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ABSTRACT

Plastics are used all over the world. Unfortunately, due to limited biodegradation, plastics cause a significant
level of environmental pollution. The smallest recognized to date are termed nanoplastics (1 nm [nm] up to 1 pm
[um]) and microplastics (1 pm-5 mm). These nano- and microplastics can enter the human body through the
respiratory system via inhalation, the digestive tract via consumption of contaminated food and water, or
penetration through the skin via cosmetics and clothes contact. Bioaccumulation of plastics in the human body
can potentially lead to a range of health issues, including respiratory disorders like lung cancer, asthma and
hypersensitivity pneumonitis, neurological symptoms such as fatigue and dizziness, inflammatory bowel disease
and even disturbances in gut microbiota. Most studies to date have confirmed that nano- and microplastics can
induce apoptosis in cells and have genotoxic and cytotoxic effects. Understanding the cellular and molecular
mechanisms of plastics’ actions may help extrapolate the risks to humans. The article provides a comprehensive
review of articles in databases regarding the impact of nano- and microplastics on human health. The review
included retrospective studies and case reports of people exposed to nanoplastics and microplastics. This research
highlights the need for further research to fully understand the extent of the impact of plastics on human health.

1. Introduction

The world of plastics, or polymers, is extensive. The term encom-
passes materials primarily made of polymers - large chemical com-
pounds produced through industrial polymerization processes. By
introducing specific additives to these polymers or blending them with
other substances, like carbon fibers, we can tailor their physicochemical
and mechanical properties to fit particular applications. (Andrady and
Neal, 2009) (Kik et al., 2020) It’s no surprise that global plastic pro-
duction has surged since the 1960s. For instance, in 2023 alone, the
world produced 400,3 million metric tons of plastic. (Rhodes, 2018)
(Plasticseurope.org) Typically, plastics are categorized based on the
chemical composition of their primary polymer and any side chains.
This includes acrylics, polyesters, silicones, polyethylenes (PE), poly-
propylenes (PP), polyurethanes, and halogenated plastics (Napper and
Thompson, 2020). A comprehensive list of the most commonly used
plastics can be found in Table 1.

Microplastics (MP) are any water-insoluble synthetic solid particles
or polymer matrix of primary or secondary origin, with regular or
irregular shape and size ranging from 1 pm to 5 mm. (Fig. 1) (Collignon

et al., 2014y (Filella, 2015a) (Andrady, 2011a) (Frias et al., 2019)
While fragmentation can produce particles smaller than one pm, (Cozar
et al., 2014a) the precise definition of nanoplastics (NP) remains a topic
of debate. Some scholars define them as particles sized between 1 nm
and 1000 nm (or 1 pm), while others align with the European Com-
mission’s description of engineered nanomaterials (ENMs) — particles
that measure between 1 nm and 100 nm in at least one dimension.
(Gigault et al., 2018a; Cole and Galloway, 2015; da Costa et al., 2016;
Schwaferts et al., 2020).

The biodegradability of plastics is influenced by the raw materials
used in their creation, their final chemical composition and structure,
and the conditions under which they are expected to degrade. Recent
focus has shifted to the environmental release of plastics, where they
break down due to factors like sunlight (especially ultraviolet rays),
water, wind, or biological processes involving bacteria, enzymes, or
even attacks from rodents and insects (Filella, 2015b; Lehner et al.,
2019a; Palm et al., 2019).

Given its ubiquitous use, plastic pollution poses a significant global
challenge. Plastic waste is omnipresent, from oceans and rivers to soil,
air, and even glaciers (Andrady, 2011b; Cozar et al., 2014b). NPs,
detrimental to ecosystems, can be primary (originating directly from
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Abbreviations
BPA bisphenol A
COOH  carboxyl group;
MPs microplastics
NH2 amine group;
NPs nanoplastics
PCV polyvinyl chloride;
PE polyethylene
PET polyethylene terephthalate
PP polypropylene
PS polystyrene

Table 1

Standard classifications of plastics. Seven codes of plastics with their graph-
ical counterpart (which make it easier to choose plastics and know which
plastics to recycle), annual production and applications.

symbol annual applications

production in

2020 and

estimation in

2040 [million

metric tons] (

www.statista.

com)

27,5 36,4 packaging for water, drinks, oils, beer, fruit,
nuts, mushrooms, pasta, groats, yoghurt
containers, rice cooking bags, foil for wrapping
cheese or meat

48,5 66,4 toys for children, packaging for dairy products
and cleaning products

40,3 54,9 construction sector: pipes, veneers and casings
for doors and windows, insulation of electric
cables; medicine: syringes, catheters, sheaths
for tubes and wires

69,3 95,0 foil (also the one intended for food packaging),
sacks and plastic bags

75,4 98,8 storing food: bottle corks and, e.g., packaging
for contact lenses; construction sector: pipes or
as insulation for electric cables

26,5 35,4 containers, lids, toys, bottles, trays, cups,
disposable cutlery, and in the creation of
models; construction sector: Styrofoam;
medicine: material for diagnostic components,
tissue culture trays, test tubes, Petri dishes,
medical devices, a form of nanoparticles in
pharmacological research

TOTAL: 398,2 545,9

Abbreviations: HDPE = high-density polyethylene; LDPE = low-density poly-
ethylene, PET = polyethylene terephthalate; PVC = polyvinyl chloride; PP =
polypropylene; PS = polystyrene.
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sources like clothing or industrial nanoparticles) or secondary (resulting
from the breakdown of larger plastic items). Primary NPs enter the
environment as particles with a diameter of less than 1 pm (Gigault
et al., 2018b; Lambert and Wagner, 2016). As an illustration of the
magnitude of the problem, in 2009, plastics constituted an estimated
10% of all waste (Barnes et al., 2009).

The research focus on quantifying human inhalation, ingestion, and
dermal exposures, considering factors like exposure frequency, dura-
tion, plastic size, or intake rates. Different environments, spaces and
diverse population groups are assessed to understand varying exposure
levels. The primary concerns in this rapidly evolving field include the
potential for physical damage, toxicity, and inflammatory responses.
Risk assessment studies are essential to understand the implications of
these particles on human health, but comprehensive risk assessments are
still in the early stages. Given the emerging nature of the research,
regulatory and policy responses are still being developed. There is
increasing awareness among policymakers about the need to address
plastic pollution and its potential impacts on human health.

This review discusses the biological impacts of nano- and micro-
plastics on human health, factors affecting their toxicity, and potential
mechanisms of action. Given the current limited understanding of nano-
and microplastics’ effects on human health, this article aims to discern if
in vivo studies can shed light on the risks tied to human exposure.
However, it’s essential to note that the findings on human health im-
pacts stem solely from retrospective studies. A deeper grasp of these
materials’ cellular and molecular interactions could offer insights into
their potential human health risks.

This article reviews the effects of nano- and microplastics on human
health. An exploratory strategy was used for the search. It was chosen
not to follow the procedures used in Cochrane reviews because strict
adherence to a combination of terms resulted in finding too many arti-
cles or leading to the exclusion of relevant articles. It has been observed
that the search strategy for specific term combinations, although effec-
tive in studying human exposure, does not work well in studies involving
any identified cell culture studies (Heddagaard and Mgller, 2020). We
searched PubMed for keywords such as: "nanoplastic", "microplastic",
"human cell lines", "human digestive tract", "human intestine", "human
respiratory system", "human lungs", "human skin", "human nervous
system". Also, term combinations (such as two search terms) and mul-
tiple terms using logical operators "OR" and "AND" were used. We
assessed 1230 titles and abstracts for inclusion in the review. The review
included retrospective studies and case reports of people exposed to
nanoplastics and microplastics. Some in vitro studies in human cell lines
were also included in the review because understanding the cellular and
molecular mechanisms of action of plastics may help extrapolate risks to
humans. Along with the course of work, articles identified in the liter-
ature of previously found articles were also included.

2. Route of exposition and uptake of nano- and microplastics

Microplastics and nanoplastics can enter the human body through
three primary routes: ingestion (via the digestive system), inhalation
(via the lungs), and potentially direct skin contact.

Microplastics of varying colors and sizes, ranging from >800 nm to 5
mm, have been detected in numerous human samples, including the
lungs, breast milk, liver, spleen, placenta, blood, sputum, colon, saliva,
faces, urine, testis, and semen. Notably, microplastics were absent in the
kidneys and lungs of stillborn (Kutralam-Muniasamy et al., 2023; Zhao
et al., 2023).

2.1. Gastrointestinal tract

The gastrointestinal tract is believed to be the major entry point for
nanoplastics into the human body. This ingestion primarily stems from
consuming contaminated seafood, milk, beer, honey, sugar, salt, and
bottled water (Kwon et al., 2020; Kutralam-Muniasamy et al., 2020;
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Liebezeit and Liebezeit, 2013, 2014, 2015; Yang et al., 2015; Mason
et al., 2018). Studies under controlled conditions reveal that animals can
absorb and accumulate nanoplastics, with these plastics transferred to
the following trophic level, increasing particle accumulation in the food
chain and increasing human exposure (Cedervall et al., 2012).

A striking 81% of 159 global tap water samples contained micro-
plastics, mainly fibres smaller than 5 mm (Kosuth et al., 2018). Other
studies support these findings, noting the presence of microplastic par-
ticles (MPs) ranging from 5 to over 1350 pm in mineral water. Inter-
estingly, the particle count was similar in both glass-bottled and
polyethylene terephthalate (PET)-bottled water, with counts reaching
up to 6292 particles per liter (Schymanski et al., 2018; Ofmann et al.,
2018). Current research highlights the leaching of microplastics from
plastic food packaging, especially at high temperatures, such as from
teabags and plastic-based kettles and infant feeding bottles (Hernandez
et al., 2019; Li et al., 2020). On average, global human consumption is
estimated at 0.1-5 g of microplastics weekly, equivalent to the weight of
a credit card (Senathirajah et al., 2021). Infants face greater exposure
levels than adults (Zhang et al., 2021a). One particular study detected
nine plastic types in human faeces, with PP and PET being predominant.
All eight stool samples were tested positive for microplastics, with a
median of 20 MPs (50-500 pm) found per 10 g of stool.(Schwabl et al.,
2019) This result is in line with a study of 26 students, in which the fecal
samples of 23 participants tested positive for MPs with a size of 20-800
pm; the summed mass of all MPs per participant ranged from 0.01 to
14.6 mg (Zhang et al., 2021Db).

2.2. Lungs

The respiratory epithelium is a primary target for inhaled nano-sized
particles - NPs, whose biological reactivity depends on their physico-
chemical properties. Airborne NPs and MPs sources include clothing,
dried sludge, agricultural residues, and tire rubber dispersed due to
mechanical wear during driving. The alveolar surface of the lungs spans
approximately 150 m? and features a tissue barrier thinner than 1 pm.
This barrier allows NPs to penetrate capillaries, facilitating systemic
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distribution (Lehner et al., 2019b). Autopsies on human lung tissue have
evidenced the presence of MPs. Polymer particles and fibers were
detected in 13 out of the 20 samples (Amato-Lourenco et al., 2021). To
assess the airborne polystyrene (PS) absorption, a method was devel-
oped based on the concentration of styrene (StyU) and its metabolites,
mandelic acid (MA) and phenylglyoxylic acid (PGA), in the urine. These
main urinary metabolites in humans, MA and PGA, serve as biomarkers
for styrene exposure. Increases in StyU and metabolites have been
observed in workers exposed to large amounts of polystyrene inhalation.
This level was influenced by work without respiratory protection (Per-
soons et al., 2018).

2.3. Skin

The skin serves as a protective barrier against various external par-
ticles, such as allergens, but also acts as a site for topical drug application
due to its accessibility. Given its immunological significance, the skin
could potentially be permeable to NPs and MPs. The prevalent use of
these particles in cosmetics and textiles ensures considerable skin
exposure (Hernandez et al., 2017). While data remains inconclusive,
small particle size is probably crucial to skin penetration (Schneider
et al., 2009). Only a few studies have reported low penetration of textile
NPs through the skin barrier (Som et al., 2011). It is unlikely that NPs
contained in polluted water can penetrate the stratum corneum. How-
ever, these particles might infiltrate the body via sweat glands, hair
follicles, or skin injuries (Yee et al., 2021). Some experimental outcomes
found that PS-NPs do not pass the stratum corneum or deeper layers of
the porcine skin; instead, NPs could only penetrate the skin layer in the
final stages of exfoliation (Campbell et al., 2012; Alvarez-Roman et al.,
2004). Other investigations using human skin samples visualised the
accumulation of labelled PS-NPs in the stratum corneum and upper
sections of hair follicles (Doge et al., 2018). However, there is a lack of
more research using human skin. Another study illustrated that a sig-
nificant number of epidermal Langerhans cells (cluster of differentiation
[CD]-1a) located near the hair follicle on human skin absorbed NPs in
varying sizes. After transdermal administration, it was shown that only

Fig. 1. Fragmentation and distribution of plastics due to size.
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NPs with a diameter of 40 nm entered Langerhans cells. Visualisation
techniques revealed the penetration of NPs with a diameter of 40 nm
deep into the holes of the vellus hair and through the epithelium of the
hair follicle. No NPs with 750 and 1500 nm diameter were detected in
the Langerhans cells (Vogt et al., 2006).

3. Potential in vivo effects of plastic exposure

Certain plastics can pose health risks due to their inherent chemical
composition or ability to absorb and transport other harmful substances.
These potential dangers can be categorized into three main types:
physical, chemical, and biological. The following section will delve into
specific documented instances where plastic exposure resulted in

Table 2
Health impacts of nano- and microplastic exposure: organ-specific effects.
System affected/ Potential diseases/states Notes
health effect
Skin Allergic reactions, (Heilig et al., Limited human studies;
2011; Rose et al., 2009; Yan mostly allergic responses
et al., 2022) contact
dermatitis58
Gastrointestinal IBD,60 colorectal cancer,62 Positive correlation
tract pancreatic cancer,63 gut barrier ~ between fecal MPs and

Respiratory system

Blood neoplasms

Neurological
effects

Osteolysis around
bone prosthesis

Reproductive

Genotoxicity

dysfunction, (Oddone et al.,
2014; Chen et al., 2022; Auguet
et al., 2022; Molina and Benedé,
2022; Cohen et al., 2002)
metabolic disorders,65
non-alcoholic fatty liver
disease66

Lung cancer, (Ruder and Bertke,
2017; Coggon et al., 2015;
Kogevinas et al., 1994;
Sathiakumar et al., 2009;
Collins et al., 2013; Sartorelli
et al., 2020) occupational
hypersensitivity pneumonitis, (
Volkman et al., 2006; Nett et al.,
2017; Cullinan et al., 2013)
obstructive bronchiolitis, (Atis
et al., 2005; Bertke et al., 2018)
respiratory issues (coughing,
dyspnea, wheezing), (Song

et al., 2009; Zhou et al., 2017)
pleural effusion81

Leukemia, bladder cancer,
lymphohematopoietic
neoplasms (Daniels and Bertke,
2020; Christensen et al., 2018;
Werder et al., 2018)
Neurotoxic effects (headache,
fatigue, dizziness, etc.), (Kolstad
et al., 1995b) encephalopathy,
unspecified dementia,
degenerative neurological
disorders (Shanbhag et al.,
1994)

Periprosthetic osteolysis (
Orishimo et al., 2003; Gajski

et al., 2014; Bitar and Parvizi,
2015; Yu et al., 2021)
Decreased fertility, (Chen et al.,
2022) gonadal damage, (
Sarasamma et al., 2020; Qiang
and Cheng, 2021; Sun et al.,
2021b; Gonzalez-Acedo et al.,
2021b) reduced offspring
weight (Sun et al., 2021a; An
et al., 2021)

DNA damage, increased sister
chromatid exchange frequency (
Brachner et al., 2020)

IBD severity; lack of
human studies on
microbiota effects

Studies mainly in
occupational settings;
some diseases linked to
specific plastics like
styrene and polyacrylic
NPs

Associations found in
occupational settings
with long-term exposure

Correlation with
environmental styrene
exposure; more research
needed for conclusive
evidence

Linked to PE particles in
hip prostheses

Animal studies show
effects; human impact has
not yet been studied

Observed in workers
exposed to styrene;
potential link to genotype

Abbreviations: IBD = inflammatory bowel disease; MPs = microplastics; NPs =
nanoplastics, PE = polyethylene.
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diseases (Table 2). Moreover, it is currently unknown whether the dis-
eases associated with plastic exposure are caused by nano- or micro-
plastic particles, adding another layer of complexity to the assessment of
these health risks. The exact mechanisms of how plastics react and
whether nano- or microplastics can trigger reactions remain uncertain.

