several organs, including the liver, spleen, kidney,
brain, gut, and placenta. The size of the particles ranged from 40 nm to 50 pum, however due to the
dearth of investigations, there is little knowledge regarding the link between particle size and results
[11]. Upcoming studies must, however, account for field circumstances and evaluate a wide variety
of plastic compositions, forms, and sizes. The estimation of daily exposure in human populations, the
identification of populations with low and high exposures, a robust analysis of the characteristics of
the MPs/NPs that humans are exposed to, as well as the development of more advanced fast
throughput analytical tools to measure these particles in the environment and in human tissues, are
challenges that must be urgently addressed, and human studies are a priority.

8. Towards the potential standardization of techniques for quantifying microplastics in
biological samples

There are currently no established techniques for calculating the amount of MPs present in
biological samples. This makes it difficult to compare study results and restricts our ability to draw
generalizations about the health concerns associated with exposure to MP. The dearth of
epidemiological research on the possible consequences of MPs on human health is another gap.
Animal models or in vitro studies have been used for most research up to this point. To comprehend
the possible health consequences linked to human exposure to MP, more extensive epidemiological
studies are required. Furthermore, we still have a limited understanding of the degree and modes of
human exposure to MPs.

Most environmental toxicology tests involving MPs use procedures that involve chemical
digestion of biological samples to extract, identify, and quantify the MPs. Various methods using
alkaline agents, acids, oxidants, enzymes, or combinations of these agents have been employed. These
procedures aim to remove organic matter and separate it from plastic particles. The specific
concentrations of reagents, digestion time, and temperature can affect extraction efficiency, making
some protocols more suitable than others based on study conditions. After digestion, post-digestion
procedures commonly involve filtration of the digested solution using filters like fiberglass, cellulose
nitrate, or cellulose acetate membranes, followed by washing to identify and quantify MPs. Some
studies have also reported scraping membranes post-filtration to isolate plastic particles for further
analysis [63]. The success of these procedures relies on the effectiveness of reagents in detaching
particles from the filtered membranes. If MPs remain attached to the membranes, their subsequent
identification and quantification may be underestimated. Inefficiencies in the washing procedures
for these membranes can compromise the accuracy of MP identification and quantification. It has
been observed that small fragments may attach to the membrane pores, and pellets can aggregate
within the membrane’s layers after filtration. Therefore, thorough washing of the membranes is
crucial to ensure analytical accuracy in the detection and quantification of MPs.

An increase in the diversity of methods and techniques for the identification and quantification
of MPs has also been remarked [64], both, in environmental samples (e.g., water [64,65], soil [66,67],
sediment [68] and air [69]) and in biological samples [63,70]. However, the comparison between the
various studies has become more difficult, with analytical accuracy being a key issue in recent
publications [71,72], which can be attributed to the lack of standardization of the methods and
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techniques used [73]. Table 1 summarizes the most common techniques used, their action range and
major advantages and drawbacks [74].