3.1. Skin

The literature contains limited publications concerning the effects of
nano- and microplastics on human skin, with most studies predomi-
nantly focusing on potential allergic reactions. An early account of
occupational allergy linked to plastic gloves dates back to 1985 (Est-
lander et al., 1986). In this study, allergic reactions were relatively rare,
manifesting in only 5 out of the 542 patients examined. Another docu-
mented case involves a six-year-old female who developed persistent
allergic contact dermatitis attributed to plastics present in both a toilet
seat and a school chair (Heilig et al., 2011). While the plastics them-
selves can induce allergic responses, additives used in manufacturing
plastic items, such as gloves, are also potential allergens (Rose et al.,
2009). These additives can complicate the identification of exact aller-
genic substances. A notable example is bisphenol A (BPA). From 1998
onward, multiple instances of contact allergies to bisphenol A in in-
dividuals wearing polyvinyl chloride (PVC) gloves have been reported
(Aalto-Korte et al., 2003).

3.2. Gastrointestinal tract

There is a positive correlation between the concentration of fecal
MPs and the severity of inflammatory bowel disease (IBD). Also, patients
with IBD have a higher concentration of MPs in their stool (41.8 pcs/
stool g) compared to healthy individuals (28.0 pcs/g) (Yan et al., 2022).
Research on IBD patients revealed a significant accumulation of
microplastics in ulcerative lesions of the rectal mucosa. However,
nanoplastics were only seen in trace amounts on mucosal surfaces, of-
fering hope for developing precise drug delivery systems targeting the
inflamed intestinal mucosa (Schmidt et al., 2013).

Of significant interest is the potential impact of nano- and micro-
plastics on carcinogenesis. Given reports about environmental factors
influencing the onset of colorectal cancer, scientific literature and meta-
analyses were reviewed. The findings suggest an elevated risk of colo-
rectal cancer among individuals working in various sectors, including
the plastic and rubber industries (Oddone et al., 2014). There’s also a
noted increase in pancreatic cancer mortality among workers involved
in producing reinforced plastics (Kolstad et al., 1995a).

Another research avenue is the effect of NPs and MPs on the
microbiota. There’s a lack of human studies in the current literature.
However, in vivo experiments on mice showed disturbances in micro-
biota composition due to the presence of PVC-MPs, which were linked to
weight loss and the accumulation of MPs and chemical additives in
tissues (Gonzalez-Acedo et al., 2021a). Exposure to PVC in adult mice
led to significant gut barrier dysfunction, microbiota imbalance, and
metabolic disorders (Chen et al., 2022). Also, mice exposed to MPs
develop inflammation, endocrine disruptions, and lipid and energy
metabolism alterations, participating in the pathogenesis of
non-alcoholic fatty liver disease (Auguet et al., 2022). It is postulated
that alterations in mammalian gut microflora after microplastics expo-
sure can cause gut barrier breach and be associated with kidney disease,
liver and neurological disruptions (Yong et al., 2020).

Plastics might have an impact on unexplored health conditions, like
food allergies. Plastics have the potential to alter how food allergens are
digested, heighten the permeability of the intestines, induce inflamma-
tion within the gut, or lead to intestinal imbalances (changes in the
microbiome), all of which could enhance sensitivity to food allergens
(Molina and Benedé, 2022).
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3.3. Respiratory system disorders

Research into the potential toxicity of styrene began in the late 20th
century. In 1999, the Harvard Centre for Risk Analysis, commissioned by
the Styrene Information and Research Centre (SIRC), investigated sty-
rene’s effects on human health. Occupational exposure to styrene varied
but generally remained below 10 parts per million (ppm), with higher
concentrations of over 20 ppm found in industries dealing with fiber-
reinforced polymer composites. Studies in rodents confirmed carcino-
genic effects, nervous system disorders, and respiratory toxicity. How-
ever, these studies did not conclusively link styrene to human health
issues (Cohen et al., 2002). Notably, female mice exposed to 160 ppm of
styrene in animal trials showed a significant increase in lung cancer
compared to controls (Cruzan et al., 2001). In a retrospective analysis of
3704 boat-building workers exposed to styrene between 1959 and 1993
for over a year, 516 cases of invasive cancer were recognized. In contrast
to the general population’s statistics, a marginally elevated number of
trachea, bronchus, and lung cancers were reported. The absence of data
on lifestyle aspects, such as smoking or other employment, posed a
significant limitation for this cohort. This is particularly important for
lung cancer, given the slight rise observed compared to the reference
population. The research’s authors underscored that the subjects were
relatively young (with a median age of forty-four in 1991), while the
average age of cancer patients in the US is sixty-five years (Ruder and
Bertke, 2017). Comparable findings were recorded from studies on a
British cohort exposed to styrene (Coggon et al., 2015). Even though
several other studies did not identify any association between lung
cancer and exposure to styrene (Sathiakumar et al., 2009; Collins et al.,
2013; Kogevinas et al., 1994).

Occupational inhalation of antigens can lead to an interstitial lung
condition termed occupational hypersensitivity pneumonitis (OHP). In
2020, a clinical case report was published detailing hypersensitivity
pneumonitis (HP) in a sixty-six-year-old individual who had been
employed in the PET production industry from 1992 to 2013. This pa-
tient was under observation due to previous asbestos exposure. In 2012,
she was diagnosed with asbestosis. By 2017, high-resolution computed
tomography revealed a mild progression of pulmonary fibrosis. How-
ever, inspiratory clicks were detected upon auscultation, and the pul-
monary function tests indicated a diminished diffusion capacity for
carbon monoxide. Consequently, OHP was identified and believed to
have been triggered by terephthalic acid and dimethyl terephthalate
(DMP), a precursor in PET production. According to the authors, this is
the first case of OHP related to employment in PET production (Sar-
torelli et al., 2020). Another case is an OHP likely caused by the effects of
DMP and styrene. A forty-six-year-old employee of a yacht manufacturer
reported shortness of breath, chest tightness, and coughing both day and
night that had been progressing for two months. A clear correlation was
observed between the manifestation of these symptoms and the in-
dividual’s work environment. Treatment comprising systemic antibi-
otics, inhaled bronchodilators, and inhaled corticosteroids resulted in a
slight symptom relief. The chest X-ray revealed a widespread interstitial
pattern, while a spirometry examination revealed restriction loss. Only
administering oral corticosteroids and avoidance from the work setting
led to symptom resolution and bettered spirometry parameters (Volk-
man et al., 2006). In 2017, a review of available literature (comprising
fifty-five articles and two unpublished case reports) evaluated the as-
sociation between styrene exposure and the onset of non-malignant lung
disorders. From the cases discussed, bronchial asthma was diagnosed in
eight patients, while severe obstructive bronchiolitis was detected in ten
individuals. In 75% of asthma cases, positive challenge tests were re-
ported following inhalation exposure to styrene(Nett et al., 2017).

A series of cases of obstructive bronchiolitis have been documented
in workers at companies producing glass-fiber-reinforced plastics. All six
patients diagnosed with obstructive bronchiolitis were involved in
producing and processing glass fibers using styrene resins. The disease
progressed rapidly. Two patients underwent lung transplants, and a
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third died while awaiting a transplant. In four of the patients, obstruc-
tive bronchiolitis was confirmed through a biopsy. The appearance of
the rare disease, bronchiolitis, in six individuals exposed to fiberglass
with styrene resins across different workplaces may suggest a connec-
tion between the exposure and the disease’s onset. However, the exact
causative agent remains unidentified (Cullinan et al., 2013).

A study of Turkish plant workers found a 3.6-fold increased risk of
respiratory issues in employees exposed to PP compared to the control
group. The reported respiratory symptoms included coughing, dyspnea,
and wheezing. Furthermore, deterioration was noted in pulmonary
function tests, including the diffusion lung capacity for carbon monox-
ide, elevated serum levels of interleukin (IL)-8 and tumor necrosis
factor-alpha (TNF-a), peribronchial thickening, and diffuse frosted glass
suppression (Atis et al., 2005).

There are reports of dyspnea and pleural effusion necessitating
hospitalization in a group of young women after inhaling polyacrylic
NPs. Extensive diagnostic procedures were carried out, including video-
assisted thoracic surgery. Histopathological examination of the lung
tissues revealed non-specific inflammatory responses, fibrosis, pleural
granulomas, and the presence of NPs within the cytoplasm of the lung
epithelium and mesothelial cells (Song et al., 2009).

Another study conducted a comparative evaluation of the respiratory
health of workers in a flocking plant over a decade. Nine cases of nylon
flock (very short fibres of nylon that are cut or ground to a small,
consistent length)-associated interstitial lung disease were detected. In
five of these cases, symptoms subsided after a change in the workplace
environment. A correlation was found between the severity and pro-
gression of nylon flock-associated interstitial lung disease and a low
baseline of diffusion lung capacity for carbon monoxide (Turcotte et al.,
2013).

The prenatal exposure to BPA is associated with a higher risk of
allergic diseases in female infants (Zhou et al., 2017). There’s also a
correlation with low birth weight (Huo et al., 2015). Additionally,
there’s an increased risk of asthma symptoms, wheezing, and respiratory
tract infections post-delivery (Spanier et al., 2012, 2014; Xie et al., 2016;
Wu et al., 2021; Gascon et al., 2015). There has been a documented case
of bronchial asthma following exposure to acrylonitrile butadiene sty-
rene fibres, a thermoplastic commonly used in three-dimensional (3D)
printing (House et al., 2017).

Numerous reports highlight the development of respiratory diseases
following exposure to plastics, especially among individuals with sig-
nificant exposure. A comprehensive study examining the potential
health impacts of styrene exposure established reference inhalation
toxicity levels at 20 ppm for workers and 3.7 ppm for the general pop-
ulation. There might be a need for legal regulations to safeguard workers
from inhaling plastics.

3.4. Blood neoplasms

A cohort study examined cancer mortality among 5201 workers at
two boat-building facilities. While there was no rise in mortality from
hematopoietic neoplasms compared to the general population, a sig-
nificant association was found between the duration and intensity of
styrene exposure and the occurrence of neoplasms (Bertke et al., 2018).

In 2020, a re-analysis was conducted on the relationship between
styrene exposure and cancer mortality in a previously studied cohort of
American boatbuilders. This cohort had occupational exposure to sty-
rene from 1959 to 1978. Estimations of styrene exposure were based on
workplace environments and air sampling data. The Cox proportional
risk models were utilized to evaluate the relationship, considering fac-
tors such as gender, race, age, socioeconomic status, and the period of
employment (exposure). A statistically significant association was found
between styrene exposure and the onset of leukemia and bladder cancer.
Working-life exposure to 0.05 ppm of styrene was linked to an additional
death from blood cancer per 10,000 workers (Daniels and Bertke, 2020).
The authors emphasized the need for more research to elucidate the
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cancer risks associated with styrene exposure and call for guidelines to
safeguard workers.

In Denmark, retrospective study with large sample sizes have been
conducted. The study analyzed data from 73,036 employees across 456
small to medium-sized enterprises engaged in reinforced plastics pro-
duction from 1968 to 2011. The study aimed to assess the link between
styrene exposure and the incidence of lymphohematopoietic neoplasms.
Estimates of styrene exposure were derived from employment records,
survey data, and historical measurements of styrene exposure. Infor-
mation on blood cancers was sourced from national cancer and patient
registries. Among the study participants, a total of 665 cases of 21
different blood cancers (each with a minimum of 20 cases) were iden-
tified. When adjusting for exposure duration, the risk of acute myeloid
leukemia was found to be twice as high for those with significant
exposure in the previous 15-29 years. However, no elevated risks were
observed for Hodgkin’s lymphoma or T-cell lymphoma (Christensen
et al., 2018).

3.5. Neurological effects

In 2011, a study was conducted to evaluate the potential neurolog-
ical effects of styrene exposure among 21,962 residents of the United
States (US) Gulf Coast. This region is believed to account for over half of
the US’s total styrene production. The study determined levels of styrene
exposure by analyzing environmental styrene concentrations and
measuring the styrene accumulation in the blood of 874 participants.
Data on neurological symptoms, including headache, fatigue, dizziness,
numbness, visual disturbances, and nausea, were collected. One-third of
the participants reported experiencing at least one such symptom. There
was a significant correlation between experiencing one or more neuro-
logical symptoms and being in the top quartile for estimated environ-
mental styrene exposure. While findings from biomarkers were less
definitive, elevated blood styrene levels were linked to nausea. Notably,
non-white participants exhibited the most severe neurological symp-
toms. This evidence suggests that exposure to environmental styrene
might lead to neurotoxic effects (Werder et al., 2018).

Retrospective studies utilizing Danish national registries investigated
the risk of encephalopathy and unspecified dementia in individuals with
documented styrene exposure. Of the 72,465 workers in the reinforced
plastics sector from 1977 to 2011, 228 cases of encephalopathy and 565
cases of unspecified dementia were identified. Specific models were
employed to estimate individual styrene exposure levels based on
occupation, workplace styrene concentration, and years of employment.
Although there was a noted increase in the risk of encephalopathy in
recent years and a declining risk of unspecified dementia, no direct link
between these two conditions and prior styrene exposure was estab-
lished. Additionally, there was a reported uptick in mortality from
degenerative neurological disorders, such as multiple sclerosis, parkin-
sonism, and motor neuron disease, among workers in the reinforced
plastics industry (Kolstad et al., 1995b).

While individual studies have suggested a connection between
exposure to nano- and microplastics and the onset of neurological
symptoms, conclusive evidence remains elusive. More research is
necessary to uncover the potential mechanisms that plastics might
impact the nervous system.

3.6. Osteolysis around bone prosthesis

Periprosthetic osteolysis is a significant challenge in arthroplasty and
is frequently observed as a complication following cementless total hip
replacement. Particles phagocyted by macrophages from joint surfaces
lead to the release of proinflammatory cytokines, accelerating osteoclast
formation and subsequent bone resorption. Most hip prostheses
currently used consist of a metal or PE-ceramic core. Evidence suggests
that PE particles can contribute to hip osteolysis and that the quantity of
PE particles shed from implant surfaces correlates with the severity of
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osteolysis. Analysis of interphase membranes from eleven unsuccessful
total hip arthroplasties revealed a significant presence of PE particles
(with an average diameter of 530 nm) alongside titanium particles, bone
fragments, stainless steel, and silicate (Shanbhag et al., 1994). In
another study involving eleven patients who underwent hip prosthesis
revisions, tissues adjacent to periprosthetic osteolysis exhibited elevated
expression of receptor activator of nuclear factor-kappa p (RANK),
RANKL (RANK-Ligand), and TNF-a levels in cells containing PE debris.
An increase in bone loss volume was also noted (Holding et al., 2006).
An examination of fifty-six hip replacement patients suggested an
implant wear rate of 0.2 mm/year is a "critical threshold" for osteolysis
onset (Orishimo et al., 2003). Conversely, an in vitro study evaluating
medical implants found no cytotoxic or genotoxic effects from PE-NPs
smaller than 10 pm at the tested 10 pg/mL concentration (Gajski
et al., 2014).

With an anticipated increase in life expectancy, the number of
arthroplasty procedures is expected to rise, as is the risk of periprosthetic
osteolysis due to elevated PE abrasion (Bitar and Parvizi, 2015). These
might indicate the need to substitute PE in endoprosthetics with alter-
native materials, such as ceramics, particularly for individuals predicted
to have a long lifespan.

3.7. Reproductive

Currently, there are no studies describing the impact of plastic MPs
and NPs on human fertility and reproduction. However, some animal
studies have been conducted. For instance, when the nematode Caeno-
rhabditis elegans was exposed to NPs, a decrease in brood size (offspring)
was observed across subsequent generations (Yu et al., 2021). In another
study using C. elegans, both unmodified NPs and NPs-NH; (amine group)
were tested, revealing that NPs-NH; had a more toxic effect on repro-
ductive performance and gonad development in subsequent generations
compared to unmodified NPs (Sun et al., 2021a). Additionally, poly-
styrene (PS) exposure has been reported to cause gonadal damage in
zebrafish (Qiang and Cheng, 2021; Sarasamma et al., 2020). Moreover,
zebrafish embryos developed severe pericardial edema after exposure to
NPs. Above the no observed adverse effect level (NOAEL), nanoplastics
significantly reduced cardiac output and blood flow velocity (Sun et al.,
2021b).

Nanoplastics have been detected in mammalian offspring, indicating
that they might cross the placental barrier and accumulate in fetal tis-
sues. In a study involving pregnant Sprague Dawley rats intratracheally
administered with PS-NPs (20 nm) were found in the mother’s lungs,
heart, and spleen, as well as in the fetus’s organs, including the liver,
lungs, heart, kidneys, and brain (Fournier et al., 2020). This exposure
resulted in a significant reduction in the weight of both the fetus and the
placenta. In female rats, microplastics were observed to induce
apoptosis and fibrosis in ovarian granulosa cells (An et al., 2021). In
male rats, exposure to microplastics was associated with decreased
sperm viability (Gonzalez-Acedo et al., 2021b).

The presence of plastic NPs and MPs has been confirmed in humans.
In a study examining six placentas, twelve microplastic fragments,
ranging from 5 to 10 pm in size, were found in four of them, with five
located on the foetal side, four on the maternal side, and three on the
chorioamniotic membranes (Ragusa et al., 2021). An ex vivo human
placental perfusion model assessed whether PS-NPs of sizes 50, 80, 240,
and 500 nm could cross the placental barrier and whether this process
was influenced by particle size. The results showed that PS-NPs up to
240 nm in diameter could cross the placental barrier without affecting
cell viability (Wick et al., 2010). Additionally, MPs larger than 50 pm
were found in human placentas and meconium collected during two
caesarean sections. In these samples, PP, PS, PE, and polyurethane were
identified. However, polyurethane was also found in the air of the
operating room, indicating potential sample contamination (Braun
et al., 2021).
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3.8. Genotoxicity

The highest exposure to styrene occurs in the manufacturing of
reinforced plastic products, where it is primarily metabolized in the
liver. A study was conducted to assess the potential genotoxicity of
occupational exposure to styrene. It evaluated styrene levels in work-
place air, the concentration of its metabolites (MA and PGA) in urine,
sister chromatid exchange (SCE), micronucleus formation, DNA dam-
age, and genetic polymorphisms of metabolizing enzymes: cytochrome
P450 2E1 (CYP2E1), epoxide hydrolase 1 (EPHX1), glutathione S-
transferase Mu 1, theta 1 and Pi 1 (GSTM1, GSTT1 and GSTP1). Fifty-two
employees from five companies producing reinforced plastic items
participated, all using the same production methods and materials, with
no smoking history or other known toxic substance exposure. The con-
trol group comprised fifty-four workers not exposed to styrene, pri-
marily performing office work. The results indicated that the average air
concentration of styrene exceeded the time-weighted average limit
value of 20 ppm and the biological exposure index for styrene (MA +
PGA = 400 mg/g creatinine) set by the American Conference of
Governmental Industrial Hygienists (ACGIH). The study group exhibited
a significant increase in SCE frequency and DNA damage. The obser-
vation of increased microsomal epoxide hydrolase activity in styrene-
exposed workers, correlating with a higher incidence of SCE, suggests
a potential link between exposure and genotype (Teixeira et al., 2010).

4. Effects of cell exposure to plastics in vitro
Research on human cells has revealed that nano- and microplastics

can trigger various cellular responses, including cytotoxicity, genotox-
icity, inflammation, apoptosis, and oxidative stress (Fig. 2). An overview
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of in vitro studies is presented in Table 3. Among the plastic polymers
studied, PS is most frequently used in research. Interestingly, PS does not
rank within the top five polymers produced globally. There is a gap in
data regarding other plastic types, particularly PET and PVC. The plastic
particle sizes range from nano-through micro- and even millimeters, and
some have different surface modifications, which are now seen as crucial
for the cytotoxic and inflammation effects. Determining the duration of
exposure is also challenging; it is unclear if the observed effects are acute
or chronic. There’s a lack of data representing long-term exposure, even
though plastic bioaccumulation in the human body persists for a life-
time. Another problem is distinguishing and extracting plastic particles
from environmental and biological samples. This impedes accurate
dosage determination in studies (Brachner et al., 2020). Furthermore,
there’s no data exploring the cellular effects of extremely low plastic
concentrations.

Upon entering the body, NPs interact with many biomolecules, such
as proteins, lipids, and sugars. When these particles come into contact
with biological fluids like serum or plasma, it is hypothesized that NPs
change their original properties and acquire new biological properties.
This is primarily due to the formation of a protein corona, a layer of
adsorbed proteins on the NP surface (Park, 2020). The composition of
this protein corona can vary based on the unique plasma proteomes
associated with different physiological states (stress, diet, smoking) or
diseases (diabetes, cancer) (Ahsan et al., 2018). This means that iden-
tical NPs can exhibit distinct protein corona compositions under
different conditions. There are currently no personalized in vitro studies
assessing cellular exposure to plastics. As a result, the impact of protein
corona development on potential toxic effects remains uncertain.

Fig. 2. Assessment of the nano- and microplastics’ influence on human cells in vitro studies. Nano- and microplastics can enter the human body through

various routes such as inhalation, dermal contact, or ingestion.

Abbreviations: 3D hESC = three-dimensional human embryonic stem cells; A549 = human alveolar type 2 epithelial cell line; Caco-2 = human colon epithelial cell
line; COOH = carboxyl group; HepG2 = human hepatocellular carcinoma cell line; HMC-1 = human mast cell line; HSEM = human skin equivalent model; MP(s) =
microplastic(s); NHy = amino group; NP(s) = nanoplastic(s); PBMC = peripheral blood mononuclear cell; PE = polyethylene; PET = polyethylene terephthalate; PP
= polypropylene; PS = polystyrene; PVC = polyvinyl chloride; RBC = red blood cell.
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Table 3 (continued)
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Properties of
MPs/NPs

Cell type

Effects

Table 3
Impact of nano- and microparticles, their properties and effects on cells in in vitro
studies.

Properties of Cell type Effects

MPs/NPs

40 nm NPs Human skin samples Only 40 nm NPs enter
750 nm NPs Langerhans cells, into the holes of
1500 nm NPs the vellus hair and through the

epithelium of the hair follicle5 (
Napper and Thompson, 2020)

50 nm PS-NPs- HSEM Significant phototoxicity,

NH, HaCaT sensitisation, or skin irritation (
Park et al., 2011)

100 nm PS-NPs Hs27 Stimulation of ROS production
and the induction of genotoxic
stress (including DNA
destruction) (Poma et al., 2019)

60 nm PS-NPs Caco-2 Only PS-NPs-NH; show the
60 nm PS-NPs-  HT29-MTX-E12 ability to strongly interact and
NH; LS174T aggregate mucin and induce
60 nm PS-NPs- apoptosis in all cell lines (
COOH Inkielewicz-Stepniak et al., 2018)

50-100 nm PS- Caco-2 The cytotoxic effect at higher
NPs concentrations (more than 150

pg/mL), concentration-
dependent uptake of PS-NPs (
Cortés et al., 2020)

1 pm PS-MPs Caco-2, thereof-derived Slight uptake of PS-NPs by
4 pm PS-MPs co-cultures mimicking cultured cells, but no
10 pm PS-MPs intestinal M cells and inflammatory response; without

goblet cells activation or interference with
Mg (Stock et al., 2019)

10 nm PS-NPs Caco-2 Disruption of the mitochondrial

5 pm PS-MPs membrane potential and
inhibition of the ATP binding
cassette (ABC) transporter
activity in the plasma membrane
without affecting the viability
and integrity of the cell
membrane (Wu et al., 2019)

50 nm PS-NPs- Caco-2 PS-NPs 50 nm: no effect on cell
COOH HT29-MTX-E12 viability up to 50 pg/mL, at high
500 nm PS- doses (10 pg/mL), a significant
NPs-COOH increase in metabolic activity; PS-

NPs 500 nm: low concentration
reduces the metabolic activity of
the cells (0.01 pg/ml) (Hesler
et al., 2019)
50 nm PS-NPs Caco-2 Penetration of PS-NPs through
HT29-MTX-E1 the epithelial barrier of the
Raji-B gastrointestinal tract without
causing dangerous effects (
Domenech et al., 2020)

44 nm PS-NPs AGS Increase in the level of IL-6 and
100 nm PS- 1L-8; 44 nm PS-NPs accumulate in
NPs the AGS cytoplasm faster than

100 nm PS-NPs (Forte et al.,
2016)

58 nm PS-NPs- Huh7 Cell death pathway dependent on

NH, lysosomal membrane
permeabilization only at low
dose of NP (25 pg/mL) (
Murschhauser et al., 2019)

50 nm PS-NPs HepG2 PS-NPs- NH,, and PS-NPs-COOH
50 nm PS-NPs- internalize faster and induce
NH, inhibition of cell viability and
50 nm PS-NPs- oxidative stress, compared to
COOH unmodified particles (He et al.,

2020)
50 nm PS-NPs Triple culture model: No acute toxicological effects,

Caco-2, HT29-MTX-E12
and THP-1

including cytotoxicity, cell layer
integrity or DNA damage; release
of pro-inflammatory cytokines
(IL-1p, IL-6, IL-8, and TNF-0))(
Busch et al., 2021a)

<50 ym PVC

300 nm-10 pm
PE-MPs

10 pm PS-MPs
3-16 pm PE-
MPs

33 nm PE-NPs

20 nm PS-NPs
500 nm PS-
NPs
1 pm PS-NPs

6.5-8.5 pm PE-
NPs

20 pm PP-NPs

29, 44 and 72 nm
PS-NPs

~120 nm PS-
NPs-NH,
~120 nm PS-
NPs-COOH

50 nm PS-NPs

50, 108 and 243
nm
PS-NPs

64, 202 and 535
nm PS-NPs

25 nm PS-NPs
70 nm PS-NPs

Triple culture model:
Caco-2, HT29-MTX-E12
and THP-1

NHBC differentiated into
the mature osteoblast
phenotype

T98G

3D in vitro model derived
from hESC

Human Mo obtained from

peripheral blood

U937 cells to study the
differentiation of Mo

PBMCs

PBMCs

Human Mg

Raji-B
TK6
THP-1

RBC
HBMEC

A549

A549

No changes in cell viability,
cytotoxicity, or mucus
distribution; 50 pg/cm? PVC
particles induce a significant
increase in IL-1p(Busch et al.,
2021b)

Increase expression of the mRNA
of the osteocyte E11 markers,
DMP-1 of matrix dentin and
SOST, increase expression of
genes related to osteoclast
activity (RANKL, CXCL8 and M-
CSF), decrease expression of
osteoclast antagonists(Atkins

et al., 2009)

PS-MPs increase ROS production
at the highest concentration; PE-
MPs do not affect ROS production
(Schirinzi et al., 2017)

PE-NPs penetrate the 3D
structure and decrease the
expression of genes (including
the NOTCH pathway, neuron
precursor markers (NEUROD1
and ASCL1), the neuron
calibration gene, FOXG1)(
Hoelting et al., 2013)

20 nm PS-NPs are passively
absorbed, with a high
cytotoxicity effect; 500 nm and 1
pm PS-NP stimulate the pro-
inflammatory cytokines (IL-6 and
IL-8) secretion, possible
respiratory bursts (Prietl et al.,
2014)

Increase in the expression of IL-8,
MIP-1p and CXCR4 genes (
Matsusaki et al., 2007)
Cytotoxicity (related to ROS
release), induction of cytokine
(IL-6 and TNF-«) and histamine
release (Hwang et al., 2019)
Diameter-dependent toxicity and
oxidation properties(Kik et al.,
2021)

PS-NPs-NH, and PS-NPs-COOH
reduce the expression of
scavenger receptors CD163 and
CD200R and increase the release
of IL-10 in M2 M¢; PS-NH,-NPs
inhibit the M1 and M2 Mg
phagocytosis(Fuchs et al., 2016)
Highest internalization in THP-1
cells; mild toxicity, ROS
production and genotoxicity in
Raji-B and TK6 cells(Rubio et al.,
2020)

The formation of aggregates and
increased adhesion to cells. The
smaller size of NP and the higher
concentration exacerbate the
above effects(Barshtein et al.,
2016)

Significant increase in calcium
ion concentration, moreover,
oxidative capacity and increased
production of IL-8 induced only
by PS-NP with a diameter of 64(
Brown et al., 2001)

Significant inhibition of the S-
phase of the cell cycle, activation
of the transcription of
inflammatory genes and changes
in the expression of proteins

(continued on next page)
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Table 3 (continued)

Properties of Effects

MPs/NPs

Cell type

associated with the cell cycle and
pro-apoptosis (Xu et al., 2019)