9. Bridging Gaps

According to a recent report by the World Health Organization (WHO) on plastic particles in
drinking water, there is currently no conclusive evidence available in the public domain that directly
associates plastic particles with negative health effects in humans [75]. However, the report
emphasizes that this conclusion is primarily due to a lack of extensive research rather than concrete
evidence supporting the safety of plastic particles. It underscores the urgent need for rigorous
research focused on human populations to better understand the potential risks associated with
plastic particles [11]. The standardization of techniques for calculating and quantifying the presence
of MPs in biological samples is one of these gaps. Although some scientists have demonstrated that
MPs can have harmful impacts on animal models' health, we are yet unsure exactly how much of a
risk MP exposure poses to human health. Finally, there is a significant lack of long-term research on
how MPs could affect human health. Further studies are required to understand the possible health
hazards linked to chronic, long-term exposure to MPs because most studies have concentrated on
short-term exposure so far. To safeguard human health and guide policy decisions, it is essential to
fill in these knowledge gaps about the possible dangers linked to exposure to MPs. In 2019, the
Norwegian Food Safety Authority conducted a systematic analysis and discovered just three studies
that were pertinent to human health, concluding that it was presently impossible to evaluate the
health hazards of NMPs [76]. This is consistent with past evaluations made by the European Food
Safety Authority [77], the United Nations Food and Agriculture Organization [78], and the European
Academies' Science Advice for Policy [79].
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Table 1. Summary of key techniques used for the detection of micro- and nanoplastics and their major advantages and drawbacks.
Major techniques Particle size Types of samples examined Advantages Drawbacks Ref.
Fourier-transform infrared  a) ATR-FTIR particle size >500 pum Air Non-destructive technique; fastand —  Not all analytes are IR-active [14] [75]
spectroscopy (FTIR) b) Microscopy coupled FTIR ~20 um Wastewater reliable —  Absorbance spectra from samples below 20[80] [81]
Food pum might not be interpretable [82] [83]
—  Environmental matrices effect detection
Inductively coupled plasma 1-2.5um Marine environments  Allows characterization of subsurface—  Occurrence of spectral and non-spectral[85] [86]
mass spectrometry (ICP-MS) River water layers interferences [87]
—  High costs
Raman >1 pm Stomach contents of fish Small particle analysis —  Interference by fluorescence induced by[14][84]
spectroscopy (1-20 pm) inorganic (e.g., clay minerals, dust particles), [88]
organic (e.g., humic substances), and
(micro)biological impurities in the matrix
In vitro using human cerebral 40 - 50 nm Mice (hCMEC/D3) Allows detection of internalized MPs—  Little knowledge regarding the link between [62]
microvascular endothelial and NPs into cells particle size and results.
cells (h\CMEC/D3) —  Must account for field circumstances and
evaluate a wide variety of plastic
compositions, forms, and sizes
Laser infrared imaging >74 % of the MPs found were 20-50 Placenta, breastmilk, Non-destructive, non-invasive; —  Significant data processing requirements [60]
spectrometer pm in size meconium, feces, infant Provides detailed spectral —  Limited spatial resolution
formula information
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Conclusions and Future Perspectives

The prevalence of MPs in maternal breastmilk and placenta is especially problematic as it
impacts a vulnerable population of neonates. Chemicals present in foodstuff, drinks, and items for
personal hygiene consumed by nursing mothers might well be transferred on to their infants,
possibly harming them. Steadily increasing scientific research efforts are necessitated to increase
consciousness about the possible health implications of MP internalization and buildup, particularly
in infants and the placenta. It is also important to assess innovative, effective methods for minimizing
exposure to these contaminants during lactation and pregnancy.

The effects of plastic pollution on the environment have been well researched, but it is still
unclear how ingesting plastic by mammals, including humans, may affect their health. These latest
discoveries about the mechanics of plastic particle transfer provide a crucial foundation for further
study and regulatory measures intended to lessen their harmful impact on human health. We can
create practical methods and recommendations to reduce the dangers associated with plastic use and
protect human health by better understanding the underlying processes of plastic particle toxicity.

MPs are pervasive in the environment and have several entry points into the body, including
ingestion, inhalation, and skin contact (Fig. 1). It is crucial to understand the extent and modes of
human exposure to MPs to assess the health risks associated with them. These plastic fragments may
include dangerous materials and pathogens that have a detrimental impact on human health.
Determining the long-term health impacts of MP exposure may be done by studying the
biopersistence of MPs and their possible accumulation in different tissues. To limit exposure to MPs
and promote ecologically sustainable practices, legislative changes and consumer behavior may be
influenced by raising public knowledge of the possible health hazards related to MPs. Because the
health of ecosystems is directly correlated with human health, microplastic contamination can have
serious negative effects on the environment.

Every effort should be made to minimize the manufacture and use of plastics, as well as to boost
recycling and ecologically safe disposal of plastics, together with the development of technologies
that remove MPs from our environment. This should be done until these issues are overcome to
restrict the potential damage MPs and NPs might cause on our health.
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