100 nm PS-NPs A549 Oxidative stress (ROS
in co-culture production) and inflammatory
with various responses (release of IL-1a, IL-6,
PAE IL-8, TNF-a) (Shi et al., 2021)

Bap-NPs A549 Persistent binding of crown

mucin to NP-Bap increases

particle uptake but decreases

cytotoxicity(Ji et al., 2021)

PS-NPs-NH,, cause cell death,

ROS production, mitochondrial

disruption and release of

cytochrome C; PS-NPs and PS-

NPs-COOH cause a significantly

lower rate of cytotoxicity,

(Ruenraroengsak and Tetley,

2015; Ruenraroengsak et al.,

2012)

An increase in the number of

amino acids and intermediate

metabolites of the tricarboxylic
acid cycle, which indicates
metabolic changes related to
stress in the autophagous and

endoplasmic reticulum (Lim

et al., 2019)

60 nm PS-NPs Much greater cytotoxic effect and
60 nm PS-NPs- increased uptake in M¢ of
COOH positively charged PS-NH, than

negatively charged particles (Xia
et al., 2008; Chiu et al., 2015)
4.8-5.8 ym PS- HRT-18 Increased in cytotoxicity and in
MPs oxidative stress, release of IL-8(
Mattioda et al., 2023)

50 and 100 nm MAC
PS-NPs AT2
PS-NPs-NH; TT1
PS-NPs-COOH

50 nm PS-NPs BEAS-2B

BEAS-2B

Abbreviations: pg = microgram; pm = micrometer; 3D = three dimensional;
A549 = human alveolar type 2 epithelial cell line; AGS = gastric adenocarci-
noma cell line; ASCL1 = achaete-scute homolog 1 protein; AT2 = primary
human alveolar type 2 epithelial cells; ATP = Adenosine triphosphate; BEAS-2B
= bronchial epithelial cells, Caco-2 = human colon epithelial cell line; CD =
cluster of differentiation; COOH = carboxyl group; CXCL8 = IL-8 or chemokine
(C-X-C motif) ligand 8; CXCR4 = C-X-C chemokine receptor type 4; DMP-1 =
acid phosphoprotein; DNA = deoxyribonucleic acid; FOXG1 = forkhead box
protein G1; HaCaT = human immortalized human keratinocyte cell line;
HBMEC = human bone marrow endothelial cells; HepG2 = human hepatocel-
lular carcinoma cell line; hESC = human embryonic stem cells; Hs27 = human
fibroblast cell line; HRT-18 = Human colorectal epithelial cell line; HSEM =
human skin equivalent model; HT29-MTX-E12 = human adenocarcinoma
colonic epithelial cells; Huh7 = human hepatocarcinoma cell line; IL = inter-
leukin; LS174T = human Caucasian colon adenocarcinoma; M1/M2 = type 1/2
macrophages; MAC = primary human alveolar macrophages; M-CSF = macro-
phage colony-stimulating factor; MIP-1$ = macrophage inflammatory proteins
1 beta; mL = millilitre; Mo = monocyte, MPs = microplastics; mRNA =
messenger ribonucleic acid; Mg = macrophages, NEUROD1 = neurogenic dif-
ferentiation 1, transcription factor; NH, = amine group; NHBC = normal human
bone-derived cells; nm = nanometer; NOTCH = family of type-1 trans-
membrane proteins that form a core component of the Notch signaling pathway;
NP-Bap = polystyrene-benzopyrene; NPs = nanoplastics; PAE = phthalate es-
ters; PBMC = human peripheral blood mononuclear cells; PCV = polyvinyl
chloride; PE = polyethylene; PS = polystyrene; Raji-B = human B lymphoblast-
like cell line; RANKL = receptor activator of nuclear factor kappa-B ligand; RBC
= red blood cells; ROS = reactive oxygen species; SOST = sclerostin; T98G =
human brain glioblastoma cells;THP-1 = leukemic monocyte cell line; TK6 =
human lymphoblast cells; TNF = tumor necrosis factor; TT1 = human alveolar
epithelial type I-like cells; U937 = histiocytic lymphoma cells.

5. Concluding remarks

Plastic pollution is a pressing global issue. Current literature does not
conclusively highlight the detrimental effects of plastic on human
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health, nor does it confirm its safety. Research on human cells has
demonstrated that nano- and microplastics can lead to cytotoxicity,
genotoxicity, inflammation, apoptosis, and oxidative stress, among
other concerns. However, in vitro studies have certain limitations, such
as the duration of nanoplastic exposure and the accurate determination
of plastic particle sizes and their concentrations. In vivo studies, which
primarily focus on individuals who work in close contact with plastics,
also highlight the potential effects of nano- and microplastics on various
human systems like the skin, digestive, respiratory, nervous, and
reproductive systems. They also indicate possible links to carcinogenesis
and genotoxicity. It’s important to note that all existing in vivo research
consists of retrospective studies or individual case reports. Given that
conducting other forms of research might pose ethical challenges, it is
advisable to standardise the methods for assessing human exposure to
plastics and further investigate to establish safe concentration levels for
humans.

A multi-faceted approach is essential in advancing research and
methodology related to nano- and microplastics. Firstly, it is crucial to
develop standardized methods for collecting and analyzing human
samples, which include identifying and quantifying microplastic fibers
in human tissues like the lungs and accurately measuring environmental
plastic concentrations. Enhancing in vitro testing is also key, requiring
diversification to encompass a broader range of exposure times, plastic
types, and cell models, thereby aiding in the understanding of the varied
effects of different plastics. Personalized research is important too,
recognizing that nano- and microplastics may interact differently with
individuals, necessitating tailored research to comprehend these varia-
tions among diverse groups. When it comes to data quality and analysis,
investigating the long-term, chronic effects of plastic exposure is para-
mount, given the extensive exposure time and continuous bio-
accumulation of plastics in the body. Additionally, studying the impact
of plastics on cells at very low concentrations is essential, as there is a
lack of current data in this area. Finally, in assessing the impact on
human health, it is necessary to develop in vivo testing methods to
measure the concentration of different types of plastics in the human
body, thus establishing a direct link between plastic exposure and po-
tential health disorders. Gaining a deeper understanding of how nano-
and microplastics interact at the cellular and molecular levels is crucial
to extrapolating the potential risks these materials pose to human
health. Additionally, a multi-disciplinary approach in research is crucial.
Collaboration across various scientific fields, including toxicology,
environmental science, medicine, and public health, is essential for a
holistic understanding of the multifaceted impact of plastics.

In parallel with the above-mentioned research and methodology
enhancements, it is important to address several aspects of daily life. To
mitigate exposure to nano- and microplastics, individuals can imple-
ment preventive strategies including the reduction of single-use plastics,
opting for products with minimal plastic packaging, and prioritizing
natural materials over synthetic alternatives in daily consumption.

Regarding advancements in materials science, significant progress is
being made in the development of biodegradable plastics (Rai et al.,
2021; Narancic and O’Connor, 2019; Zubair and Ullah, 2020). These
alternatives have the potential to significantly mitigate the environ-
mental and health impacts associated with traditional plastics. The
biodegradability factor plays a critical role in reducing long-term envi-
ronmental accumulation and associated health risks.

Lastly, public awareness campaigns are vital in educating the
populace about the potential health risks associated with plastics. The
media, as a powerful tool, can significantly contribute to this effort by
disseminating accurate and scientifically-backed information, thus
fostering a well-informed public capable of making conscious decisions
about plastic usage.

CRediT authorship contribution statement

Ewa Winiarska: Writing - review & editing, Writing — original draft,



E. Winiarska et al.

Conceptualization. Marek Jutel: Writing — review & editing. Magda-
lena Zemelka-Wiacek: Writing — review & editing, Writing — original
draft, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
MJ reports a relationship with ALK-Abello, Allergopharma, Stallergenes,
Anergis, Allergy Therapeutics, Leti, and HAL, GSK, Novartis, Teva,
Takeda, Chiesi that includes: consulting or advisory and speaking and
lecture fees. MJ reports to be the Allergy journal Deputy Editor. MZW
reports to be the European Academy of Allergy and Clinical Immunology
Knowledge Hub Deputy Editor. If there are other authors, they declare
that they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in
this paper.

Data availability
No data was used for the research described in the article.
Acknowledgements

Funding: This work was financially supported by the Ministry of
Health subvention according to STM.A020.20.051 to MZW from the IT
Simple system of Wroclaw Medical University. All the figures and
graphical abstract were created with BioRender.com.

References

Aalto-Korte, K., Alanko, K., Henriks-Eckerman, M.L., Estlander, T., Jolanki, R., 2003.
Allergic contact dermatitis from bisphenol A in PVC gloves. Contact Dermatitis 49
(4), 202-205. https://doi.org/10.1111/j.0105-1873.2003.0228.x. PMID: 14996069.

Ahsan, S.M., Rao, C.M., Ahmad, M.F., 2018. Nanoparticle-protein interaction: the
significance and role of protein corona. Adv. Exp. Med. Biol. 1048, 175-198. https://
doi.org/10.1007/978-3-319-72041-8 11. PMID: 29453539.

Alvarez-Romadn, R., Naik, A., Kalia, Y.N., Guy, R.H., Fessi, H., 2004. Skin penetration and
distribution of polymeric nanoparticles. J. Contr. Release 99 (1), 53-62. https://doi.
0rg/10.1016/j.jconrel.2004.06.015. PMID: 15342180.

Amato-Lourenco, L.F., Carvalho-Oliveira, R., Jinior, G.R., Dos Santos Galvao, L.,
Ando, R.A., Mauad, T., 2021. Presence of airborne microplastics in human lung
tissue. J. Hazard Mater. 416, 126124 https://doi.org/10.1016/j.
jhazmat.2021.126124. Epub 2021 May 24. PMID: 34492918.

An, R., Wang, X., Yang, L., Zhang, J., Wang, N., Xu, F., Hou, Y., Zhang, H., Zhang, L.,
2021. Polystyrene microplastics cause granulosa cells apoptosis and fibrosis in ovary
through oxidative stress in rats. Epub 2020 Dec 24 Toxicology 449, 152665. https://
doi.org/10.1016/].tox.2020.152665. PMID: 33359712.

Andrady, A.L., 2011a. Microplastics in the marine environment. Mar. Pollut. Bull. 62 (8),
1596-1605. https://doi.org/10.1016/j.marpolbul.2011.05.030. Epub 2011 Jul 13.
PMID: 21742351.

Andrady, A.L., 2011b. Microplastics in the marine environment. Mar. Pollut. Bull. 62 (8),
1596-1605. https://doi.org/10.1016/j.marpolbul.2011.05.030. Epub 2011 Jul 13.
PMID: 21742351.

Andrady, A.L., Neal, M.A., 2009. Applications and societal benefits of plastics. PMID:
19528050 Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1977-1984. https://doi.org/
10.1098/rstb.2008.0304. PMCID: PMC2873019.

Atis, S., Tutluoglu, B., Levent, E., Ozturk, C., Tunaci, A., Sahin, K., Saral, A., Oktay, .,
Kanik, A., Nemery, B., 2005. The respiratory effects of occupational polypropylene
flock exposure. Eur. Respir. J. 25 (1), 110-117. https://doi.org/10.1183/
09031936.04.00138403. PMID: 15640331.

Atkins, G.J., Welldon, K.J., Holding, C.A., Haynes, D.R., Howie, D.W., Findlay, D.M.,
2009. The induction of a catabolic phenotype in human primary osteoblasts and
osteocytes by polyethylene particles. Biomaterials 30 (22), 3672-3681. https://doi.
org/10.1016/j.biomaterials.2009.03.035. Epub 2009 Apr 5. PMID: 19349075.

Auguet, T., Bertran, L., Barrientos-Riosalido, A., Fabregat, B., Villar, B., Aguilar, C.,
Sabench, F., 2022. Are ingested or inhaled microplastics involved in nonalcoholic
fatty liver disease? Int. J. Environ. Res. Publ. Health 19 (20), 13495. https://doi.org/
10.3390/ijerph192013495. PMID: 36294076; PMCID: PMC9602632.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments, 1526 Philos. Trans. R. Soc.
Lond. B Biol. Sci. 364, 1985-1998. https://doi.org/10.1098/rstb.2008.0205. PMID:
19528051; PMCID: PMC2873009.

Barshtein, G., Livshits, L., Shvartsman, L.D., Shlomai, N.O., Yedgar, S., Arbell, D., 2016.
Polystyrene nanoparticles activate erythrocyte aggregation and adhesion to
endothelial cells. Cell Biochem. Biophys. 74 (1), 19-27. https://doi.org/10.1007/
512013-015-0705-6. PMID: 26972298.

10

Environmental Research 251 (2024) 118535

Bertke, S.J., Yiin, J.H., Daniels, R.D., 2018. Cancer mortality update with an exposure
response analysis among styrene-exposed workers in the reinforced plastics
boatbuilding industry. Am. J. Ind. Med. 61 (7), 566-571. https://doi.org/10.1002/
ajim.22853. Epub 2018 Apr 11. PMID: 29638005.

Bitar, D., Parvizi, J., 2015. Biological response to prosthetic debris, 2 World J. Orthoped.
6, 172-189. https://doi.org/10.5312/wjo.v6.i2.172. PMID: 25793158; PMCID:
PMC4363800.

Brachner, A., Fragouli, D., Duarte, L.F., Farias, P.M.A., Dembski, S., Ghosh, M., Barisic, I.,
Zdzieblo, D., Vanoirbeek, J., Schwabl, P., Neuhaus, W., 2020. Assessment of human
health risks posed by nano-and microplastics is currently not feasible, 23 Int. J.
Environ. Res. Publ. Health 17, 8832. https://doi.org/10.3390/ijerph17238832.
PMID: 33261100; PMCID: PMC7730001.

Braun, T., Ehrlich, L., Henrich, W., Koeppel, S., Lomako, I., Schwabl, P., Liebmann, B.,
2021. Detection of microplastic in human placenta and meconium in a clinical
setting, 7 Pharmaceutics 13, 921. https://doi.org/10.3390/
pharmaceutics13070921. PMID: 34206212; PMCID: PMC8308544.

Brown, D.M., Wilson, M.R., MacNee, W., Stone, V., Donaldson, K., 2001. Size-dependent
proinflammatory effects of ultrafine polystyrene particles: a role for surface area and
oxidative stress in the enhanced activity of ultrafines. Toxicol. Appl. Pharmacol. 175
(3), 191-199. https://doi.org/10.1006/taap.2001.9240. PMID: 11559017.

Busch, M., Bredeck, G., Kdmpfer, A.A.M., Schins, R.P.F., 2021a. Investigations of acute
effects of polystyrene and polyvinyl chloride micro- and nanoplastics in an advanced
in vitro triple culture model of the healthy and inflamed intestine. Environ. Res. 193,
110536 https://doi.org/10.1016/j.envres.2020.110536. Epub 2020 Nov 27. PMID:
33253701.

Busch, M., Bredeck, G., Kdmpfer, A.A.M., Schins, R.P.F., 2021b. Investigations of acute
effects of polystyrene and polyvinyl chloride micro- and nanoplastics in an advanced
in vitro triple culture model of the healthy and inflamed intestine. Environ. Res. 193,
110536 https://doi.org/10.1016/j.envres.2020.110536. Epub 2020 Nov 27. PMID:
33253701.

Campbell, C.S., Contreras-Rojas, L.R., Delgado-Charro, M.B., Guy, R.H., 2012. Objective
assessment of nanoparticle disposition in mammalian skin after topical exposure.
J. Contr. Release 162 (1), 201-207. https://doi.org/10.1016/j.jconrel.2012.06.024.
Epub 2012 Jun 23. PMID: 22732479.

Cedervall, T., Hansson, L.A., Lard, M., Frohm, B., Linse, S., 2012. Food chain transport of
nanoparticles affects behaviour and fat metabolism in fish, 2 PLoS One 7, €32254.
https://doi.org/10.1371/journal.pone.0032254. Epub 2012 Feb 22. PMID:
22384193; PMCID: PMC3284555.

Chen, X., Zhuang, J., Chen, Q., Xu, L., Yue, X., Qiao, D., 2022. Polyvinyl chloride
microplastics induced gut barrier dysfunction, microbiota dysbiosis and metabolism
disorder in adult mice. Ecotoxicol. Environ. Saf. 241, 113809 https://doi.org/
10.1016/j.ecoenv.2022.113809. Epub 2022 Jul 4. PMID: 36068740.

Chiu, H.W,, Xia, T., Lee, Y.H., Chen, C.W., Tsai, J.C., Wang, Y.J., 2015. Cationic
polystyrene nanospheres induce autophagic cell death through the induction of
endoplasmic reticulum stress. Nanoscale 7 (2), 736-746. https://doi.org/10.1039/
c4nr05509h. PMID: 25429417.

Christensen, M.S., Vestergaard, J.M., d’Amore, F., Ggrlgv, J.S., Toft, G., Ramlau-
Hansen, C.H., Stokholm, Z.A., Iversen, I.B., Nissen, M.S., Kolstad, H.A., 2018.
Styrene exposure and risk of lymphohematopoietic malignancies in 73,036
reinforced plastics workers. Epidemiology 29 (3), 342-351. https://doi.org/
10.1097/EDE.0000000000000819. PMID: 29533250.

Coggon, D., Ntani, G., Harris, E.C., Palmer, K.T., 2015. Risk of cancer in workers exposed
to styrene at eight British companies making glass-reinforced plastics. Occup.
Environ. Med. 72 (3), 165-170. https://doi.org/10.1136/0emed-2014-102382.
Epub 2014 Oct 30. PMID: 25358742; PMCID: PMC4548714.

Cohen, J.T., Carlson, G., Charnley, G., Coggon, D., Delzell, E., Graham, J.D., Greim, H.,
Krewski, D., Medinsky, M., Monson, R., Paustenbach, D., Petersen, B., Rappaport, S.,
Rhomberg, L., Ryan, P.B., Thompson, K., 2002. A comprehensive evaluation of the
potential health risks associated with occupational and environmental exposure to
styrene. J Toxicol Environ Health B Crit Rev. Erratum J. Toxicol. Environ. Health B
Crit. Rev. 5 (1-2), 1-265. https://doi.org/10.1080/10937400252972162, 2002 Jul-
Sep;5(3):335. PMID: 12012775.

Cole, M., Galloway, T.S., 2015. Ingestion of nanoplastics and microplastics by pacific
oyster larvae. Environ. Sci. Technol. 49 (24), 14625-14632. https://doi.org/
10.1021/acs.est.5b04099. Epub 2015 Nov 24. PMID: 26580574.

Collignon, A., Hecq, J.H., Galgani, F., Collard, F., Goffart, A., 2014. Annual variation in
neustonic micro- and meso-plastic particles and zooplankton in the Bay of Calvi
(Mediterranean-Corsica). Mar. Pollut. Bull. 79 (1-2), 293-298. https://doi.org/
10.1016/j.marpolbul.2013.11.023. Epub 2013 Dec 18. PMID: 24360334.

Collins, J.J., Bodner, K.M., Bus, J.S., 2013. Cancer mortality of workers exposed to
styrene in the U.S. Reinforced plastics and composite industry. Epidemiology 24 (2),
195-203. https://doi.org/10.1097/EDE.0b013e318281a30f. PMID: 23344212.

Cortés, C., Domenech, J., Salazar, M., Pastor, S., Marcos, R., Hernandez, A., 2020.
Nanoplastics as a potential environmental health factor: effects of polystyrene
nanoparticles on human intestinal epithelial Caco-2 cells. Environ. Sci.: Nano 7,
272-285. https://doi.org/10.1039/C9EN00523D.

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J.I., Irigoien, X., Ubeda, B., Herndndez-
Ledn, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-
Puelles, M.L., Duarte, C.M., 2014a. Plastic debris in the open ocean. Epub 2014 Jun
30. PMID: 24982135 Proc. Natl. Acad. Sci. U. S. A. 111, 10239-10244. https://doi.
org/10.1073/pnas.1314705111. PMCID: PMC4104848.

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J.I., Irigoien, X., Ubeda, B., Herndndez-
Ledn, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-
Puelles, M.L., Duarte, C.M., 2014b. Plastic debris in the open ocean. Epub 2014 Jun
30. PMID: 24982135 Proc. Natl. Acad. Sci. U. S. A. 111, 10239-10244. https://doi.
org/10.1073/pnas.1314705111. PMCID: PMC4104848.


http://BioRender.com
https://doi.org/10.1111/j.0105-1873.2003.0228.x
https://doi.org/10.1007/978-3-319-72041-8_11
https://doi.org/10.1007/978-3-319-72041-8_11
https://doi.org/10.1016/j.jconrel.2004.06.015
https://doi.org/10.1016/j.jconrel.2004.06.015
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.tox.2020.152665
https://doi.org/10.1016/j.tox.2020.152665
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1098/rstb.2008.0304
https://doi.org/10.1098/rstb.2008.0304
https://doi.org/10.1183/09031936.04.00138403
https://doi.org/10.1183/09031936.04.00138403
https://doi.org/10.1016/j.biomaterials.2009.03.035
https://doi.org/10.1016/j.biomaterials.2009.03.035
https://doi.org/10.3390/ijerph192013495
https://doi.org/10.3390/ijerph192013495
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1007/s12013-015-0705-6
https://doi.org/10.1007/s12013-015-0705-6
https://doi.org/10.1002/ajim.22853
https://doi.org/10.1002/ajim.22853
https://doi.org/10.5312/wjo.v6.i2.172
https://doi.org/10.3390/ijerph17238832
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.3390/pharmaceutics13070921
https://doi.org/10.1006/taap.2001.9240
https://doi.org/10.1016/j.envres.2020.110536
https://doi.org/10.1016/j.envres.2020.110536
https://doi.org/10.1016/j.jconrel.2012.06.024
https://doi.org/10.1371/journal.pone.0032254
https://doi.org/10.1016/j.ecoenv.2022.113809
https://doi.org/10.1016/j.ecoenv.2022.113809
https://doi.org/10.1039/c4nr05509h
https://doi.org/10.1039/c4nr05509h
https://doi.org/10.1097/EDE.0000000000000819
https://doi.org/10.1097/EDE.0000000000000819
https://doi.org/10.1136/oemed-2014-102382
https://doi.org/10.1080/10937400252972162
https://doi.org/10.1021/acs.est.5b04099
https://doi.org/10.1021/acs.est.5b04099
https://doi.org/10.1016/j.marpolbul.2013.11.023
https://doi.org/10.1016/j.marpolbul.2013.11.023
https://doi.org/10.1097/EDE.0b013e318281a30f
https://doi.org/10.1039/C9EN00523D
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111

E. Winiarska et al.

Cruzan, G., Cushman, J.R., Andrews, L.S., Granville, G.C., Johnson, K.A., Bevan, C.,
Hardy, C.J., Coombs, D.W., Mullins, P.A., Brown, W.R., 2001. Chronic toxicity/
oncogenicity study of styrene in CD-1 mice by inhalation exposure for 104 weeks.
J. Appl. Toxicol. 21 (3), 185-198. https://doi.org/10.1002/jat.737. PMID:
11404830.

Cullinan, P., McGavin, C.R., Kreiss, K., Nicholson, A.G., Maher, T.M., Howell, T.,
Banks, J., Newman Taylor, A.J., Chen, C.H., Tsai, P.J., Shih, T.S., Burge, P.S., 2013.
Obliterative bronchiolitis in fibreglass workers: a new occupational disease? Occup.
Environ. Med. 70 (5), 357-359. https://doi.org/10.1136/0emed-2012-101060.
Epub 2013 Jan 15. PMID: 23322914.

da Costa, J.P., Santos, P.S.M., Duarte, A.C., Rocha-Santos, T., 2016. Nano)plastics in the
environment - sources, fates and effects. Sci. Total Environ. 566-567, 15-26. https://
doi.org/10.1016/j.scitotenv.2016.05.041. Epub 2016 May 20. PMID: 27213666.

Daniels, R.D., Bertke, S.J., 2020. Exposure-response assessment of cancer mortality in
styrene-exposed boatbuilders. Epub 2020 May 29. PMID: 32471836; PMCID:
PMC7494518 Occup. Environ. Med. 77 (10), 706-712. https://doi.org/10.1136/
oemed-2020-106445.

Doége, N., Hadam, S., Volz, P., Wolf, A., Schonborn, K.H., Blume-Peytavi, U., Alexiev, U.,
Vogt, A., 2018. Identification of polystyrene nanoparticle penetration across intact
skin barrier as rare event at sites of focal particle aggregations. J. Biophot. 11 (4),
€201700169 https://doi.org/10.1002/jbi0.201700169. Epub 2018 Jan 17. PMID:
29178669.

Domenech, J., Hernandez, A., Rubio, L., Marcos, R., Cortés, C., 2020. Interactions of
polystyrene nanoplastics with in vitro models of the human intestinal barrier. Arch.
Toxicol. 94 (9), 2997-3012. https://doi.org/10.1007/500204-020-02805-3. Epub
2020 Jun 26. PMID: 32592077.

Estlander, T., Jolanki, R., Kanerva, L., 1986. Dermatitis and urticaria from rubber and
plastic gloves. Contact Dermatitis 14 (1), 20-25. https://doi.org/10.1111/j.1600-
0536.1986.tb01147.x. PMID: 3948506.

Filella, M., 2015a. Questions of size and numbers in environmental research on
microplastics: methodological and conceptual aspects. Environ. Chem. 12 (5),
527-538. https://doi.org/10.1071/EN15012.

Filella, M., 2015b. Questions of size and numbers in environmental research on
microplastics: methodological and conceptual aspects. Environ. Chem. 12 (5),
527-538. https://doi.org/10.1071/EN15012.

Forte, M., lachetta, G., Tussellino, M., Carotenuto, R., Prisco, M., De Falco, M.,
Laforgia, V., Valiante, S., 2016. Polystyrene nanoparticles internalization in human
gastric adenocarcinoma cells. Toxicol. Vitro 31, 126-136. https://doi.org/10.1016/
j.tiv.2015.11.006. Epub 2015 Nov 14. PMID: 26585375.

Fournier, S.B., D’Errico, J.N., Adler, D.S., Kollontzi, S., Goedken, M.J., Fabris, L.,
Yurkow, E.J., Stapleton, P.A., 2020. Nanopolystyrene translocation and fetal
deposition after acute lung exposure during late-stage pregnancy, 1 Part. Fibre
Toxicol. 17, 55. https://doi.org/10.1186/512989-020-00385-9. PMID: 33099312;
PMCID: PMC7585297.

Frias, J.P.G.L., Microplastics, Nash R., 2019. Finding a consensus on the definition. Mar.
Pollut. Bull. 138, 145-147. https://doi.org/10.1016/j.marpolbul.2018.11.022. Epub
2018 Nov 22. PMID: 30660255.

Fuchs, A.K., Syrovets, T., Haas, K.A., Loos, C., Musyanovych, A., Mailander, V.,
Landfester, K., Simmet, T., 2016. Carboxyl- and amino-functionalized polystyrene
nanoparticles differentially affect the polarization profile of M1 and M2 macrophage
subsets. Biomaterials 85, 78-87. https://doi.org/10.1016/j.
biomaterials.2016.01.064. Epub 2016 Jan 29. PMID: 26854393.

Gajski, G., Jel¢i¢, Z., Orescanin, V., Geri¢, M., Kollar, R., Garaj-Vrhovac, V., 2014.
Physico-chemical characterization and the in vitro genotoxicity of medical implants
metal alloy (TiAlV and CoCrMo) and polyethylene particles in human lymphocytes.
Biochim. Biophys. Acta 1840 (1), 565-576. https://doi.org/10.1016/j.
bbagen.2013.10.015. Epub 2013 Oct 17. PMID: 24140394.

Gascon, M., Casas, M., Morales, E., Valvi, D., Ballesteros-Gomez, A., Luque, N., Rubio, S.,
Monfort, N., Ventura, R., Martinez, D., Sunyer, J., Vrijheid, M., 2015. Prenatal
exposure to bisphenol A and phthalates and childhood respiratory tract infections
and allergy. J. Allergy Clin. Immunol. 135 (2), 370-378. https://doi.org/10.1016/j.
jaci.2014.09.030. Epub 2014 Oct 30. PMID: 25445825.

Gigault, J., Halle, A.T., Baudrimont, M., Pascal, P.Y., Gauffre, F., Phi, T.L., El Hadri, H.,
Grassl, B, Reynaud, S., 2018a. Current opinion: what is a nanoplastic? Environ.
Pollut. 235, 1030-1034. https://doi.org/10.1016/j.envpol.2018.01.024. Epub 2018
Jan 19. PMID: 29370948.

Gigault, J., Halle, A.T., Baudrimont, M., Pascal, P.Y., Gauffre, F., Phi, T.L., El Hadri, H.,
Grassl, B., Reynaud, S., 2018b. Current opinion: what is a nanoplastic? Environ.
Pollut. 235, 1030-1034. https://doi.org/10.1016/j.envpol.2018.01.024. Epub 2018
Jan 19. PMID: 29370948.

Gonzalez-Acedo, A., Garcia-Recio, E., Illescas-Montes, R., Ramos-Torrecillas, J.,
Melguizo-Rodriguez, L., Costela-Ruiz, V.J., 2021a. Evidence from in vitro and in vivo
studies on the potential health repercussions of micro- and nanoplastics.
Chemosphere 280, 130826. https://doi.org/10.1016/j.chemosphere.2021.130826.
Epub 2021 May 17. PMID: 34162123.

Gonzélez-Acedo, A., Garcia-Recio, E., Illescas-Montes, R., Ramos-Torrecillas, J.,
Melguizo-Rodriguez, L., Costela-Ruiz, V.J., 2021b. Evidence from in vitro and in vivo
studies on the potential health repercussions of micro- and nanoplastics.
Chemosphere 280, 130826. https://doi.org/10.1016/j.chemosphere.2021.130826.
Epub 2021 May 17. PMID: 34162123.

He, Y., Li, J., Chen, J., Miao, X., Li, G., He, Q., Xu, H., Li, H., Wei, Y., 2020. Cytotoxic
effects of polystyrene nanoplastics with different surface functionalization on human
HepG2 cells. Sci. Total Environ. 723, 138180 https://doi.org/10.1016/j.
scitotenv.2020.138180. Epub 2020 Mar 24. PMID: 32224412.

Heddagaard, F.E., Mgller, P., 2020. Hazard assessment of small-size plastic particles: is
the conceptual framework of particle toxicology useful? Food Chem. Toxicol. 136,

11

Environmental Research 251 (2024) 118535

111106 https://doi.org/10.1016/j.fct.2019.111106. Epub 2019 Dec 30. PMID:
31899364.

Heilig, S., Adams, D.R., Zaenglein, A.L., 2011. Persistent allergic contact dermatitis to
plastic toilet seats. Pediatr. Dermatol. 28 (5), 587-590. https://doi.org/10.1111/
j.1525-1470.2010.01211.x. Epub 2011 Apr 26. PMID: 21517949.

Hernandez, L.M., Yousefi, N., Tufenkji, N., 2017. Are there nanoplastics in your personal
care products? Environ. Sci. Technol. Lett. 4, 280-285. https://doi.org/10.1021/acs.
estlett.7b00187.

Hernandez, L.M., Xu, E.G., Larsson, H.C.E., Tahara, R., Maisuria, V.B., Tufenkji, N., 2019.
Plastic teabags release billions of microparticles and nanoparticles into tea. Environ.
Sci. Technol. 53 (21), 12300-12310. https://doi.org/10.1021/acs.est.9b02540.
Epub 2019 Sep 25. PMID: 31552738.

Hesler, M., Aengenbheister, L., Ellinger, B., Drexel, R., Straskraba, S., Jost, C., Wagner, S.,
Meier, F., von Briesen, H., Biichel, C., Wick, P., Buerki-Thurnherr, T., Kohl, Y., 2019.
Multi-endpoint toxicological assessment of polystyrene nano- and microparticles in
different biological models in vitro. Toxicol. Vitro 61, 104610. https://doi.org/
10.1016/j.tiv.2019.104610. Epub 2019 Jul 27. PMID: 31362040.

Hoelting, L., Scheinhardt, B., Bondarenko, O., Schildknecht, S., Kapitza, M., Tanavde, V.,
Tan, B., Lee, Q.Y., Mecking, S., Leist, M., Kadereit, S., 2013. A 3-dimensional human
embryonic stem cell (hESC)-derived model to detect developmental neurotoxicity of
nanoparticles, 4 Arch. Toxicol. 87, 721-733. https://doi.org/10.1007/500204-012-
0984-2. Epub 2012 Dec 2. PMID: 23203475; PMCID: PMC3604581.

Holding, C.A., Findlay, D.M., Stamenkov, R., Neale, S.D., Lucas, H., Dharmapatni, A.S.,
Callary, S.A., Shrestha, K.R., Atkins, G.J., Howie, D.W., Haynes, D.R., 2006. The
correlation of RANK, RANKL and TNFalpha expression with bone loss volume and
polyethylene wear debris around hip implants. Biomaterials 27 (30), 5212-5219.
https://doi.org/10.1016/j.biomaterials.2006.05.054. Epub 2006 Jun 27. PMID:
16806459.

House, R., Rajaram, N., Tarlo, S.M., 2017. Case report of asthma associated with 3D
printing. Occup. Med. 67 (8), 652-654. https://doi.org/10.1093/0occmed/kqx129.
PMID: 29016991.

Huo, W., Xia, W., Wan, Y., Zhang, B., Zhou, A., Zhang, Y., Huang, K., Zhu, Y., Wu, C.,
Peng, Y., Jiang, M., Hu, J., Chang, H., Xu, B., Li, Y., Xu, S., 2015. Maternal urinary
bisphenol A levels and infant low birth weight: a nested case-control study of the
Health Baby Cohort in China. Environ. Int. 85, 96-103. https://doi.org/10.1016/j.
envint.2015.09.005. Epub 2015 Sep 15. PMID: 26382648.

Hwang, J., Choi, D., Han, S., Choi, J., Hong, J., 2019. An assessment of the toxicity of
polypropylene microplastics in human derived cells. Sci. Total Environ. 684,
657-669. https://doi.org/10.1016/j.scitotenv.2019.05.071. Epub 2019 May 17.
PMID: 31158627.

Inkielewicz-Stepniak, 1., Tajber, L., Behan, G., Zhang, H., Radomski, M.W., Medina, C.,
Santos-Martinez, M.J., 2018. The role of mucin in the toxicological impact of
polystyrene nanoparticles. Materials 11 (5), 724. https://doi.org/10.3390/
mall050724. PMID: 29751544; PMCID: PMC5978101.

Ji, Y., Wang, Y., Shen, D., Kang, Q., Chen, L., 2021. Mucin corona delays intracellular
trafficking and alleviates cytotoxicity of nanoplastic-benzopyrene combined
contaminant. J. Hazard Mater. 406, 124306 https://doi.org/10.1016/].
jhazmat.2020.124306. Epub 2020 Oct 19. PMID: 33109409.

Kik, K., Bukowska, B., Siciniska, P., 2020. Polystyrene nanoparticles: sources, occurrence
in the environment, distribution in tissues, accumulation and toxicity to various
organisms. Environ. Pollut. 262, 114297 https://doi.org/10.1016/j.
envpol.2020.114297. Epub 2020 Mar 2. PMID: 32155552.

Kik, K., Bukowska, B., Krokosz, A., Sicifiska, P., 2021. Oxidative properties of polystyrene
nanoparticles with different diameters in human peripheral blood mononuclear cells
(in vitro study). Int. J. Mol. Sci. 22, 4406. https://doi.org/10.3390/1jms22094406.
PMID: 33922469; PMCID: PMC8122768.

Kogevinas, M., Ferro, G., Andersen, A., Bellander, T., Biocca, M., Coggon, D.,

Gennaro, V., Hutchings, S., Kolstad, H., Lundberg, L., et al., 1994. Cancer mortality in
a historical cohort study of workers exposed to styrene. Scand. J. Work. Environ.
Health 20 (4), 251-261. https://doi.org/10.5271/sjweh.1400. PMID: 7801070.

Kolstad, H.A., Juel, K., Olsen, J., Lynge, E., 1995a. Exposure to styrene and chronic
health effects: mortality and incidence of solid cancers in the Danish reinforced
plastics industry, 5 Occup. Environ. Med. 52, 320-327. https://doi.org/10.1136/
oem.52.5.320. PMID: 7795754; PMCID: PMC1128224.

Kolstad, H.A., Juel, K., Olsen, J., Lynge, E., 1995b. Exposure to styrene and chronic
health effects: mortality and incidence of solid cancers in the Danish reinforced
plastics industry, 5 Occup. Environ. Med. 52, 320-327. https://doi.org/10.1136/
0em.52.5.320. PMID: 7795754; PMCID: PMC1128224.

Kosuth, M., Mason, S.A., Wattenberg, E.V., 2018. Anthropogenic contamination of tap
water, beer, and sea salt. PLoS One 13, e0194970. https://doi.org/10.1371/journal.
pone.0194970. PMID: 29641556; PMCID: PMC5895013.

Kutralam-Muniasamy, G., Pérez-Guevara, F., Elizalde-Martinez, 1., Shruti, V.C., 2020.
Branded milks—are they immune from microplastics contamination? Sci. Total
Environ. 714, 136823 https://doi.org/10.1016/j.scitotenv.2020.136823.

Kutralam-Muniasamy, G., Shruti, V.C., Pérez-Guevara, F., Roy, P.D., 2023. Microplastic
diagnostics in humans: "The 3Ps" Progress, problems, and prospects. Sci. Total
Environ. 856 (Pt 2), 159164 https://doi.org/10.1016/j.scitotenv.2022.159164.
Epub 2022 Oct 3. PMID: 36195147.

Kwon, J.H., Kim, J.W., Pham, T.D., Tarafdar, A., Hong, S., Chun, S.H., Lee, S.H., Kang, D.
Y., Kim, J.Y., Kim, S.B., Jung, J., 2020. Microplastics in food: a review on analytical
methods and challenges, 6710 Int. J. Environ. Res. Publ. Health 17, PMC7559051.
https://doi.org/10.3390/ijerph17186710. PMID:32942613; PMCID.

Lambert, S., Wagner, M., 2016. Characterisation of nanoplastics during the degradation
of polystyrene. Epub 2015 Dec 11. PMID: 26688263 Chemosphere 145, 265-268.
https://doi.org/10.1016/j.chemosphere.2015.11.078. PMCID: PMC5250697.


https://doi.org/10.1002/jat.737
https://doi.org/10.1136/oemed-2012-101060
https://doi.org/10.1016/j.scitotenv.2016.05.041
https://doi.org/10.1016/j.scitotenv.2016.05.041
https://doi.org/10.1136/oemed-2020-106445
https://doi.org/10.1136/oemed-2020-106445
https://doi.org/10.1002/jbio.201700169
https://doi.org/10.1007/s00204-020-02805-3
https://doi.org/10.1111/j.1600-0536.1986.tb01147.x
https://doi.org/10.1111/j.1600-0536.1986.tb01147.x
https://doi.org/10.1071/EN15012
https://doi.org/10.1071/EN15012
https://doi.org/10.1016/j.tiv.2015.11.006
https://doi.org/10.1016/j.tiv.2015.11.006
https://doi.org/10.1186/s12989-020-00385-9
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.1016/j.biomaterials.2016.01.064
https://doi.org/10.1016/j.biomaterials.2016.01.064
https://doi.org/10.1016/j.bbagen.2013.10.015
https://doi.org/10.1016/j.bbagen.2013.10.015
https://doi.org/10.1016/j.jaci.2014.09.030
https://doi.org/10.1016/j.jaci.2014.09.030
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1016/j.chemosphere.2021.130826
https://doi.org/10.1016/j.chemosphere.2021.130826
https://doi.org/10.1016/j.scitotenv.2020.138180
https://doi.org/10.1016/j.scitotenv.2020.138180
https://doi.org/10.1016/j.fct.2019.111106
https://doi.org/10.1111/j.1525-1470.2010.01211.x
https://doi.org/10.1111/j.1525-1470.2010.01211.x
https://doi.org/10.1021/acs.estlett.7b00187
https://doi.org/10.1021/acs.estlett.7b00187
https://doi.org/10.1021/acs.est.9b02540
https://doi.org/10.1016/j.tiv.2019.104610
https://doi.org/10.1016/j.tiv.2019.104610
https://doi.org/10.1007/s00204-012-0984-2
https://doi.org/10.1007/s00204-012-0984-2
https://doi.org/10.1016/j.biomaterials.2006.05.054
https://doi.org/10.1093/occmed/kqx129
https://doi.org/10.1016/j.envint.2015.09.005
https://doi.org/10.1016/j.envint.2015.09.005
https://doi.org/10.1016/j.scitotenv.2019.05.071
https://doi.org/10.3390/ma11050724
https://doi.org/10.3390/ma11050724
https://doi.org/10.1016/j.jhazmat.2020.124306
https://doi.org/10.1016/j.jhazmat.2020.124306
https://doi.org/10.1016/j.envpol.2020.114297
https://doi.org/10.1016/j.envpol.2020.114297
https://doi.org/10.3390/ijms22094406
https://doi.org/10.5271/sjweh.1400
https://doi.org/10.1136/oem.52.5.320
https://doi.org/10.1136/oem.52.5.320
https://doi.org/10.1136/oem.52.5.320
https://doi.org/10.1136/oem.52.5.320
https://doi.org/10.1371/journal.pone.0194970
https://doi.org/10.1371/journal.pone.0194970
https://doi.org/10.1016/j.scitotenv.2020.136823
https://doi.org/10.1016/j.scitotenv.2022.159164
https://doi.org/10.3390/ijerph17186710
https://doi.org/10.1016/j.chemosphere.2015.11.078

E. Winiarska et al.

Lehner, R., Weder, C., Petri-Fink, A., Rothen-Rutishauser, B., 2019a. Emergence of
nanoplastic in the environment and possible impact on human health. Environ. Sci.
Technol. 53 (4), 1748-1765. https://doi.org/10.1021/acs.est.8b05512. Epub 2019
Jan 29. PMID: 30629421.

Lehner, R., Weder, C., Petri-Fink, A., Rothen-Rutishauser, B., 2019b. Emergence of
nanoplastic in the environment and possible impact on human health. Environ. Sci.
Technol. 53, 1748-1765. https://doi.org/10.1021/acs.est.8b05512.

Li, D., Shi, Y., Yang, L., Xiao, L., Kehoe, D.K., Gun’ko, Y.K., Boland, J.J., Wang, J.J., 2020.
Microplastic release from the degradation of polypropylene feeding bottles during
infant formula preparation. Nat. Food 1 (11), 746-754. https://doi.org/10.1038/
$43016-020-00171-y. Epub 2020 Oct 19. PMID: 37128027.

Liebezeit, G., Liebezeit, E., 2013. Non-pollen particulates in honey and sugar. Food
Addit. Contam. A. 30, 2136-2140. https://doi.org/10.1080/
19440049.2013.843025.

Liebezeit, G., Liebezeit, E., 2014. Synthetic particles as contaminants in German beers.
Food Addit. Contam. Part A Chem Anal Control Expo Risk Assess 31 (9), 1574-1578.
https://doi.org/10.1080/19440049.2014.945099. Epub 2014 Aug 11. PMID:
25056358.

Liebezeit, G., Liebezeit, E., 2015. Origin of synthetic particles in honeys. Pol. J. Food
Nutr. Sci. 65, 143-147. https://doi.org/10.1515/pjfns-2015-0025.

Lim, S.L., Ng, C.T., Zou, L., Lu, Y., Chen, J., Bay, B.H., Shen, H.M., Ong, C.N., 2019.
Targeted metabolomics reveals differential biological effects of nanoplastics and
nanoZnO in human lung cells. Nanotoxicology 13 (8), 1117-1132. https://doi.org/
10.1080/17435390.2019.1640913. Epub 2019 Jul 24. PMID: 31272252.

Mason, S.A., Welch, V.G., Neratko, J., 2018. Synthetic polymer contamination in bottled
water. Front. Chem. 6, 407. https://doi.org/10.3389/fchem.2018.00407.

Matsusaki, T., Kawanabe, K., Ise, K., Nakayama, T., Toguchida, J., Nakamura, T., 2007.
Gene expression profile of macrophage-like U937 cells in response to polyethylene
particles: a novel cell-particle culture system. J. Arthroplasty 22 (7), 960-965.
https://doi.org/10.1016/j.arth.2007.03.013. PMID: 17920466.

Mattioda, V., Benedetti, V., Tessarolo, C., Oberto, F., Favole, A., Gallo, M., Martelli, W.,
Crescio, M.I., Berio, E., Masoero, L., Benedetto, A., Pezzolato, M., Bozzetta, E.,
Grattarola, C., Casalone, C., Corona, C., Giorda, F., 2023. Pro-inflammatory and
cytotoxic effects of polystyrene microplastics on human and murine intestinal cell
lines. Biomolecules 13, 140. https://doi.org/10.3390/biom13010140. PMID:
36671525; PMCID: PMC9856121.

Molina, E., Benedé, S., 2022. Is there evidence of health risks from exposure to micro-
and nanoplastics in foods?, 910094 Front. Nutr. 9. https://doi.org/10.3389/
fnut.2022.910094. PMID: 35836585; PMCID: PMC9274238.

Murschhauser, A., Rottgermann, P.J.F., Woschée, D., Ober, M.F., Yan, Y., Dawson, K.A.,
Radler, J.O., 2019. A high-throughput microscopy method for single-cell analysis of
event-time correlations in nanoparticle-induced cell death. Commun. Biol. 2, 35.
https://doi.org/10.1038/542003-019-0282-0. PMID: 30701200; PMCID:
PMC6345847.

Napper, LE., Thompson, R.C., 2020. Plastic debris in the marine environment: history
and future challenges, 1900081 Glob Chall 4, PMC7268196. https://doi.org/
10.1002/gch2.201900081. PMID: 32685195; PMCID.

Narancic, T., O’Connor, K.E., 2019. Plastic waste as a global challenge: are
biodegradable plastics the answer to the plastic waste problem? Microbiology
(Read.) 165 (2), 129-137. https://doi.org/10.1099/mic.0.000749. Epub 2018 Nov
30. PMID: 30497540.

Nett, R.J., Cox-Ganser, J.M., Hubbs, A.F., Ruder, A.M., Cummings, K.J., Huang, Y.T.,
Kreiss, K., 2017. Non-malignant respiratory disease among workers in industries
using styrene-A review of the evidence. Am. J. Ind. Med. 60 (2), 163-180. https://
doi.org/10.1002/ajim.22655. PMID: 28079275; PMCID: PMC5379121.

Oddone, E., Modonesi, C., Gatta, G., 2014. Occupational exposures and colorectal
cancers: a quantitative overview of epidemiological evidence. World J.
Gastroenterol. 20 (35), 12431-12444. https://doi.org/10.3748/wjg.v20.i35.12431.

Orishimo, K.F., Claus, A.M., Sychterz, C.J., Engh, C.A., 2003. Relationship between
polyethylene wear and osteolysis in hips with a second-generation porous-coated
cementless cup after seven years of follow-up. J. Bone Joint Surg. Am. 85 (6),
1095-1099. https://doi.org/10.2106/00004623-200306000-00018. PMID:
12784009.

OBmann, B.E., Sarau, G., Holtmannspotter, H., Pischetsrieder, M., Christiansen, S.H.,
Dicke, W., 2018. Small-sized microplastics and pigmented particles in bottled
mineral water. Water Res. 141, 307-316. https://doi.org/10.1016/j.
watres.2018.05.027. Epub 2018 May 16. PMID: 29803096.

https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/(accessed 28.
January.2024).

Palm, G.J., Reisky, L., Bottcher, D., Miiller, H., Michels, E.A.P., Walczak, M.C., Berndt, L.,
Weiss, M.S., Bornscheuer, U.T., Weber, G., 2019. Structure of the plastic-degrading
Ideonella sakaiensis MHETase bound to a substrate. Nat. Commun. 10 (1), 1717.
https://doi.org/10.1038/541467-019-09326-3. PMID: 30979881; PMCID:
PMC6461665.

Park, S.J., 2020. Protein-Nanoparticle interaction: corona formation and conformational
changes in proteins on nanoparticles. Int. J. Nanomed. 15, 5783-5802. https://doi.
org/10.2147/1JN.5254808. PMID: 32821101; PMCID: PMC7418457.

Park, Y.H., Jeong, S.H., Yi, S.M., Choi, B.H., Kim, Y.R., Kim, LK., Kim, M.K., Son, S.W.,
2011. Analysis for the potential of polystyrene and TiO2 nanoparticles to induce skin
irritation, phototoxicity, and sensitization. Toxicol. Vitro 25 (8), 1863-1869.
https://doi.org/10.1016/j.tiv.2011.05.022. Epub 2011 May 31. PMID: 21664450.

Persoons, R., Richard, J., Herve, C., Montlevier, S., Marques, M., Maitre, A., 2018.
Biomonitoring of styrene occupational exposures: biomarkers and determinants.
Toxicol. Lett. 298, 99-105. https://doi.org/10.1016/j.toxlet.2018.06.1211. Epub
2018 Jun 22. PMID: 29940302.

12

Environmental Research 251 (2024) 118535

Poma, A., Vecchiotti, G., Colafarina, S., Zarivi, O., Aloisi, M., Arrizza, L., Chichiricco, G.,
Di Carlo, P., 2019. Vitro genotoxicity of polystyrene nanoparticles on the human
fibroblast Hs27 cell line. Nanomaterials 9 (9), 1299. https://doi.org/10.3390/
nano9091299. PMID: 31514347; PMCID: PMC6781270.

Priet], B., Meindl, C., Roblegg, E., Pieber, T.R., Lanzer, G., Frohlich, E., 2014. Nano-sized
and micro-sized polystyrene particles affect phagocyte function, 1 Cell Biol. Toxicol.
30, 1-16. https://doi.org/10.1007/s10565-013-9265-y. Epub 2013 Nov 29. PMID:
24292270; PMCID: PMC4434214.

Qiang, L., Cheng, J., 2021. Exposure to polystyrene microplastics impairs gonads of
zebrafish (Danio rerio). Chemosphere 263, 128161. https://doi.org/10.1016/].
chemosphere.2020.128161. Epub 2020 Aug 31. PMID: 33297137.

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O.,
Papa, F., Rongioletti, M.C.A., Baiocco, F., Draghi, S., D’Amore, E., Rinaldo, D.,
Matta, M., Giorgini, E., 2021. Plasticenta: first evidence of microplastics in human
placenta. Environ. Int. 146, 106274 https://doi.org/10.1016/j.envint.2020.106274.
Epub 2020 Dec 2. PMID: 33395930.

Rai, P., Mehrotra, S., Priya, S., Gnansounou, E., Sharma, S.K., 2021. Recent advances in
the sustainable design and applications of biodegradable polymers. Bioresour.
Technol. 325, 124739 https://doi.org/10.1016/j.biortech.2021.124739. Epub 2021
Jan 20. PMID: 33509643.

Rhodes, C.J., 2018. Plastic pollution and potential solutions. Sci. Prog. 101 (3), 207-260.
https://doi.org/10.3184/003685018X15294876706211. Epub 2018 Jul 19. PMID:
30025551.

Rose, R.F., Lyons, P., Horne, H., Mark Wilkinson, S., 2009. A review of the materials and
allergens in protective gloves. Contact Dermatitis 61 (3), 129-137. https://doi.org/
10.1111/4.1600-0536.2009.01580.x. PMID: 19780770.

Rubio, L., Barguilla, I., Domenech, J., Marcos, R., Hernandez, A., 2020. Biological effects,
including oxidative stress and genotoxic damage, of polystyrene nanoparticles in
different human hematopoietic cell lines. J. Hazard Mater. 398, 122900 https://doi.
org/10.1016/j.jhazmat.2020.122900. Epub 2020 May 15. PMID: 32464564.

Ruder, A.M., Bertke, S.J., 2017. Cancer incidence among boat-building workers exposed
to styrene. Am. J. Ind. Med. 60 (7), 651-657. https://doi.org/10.1002/ajim.22735.
PMID: 28616886.

Ruenraroengsak, P., Tetley, T.D., 2015. Differential bioreactivity of neutral, cationic and
anionic polystyrene nanoparticles with cells from the human alveolar compartment:
robust response of alveolar type 1 epithelial cells. Part. Fibre Toxicol. 12, 19. https://
doi.org/10.1186/s12989-015-0091-7. PMID: 26133975; PMCID: PMC4489088.

Ruenraroengsak, P., Novak, P., Berhanu, D., Thorley, A.J., Valsami-Jones, E., Gorelik, J.,
Korchev, Y.E., Tetley, T.D., 2012. Respiratory epithelial cytotoxicity and membrane
damage (holes) caused by amine-modified nanoparticles. Nanotoxicology 6 (1),
94-108. https://doi.org/10.3109/17435390.2011.558643. Epub 2011 Feb 28.
PMID: 21352086.

Sarasamma, S., Audira, G., Siregar, P., Malhotra, N., Lai, Y.H., Liang, S.T., Chen, J.R.,
Chen, K.H., Hsiao, C.D., 2020. Nanoplastics cause neurobehavioral impairments,
reproductive and oxidative damages, and biomarker responses in zebrafish:
throwing up alarms of wide spread health risk of exposure, 4 Int. J. Mol. Sci. 21,
1410. https://doi.org/10.3390/ijms21041410. PMID: 32093039; PMCID:
PMC7073134.

Sartorelli, P., d'Hauw, G., Spina, D., Volterrani, L., Mazzei, M.A., 2020. A case of
hypersensitivity pneumonitis in a worker exposed to terephthalic acid in the
production of polyethylene terephthalate. Int. J. Occup. Med. Environ. Health 33 (1),
119-123. https://doi.org/10.13075/ijomeh.1896.01465. Epub 2019 Oct 30. PMID:
31691678.

Sathiakumar, N., Brill, 1., Delzell, E., 2009. 1,3-butadiene, styrene and lung cancer
among synthetic rubber industry workers. J. Occup. Environ. Med. 51 (11),
1326-1332. https://doi.org/10.1097/JOM.0b013e3181c3c663. PMID: 19858739.

Schirinzi, G.F., Pérez-Pomeda, 1., Sanchis, J., Rossini, C., Farré, M., Barceld, D., 2017.
Cytotoxic effects of commonly used nanomaterials and microplastics on cerebral and
epithelial human cells. Environ. Res. 159, 579-587. https://doi.org/10.1016/].
envres.2017.08.043. Epub 2017 Sep 11. PMID: 28898803.

Schmidt, C., Lautenschlaeger, C., Collnot, E.M., Schumann, M., Bojarski, C., Schulzke, J.
D., Lehr, C.M., Stallmach, A., 2013. Nano- and microscaled particles for drug
targeting to inflamed intestinal mucosa: a first in vivo study in human patients.

J. Contr. Release 165 (2), 139-145. https://doi.org/10.1016/j.jconrel.2012.10.019.
Epub 2012 Nov 2. PMID: 23127508.

Schneider, M., Stracke, F., Hansen, S., Schaefer, U.F., 2009. Nanoparticles and their
interactions with the dermal barrier, 4 Dermatoendocrinol 1, 197-206. https://doi.
org/10.4161/derm.1.4.9501. PMID: 20592791; PMCID: PMC2835875.

Schwabl, P., Koppel, S., Konigshofer, P., Bucsics, T., Trauner, M., Reiberger, T.,
Liebmann, B., 2019. Detection of various microplastics in human stool: a prospective
case series. Ann. Intern. Med. 171 (7), 453-457. https://doi.org/10.7326/M19-
0618. Epub 2019 Sep 3. PMID: 31476765.

Schwaferts, C., Sogne, V., Welz, R., Meier, F., Klein, T., Niessner, R., Elsner, M., Ivleva, N.
P., 2020. Nanoplastic analysis by online coupling of Raman microscopy and field-
flow fractionation enabled by optical tweezers. Anal. Chem. 92 (8), 5813-5820.
https://doi.org/10.1021/acs.analchem.9b05336. Epub 2020 Mar 2. PMID:
32073259.

Schymanski, D., Goldbeck, C., Humpf, H.U., Fiirst, P., 2018. Analysis of microplastics in
water by micro-Raman spectroscopy: release of plastic particles from different
packaging into mineral water. Water Res. 129, 154-162. https://doi.org/10.1016/].
watres.2017.11.011. Epub 2017 Nov 6. PMID: 29145085.

Senathirajah, K., Attwood, S., Bhagwat, G., Carbery, M., Wilson, S., Palanisami, T., 2021.
Estimation of the mass of microplastics ingested - a pivotal first step towards human
health risk assessment. J. Hazard Mater. 404 (Pt B), 124004 https://doi.org/
10.1016/j.jhazmat.2020.124004. Epub 2020 Oct 6. PMID: 33130380.


https://doi.org/10.1021/acs.est.8b05512
https://doi.org/10.1021/acs.est.8b05512
https://doi.org/10.1038/s43016-020-00171-y
https://doi.org/10.1038/s43016-020-00171-y
https://doi.org/10.1080/19440049.2013.843025
https://doi.org/10.1080/19440049.2013.843025
https://doi.org/10.1080/19440049.2014.945099
https://doi.org/10.1515/pjfns-2015-0025
https://doi.org/10.1080/17435390.2019.1640913
https://doi.org/10.1080/17435390.2019.1640913
https://doi.org/10.3389/fchem.2018.00407
https://doi.org/10.1016/j.arth.2007.03.013
https://doi.org/10.3390/biom13010140
https://doi.org/10.3389/fnut.2022.910094
https://doi.org/10.3389/fnut.2022.910094
https://doi.org/10.1038/s42003-019-0282-0
https://doi.org/10.1002/gch2.201900081
https://doi.org/10.1002/gch2.201900081
https://doi.org/10.1099/mic.0.000749
https://doi.org/10.1002/ajim.22655
https://doi.org/10.1002/ajim.22655
https://doi.org/10.3748/wjg.v20.i35.12431
https://doi.org/10.2106/00004623-200306000-00018
https://doi.org/10.1016/j.watres.2018.05.027
https://doi.org/10.1016/j.watres.2018.05.027
https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/
https://doi.org/10.1038/s41467-019-09326-3
https://doi.org/10.2147/IJN.S254808
https://doi.org/10.2147/IJN.S254808
https://doi.org/10.1016/j.tiv.2011.05.022
https://doi.org/10.1016/j.toxlet.2018.06.1211
https://doi.org/10.3390/nano9091299
https://doi.org/10.3390/nano9091299
https://doi.org/10.1007/s10565-013-9265-y
https://doi.org/10.1016/j.chemosphere.2020.128161
https://doi.org/10.1016/j.chemosphere.2020.128161
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.biortech.2021.124739
https://doi.org/10.3184/003685018X15294876706211
https://doi.org/10.1111/j.1600-0536.2009.01580.x
https://doi.org/10.1111/j.1600-0536.2009.01580.x
https://doi.org/10.1016/j.jhazmat.2020.122900
https://doi.org/10.1016/j.jhazmat.2020.122900
https://doi.org/10.1002/ajim.22735
https://doi.org/10.1186/s12989-015-0091-7
https://doi.org/10.1186/s12989-015-0091-7
https://doi.org/10.3109/17435390.2011.558643
https://doi.org/10.3390/ijms21041410
https://doi.org/10.13075/ijomeh.1896.01465
https://doi.org/10.1097/JOM.0b013e3181c3c663
https://doi.org/10.1016/j.envres.2017.08.043
https://doi.org/10.1016/j.envres.2017.08.043
https://doi.org/10.1016/j.jconrel.2012.10.019
https://doi.org/10.4161/derm.1.4.9501
https://doi.org/10.4161/derm.1.4.9501
https://doi.org/10.7326/M19-0618
https://doi.org/10.7326/M19-0618
https://doi.org/10.1021/acs.analchem.9b05336
https://doi.org/10.1016/j.watres.2017.11.011
https://doi.org/10.1016/j.watres.2017.11.011
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1016/j.jhazmat.2020.124004

E. Winiarska et al.

Shanbhag, A.S., Jacobs, J.J., Glant, T.T., Gilbert, J.L., Black, J., Galante, J.O., 1994.
Composition and morphology of wear debris in failed uncemented total hip
replacement. J. Bone Joint Surg. Br. 76 (1), 60-67. PMID: 8300684.

Shi, Q., Tang, J., Wang, L., Liu, R., Giesy, J.P., 2021. Combined cytotoxicity of
polystyrene nanoplastics and phthalate esters on human lung epithelial A549 cells
and its mechanism. Ecotoxicol. Environ. Saf. 213, 112041 https://doi.org/10.1016/
j.ecoenv.2021.112041. Epub 2021 Feb 15. PMID: 33601174.

Som, C., Wick, P., Krug, H., Nowack, B., 2011. Environmental and health effects of
nanomaterials in nanotextiles and facade coatings. Environ. Int. 37 (6), 1131-1142.
https://doi.org/10.1016/j.envint.2011.02.013. Epub 2011 Mar 11. PMID:
21397331.

Song, Y., Li, X., Du, X., 2009. Exposure to nanoparticles is related to pleural effusion,
pulmonary fibrosis and granuloma. Eur. Respir. J. 34 (3), 559-567. https://doi.org/
10.1183/09031936.00178308. Epub 2009 Aug 20. PMID: 19696157.

Spanier, A.J., Kahn, R.S., Kunselman, A.R., Hornung, R., Xu, Y., Calafat, A.M.,
Lanphear, B.P., 2012. Prenatal exposure to bisphenol A and child wheeze from birth
to 3 years of age, 6 Environ. Health Perspect. 120, 916-920. https://doi.org/
10.1289/ehp.1104175. Epub 2012 Feb 14. PMID: 22334053; PMCID: PMC3385426.

Spanier, A.J., Kahn, R.S., Kunselman, A.R., Schaefer, E.W., Hornung, R., Xu, Y.,
Calafat, A.M., Lanphear, B.P., 2014. Bisphenol a exposure and the development of
wheeze and lung function in children through age 5 years, 12 JAMA Pediatr. 168,
1131-1137. https://doi.org/10.1001/jamapediatrics.2014.1397. PMID: 25286153;
PMCID: PMC4535321.

Stock, V., Bohmert, L., Lisicki, E., Block, R., Cara-Carmona, J., Pack, L.K., Selb, R.,
Lichtenstein, D., Voss, L., Henderson, C.J., Zabinsky, E., Sieg, H., Braeuning, A.,
Lampen, A., 2019. Uptake and effects of orally ingested polystyrene microplastic
particles in vitro and in vivo. Arch. Toxicol. 93 (7), 1817-1833. https://doi.org/
10.1007/500204-019-02478-7. Epub 2019 May 28. PMID: 31139862.

Sun, L., Liao, K., Wang, D., 2021a. Comparison of transgenerational reproductive toxicity
induced by pristine and amino modified nanoplastics in Caenorhabditis elegans. Sci.
Total Environ. 768, 144362 https://doi.org/10.1016/j.scitotenv.2020.144362. Epub
2020 Dec 29. PMID: 33434799.

Sun, M., Ding, R., Ma, Y., Sun, Q., Ren, X., Sun, Z., Duan, J., 2021b. Cardiovascular
toxicity assessment of polyethylene nanoplastics on developing zebrafish embryos.
Chemosphere 282, 131124. https://doi.org/10.1016/j.chemosphere.2021.131124.
Epub 2021 Jun 8. PMID: 34374342.

Teixeira, J.P., Gaspar, J., Coelho, P., Costa, C., Pinho-Silva, S., Costa, S., Da Silva, S.,
Laffon, B., Pasaro, E., Rueff, J., Farmer, P., 2010. Cytogenetic and DNA damage on
workers exposed to styrene. Mutagenesis 25 (6), 617-621. https://doi.org/10.1093/
mutage/geq049. Epub 2010 Aug 20. PMID: 20729469.

Turcotte, S.E., Chee, A., Walsh, R., Grant, F.C.,, Liss, G.M., Boag, A., Forkert, L., Munt, P.
W., Lougheed, M.D., 2013. Flock worker’s lung disease: natural history of cases and
exposed workers in Kingston, Ontario. Chest 143 (6), 1642-1648. https://doi.org/
10.1378/chest.12-0920. PMID: 23699830.

Vogt, A., Combadiere, B., Hadam, S., Stieler, K.M., Lademann, J., Schaefer, H.,

Autran, B., Sterry, W., Blume-Peytavi, U., 2006. 40 nm, but not 750 or 1,500 nm,
nanoparticles enter epidermal CD1la+ cells after transcutaneous application on
human skin. J. Invest. Dermatol. 126 (6), 1316-1322. https://doi.org/10.1038/sj.
jid.5700226. PMID: 16614727.

Volkman, K.K., Merrick, J.G., Zacharisen, M.C., 2006. Yacht-maker’s lung: a case of
hypersensitivity pneumonitis in yacht manufacturing. Wis. Med. J. 105 (7), 47-50.
PMID: 17163087.

https://www.statista.com/statistics/1192886/thermoplastics-production-volume-by-t
ype-globally/(accessed 30.November.2023).

Werder, E.J., Engel, L.S., Richardson, D.B., Emch, M.E., Gerr, F.E., Kwok, R.K.,
Sandler, D.P., 2018. Environmental styrene exposure and neurologic symptoms in U.
S. Gulf coast residents. Pt 1 Environ. Int. 121, 480-490. https://doi.org/10.1016/j.
envint.2018.09.025. Epub 2018 Oct 1. PMID: 30278311; PMCID: PMC6712572.

Wick, P., Malek, A., Manser, P., Meili, D., Maeder-Althaus, X., Diener, L., Diener, P.A.,
Zisch, A., Krug, H.F., von Mandach, U., 2010. Barrier capacity of human placenta for

13

Environmental Research 251 (2024) 118535

nanosized materials, 3 Environ. Health Perspect. 118, 432-436. https://doi.org/
10.1289/ehp.0901200. Epub 2009 Nov 12. PMID: 20064770; PMCID: PMC2854775.

Wu, B., Wu, X, Liu, S., Wang, Z., Chen, L., 2019. Size-dependent effects of polystyrene
microplastics on cytotoxicity and efflux pump inhibition in human Caco-2 cells.
Chemosphere 221, 333-341. https://doi.org/10.1016/j.chemosphere.2019.01.056.
Epub 2019 Jan 8. PMID: 30641374.

Wu, M., Wang, S., Weng, Q., Chen, H., Shen, J., Li, Z., Wy, Y., Zhao, Y., Li, M., Wy, Y.,
Yang, S., Zhang, Q., Shen, H., 2021. Prenatal and postnatal exposure to Bisphenol A
and Asthma: a systemic review and meta-analysis, 3 J. Thorac. Dis. 13, 1684-1696.
https://doi.org/10.21037/jtd-20-1550. PMID: 33841959; PMCID: PMC8024800.

Xia, T., Kovochich, M., Liong, M., Zink, J.I., Nel, A.E., 2008. Cationic polystyrene
nanosphere toxicity depends on cell-specific endocytic and mitochondrial injury
pathways. ACS Nano 2 (1), 85-96. https://doi.org/10.1021/nn700256¢c. PMID:
19206551.

Xie, M.Y., Ni, H., Zhao, D.S., Wen, L.Y,, Li, K.S., Yang, H.H., Wang, S.S., Zhang, H.,
Su, H., 2016. Exposure to bisphenol A and the development of asthma: a systematic
review of cohort studies. Reprod. Toxicol. 65, 224-229. https://doi.org/10.1016/j.
reprotox.2016.08.007. Epub 2016 Aug 16. PMID: 27542534.

Xu, M., Halimu, G., Zhang, Q., Song, Y., Fu, X., Li, Y., Li, Y., Zhang, H., 2019.
Internalization and toxicity: a preliminary study of effects of nanoplastic particles on
human lung epithelial cell. Sci. Total Environ. 694, 133794 https://doi.org/
10.1016/j.scitotenv.2019.133794. Epub 2019 Aug 5. PMID: 31756791.

Yan, Z., Liu, Y., Zhang, T., Zhang, F., Ren, H., Zhang, Y., 2022. Analysis of microplastics
in human feces reveals a correlation between fecal microplastics and inflammatory
bowel disease status. Environ. Sci. Technol. 56 (1), 414-421. https://doi.org/
10.1021/acs.est.1¢03924. Epub 2021 Dec 22. PMID: 34935363.

Yang, D., Shi, H., Li, L., Li, J., Jabeen, K., Kolandhasamy, P., 2015. Microplastic pollution
in table salts from China. Environ. Sci. Technol. 49 (22), 13622-13627. https://doi.
org/10.1021/acs.est.5b03163. Epub 2015 Nov 2. PMID: 26486565.

Yee, M.S., Hii, L.W., Looi, C.K., Lim, W.M., Wong, S.F., Kok, Y.Y., Tan, B.K., Wong, C.Y.,
Leong, C.0., 2021. Impact of microplastics and nanoplastics on human health, 2
Nanomaterials 11, 496. https://doi.org/10.3390/nano11020496. PMID: 33669327,
PMCID: PMC7920297.

Yong, C.Q.Y., Valiyaveettil, S., Tang, B.L., 2020. Toxicity of microplastics and
nanoplastics in mammalian systems, 5 Int. J. Environ. Res. Publ. Health 17, 1509.
https://doi.org/10.3390/ijerph17051509. PMID: 32111046; PMCID: PMC7084551.

Yu, C.W., Luk, T.C,, Liao, V.H., 2021. Long-term nanoplastics exposure results in multi
and trans-generational reproduction decline associated with germline toxicity and
epigenetic regulation in Caenorhabditis elegans. J. Hazard Mater. 412, 125173
https://doi.org/10.1016/j.jhazmat.2021.125173. Epub 2021 Jan 19. PMID:
33517056.

Zhang, J., Wang, L., Trasande, L., Kannan, K., 2021a. Occurrence of polyethylene
terephthalate and polycarbonate microplastics in infant and adult feces. Environ. Sci.
Technol. Lett. 8 (11), 989-994. https://doi.org/10.1021/acs.estlett.1c00559.

Zhang, N., Li, Y.B., He, H.R., Zhang, J.F., Ma, G.S., 2021b. You are what you eat:
microplastics in the feces of young men living in Beijing. Sci. Total Environ. 767,
144345 https://doi.org/10.1016/j.scitotenv.2020.144345. Epub 2020 Dec 31.
PMID: 33434834.

Zhao, Q., Zhu, L., Weng, J., Jin, Z., Cao, Y., Jiang, H., Zhang, Z., 2023. Detection and
characterization of microplastics in the human testis and semen, 162713 Sci. Total
Environ. 877. https://doi.org/10.1016/j.scitotenv.2023.162713. Epub 2023 Mar 21.
PMID: 36948312.

Zhou, A., Chang, H., Huo, W., Zhang, B., Hu, J., Xia, W., Chen, Z., Xiong, C., Zhang, Y.,
Wang, Y., Xu, S., Li, Y., 2017. Prenatal exposure to bisphenol A and risk of allergic
diseases in early life. Pediatr. Res. 81 (6), 851-856. https://doi.org/10.1038/
pr.2017.20. Epub 2017 Jan 31. PMID: 28141789.

Zubair, M., Ullah, A., 2020. Recent advances in protein derived bionanocomposites for
food packaging applications. Crit. Rev. Food Sci. Nutr. 60 (3), 406-434. https://doi.
org/10.1080/10408398.2018.1534800. Epub 2019 Jan 7. PMID: 30614251.


http://refhub.elsevier.com/S0013-9351(24)00439-0/sref120
http://refhub.elsevier.com/S0013-9351(24)00439-0/sref120
http://refhub.elsevier.com/S0013-9351(24)00439-0/sref120
https://doi.org/10.1016/j.ecoenv.2021.112041
https://doi.org/10.1016/j.ecoenv.2021.112041
https://doi.org/10.1016/j.envint.2011.02.013
https://doi.org/10.1183/09031936.00178308
https://doi.org/10.1183/09031936.00178308
https://doi.org/10.1289/ehp.1104175
https://doi.org/10.1289/ehp.1104175
https://doi.org/10.1001/jamapediatrics.2014.1397
https://doi.org/10.1007/s00204-019-02478-7
https://doi.org/10.1007/s00204-019-02478-7
https://doi.org/10.1016/j.scitotenv.2020.144362
https://doi.org/10.1016/j.chemosphere.2021.131124
https://doi.org/10.1093/mutage/geq049
https://doi.org/10.1093/mutage/geq049
https://doi.org/10.1378/chest.12-0920
https://doi.org/10.1378/chest.12-0920
https://doi.org/10.1038/sj.jid.5700226
https://doi.org/10.1038/sj.jid.5700226
http://refhub.elsevier.com/S0013-9351(24)00439-0/sref132
http://refhub.elsevier.com/S0013-9351(24)00439-0/sref132
http://refhub.elsevier.com/S0013-9351(24)00439-0/sref132
https://www.statista.com/statistics/1192886/thermoplastics-production-volume-by-type-globally/
https://www.statista.com/statistics/1192886/thermoplastics-production-volume-by-type-globally/
https://doi.org/10.1016/j.envint.2018.09.025
https://doi.org/10.1016/j.envint.2018.09.025
https://doi.org/10.1289/ehp.0901200
https://doi.org/10.1289/ehp.0901200
https://doi.org/10.1016/j.chemosphere.2019.01.056
https://doi.org/10.21037/jtd-20-1550
https://doi.org/10.1021/nn700256c
https://doi.org/10.1016/j.reprotox.2016.08.007
https://doi.org/10.1016/j.reprotox.2016.08.007
https://doi.org/10.1016/j.scitotenv.2019.133794
https://doi.org/10.1016/j.scitotenv.2019.133794
https://doi.org/10.1021/acs.est.1c03924
https://doi.org/10.1021/acs.est.1c03924
https://doi.org/10.1021/acs.est.5b03163
https://doi.org/10.1021/acs.est.5b03163
https://doi.org/10.3390/nano11020496
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.1016/j.jhazmat.2021.125173
https://doi.org/10.1021/acs.estlett.1c00559
https://doi.org/10.1016/j.scitotenv.2020.144345
https://doi.org/10.1016/j.scitotenv.2023.162713
https://doi.org/10.1038/pr.2017.20
https://doi.org/10.1038/pr.2017.20
https://doi.org/10.1080/10408398.2018.1534800
https://doi.org/10.1080/10408398.2018.1534800

	The potential impact of nano- and microplastics on human health: Understanding human health risks.
	1 Introduction
	2 Route of exposition and uptake of nano- and microplastics
	2.1 Gastrointestinal tract
	2.2 Lungs
	2.3 Skin

	3 Potential in vivo effects of plastic exposure
	3.1 Skin
	3.2 Gastrointestinal tract
	3.3 Respiratory system disorders
	3.4 Blood neoplasms
	3.5 Neurological effects
	3.6 Osteolysis around bone prosthesis
	3.7 Reproductive
	3.8 Genotoxicity

	4 Effects of cell exposure to plastics in vitro
	5 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


