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ARTICLE INFO ABSTRACT

Handling Editor: Wen Chen Plastics have been used for about 100 years, and daily-use products composed of plastics are now prevalent. As a

result, humans are very easily exposed to the plastic particles generated from the daily-use plastics. However,

Keywords: studies on cellular uptake of nanoplastics in “human cells” have only recently begun to attract attention. In
Nanoplastics . previous studies, definitions of nanoplastics and microplastics were vague, but recently, they have been
FHuman hea}th risks considered to be different and are being studied separately. However, nanoplastics, unlike plastic particles of
Fragmentation . . . . .

Factors other sizes such as macro- and microplastics, can be absorbed by human cells, and thus can cause various risks

such as cytotoxicity, inflammation, oxidative stress, and even diseases such as cancer® 8% and diabetes (Fan

et al., 2022; Wang et al., 2023). Thus, in this review, we defined microplastics and nanoplastics to be different
and described the potential risks of nanoplastics to human caused by cellular uptake according to their diverse
factors. In addition, during and following plastic product usage a substantial number of fragments of different
sizes can be generated, including nanoplastics. Fragmentation of microplastics into nanoplastics may also occur
during ingestion and inhalation, which can potentially cause long-term hazards to human health. However, there

Cellular uptake
Daily-use products

are still few in vivo studies conducted on the health effect of nanoplastics ingestion and inhalation.

1. Introduction

Since plastics are light in weight, convenient, low-priced, and can be
easily formed into various sizes and shapes by different processes as
occasion demands, they became the most widely used materials in the
world. At present, plastics can be easily found everywhere within reach,
including the home, the office, and even outdoors. Synthetic plastics
were first invented by Leo H. Baekland (Crespy et al., 2008) for electric
and mechanical use, and, since then, numerous synthetic plastics have
been invented for various process needs. Indeed, such plastics have
become increasingly essential to the daily life of humans. According to
Euromap, in 2015, the United States and China produced the largest
amounts of plastics in the world, at 36.004 kt and 63.771 kt, respectively
(Hossain et al., 2021). According to a report by the United Nations (UN),
consumer and institutional products and packaging accounted for total
56.6% of all plastics produced between 2002 and 2014 (Tsakana and
Rucevska, 2020). This represents a very large amount of plastic in total,
considering that more than 380 million tonnes of plastics are produced
every year (Rafey and Siddiqui, 2021; Sahajwalla and Gaikwad, 2018;
Alabi et al., 2019).

* Corresponding author.

However, the increased use of plastics in daily life such as plastic
containers for the delivery of foods, along with the use of personal
protective equipment such as masks and gloves during COVID-19, has
raised great concerns about the disposal and use of plastics. Since annual
production of biodegradable plastics is less than 1% of the total plastic
production (Folino et al., 2020), most of the plastics do not decompose
like natural materials, they will remain for extended periods of 450 to
1000 years once they are discarded into the natural environment (Gazal
and Gheewala, 2020). The production of plastics has increased to an
all-time high, and plastic wastes are still being accumulated (Rafey and
Siddiqui, 2021). Such synthetic plastic wastes can be broken down into
very small pieces of plastic particles when exposed to the environment,
and may even include granules, beads, fragments, and fibers that are
intentionally designed to be very small. Primary plastic particles are
defined as those that are intentionally fabricated to the desired size,
while secondary plastic particles arise from the fragmentation and
degradation of plastic particles during material use, or by being exposed
to natural weathering processes such as UV light, wind, and waves after
being discharged into the environment (Zeng, 2018; Talvitie et al., 2017;
Cozar et al., 2014).
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Table 1

Various plastic particles existing in daily-use products.
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Daily-use products

Plastic particle concentration

Factors examined

References

Bottles and Packaging

Food and drinks

Personal care and cosmetic products

(PCCPs)
Other daily necessities

Baby bottles
Bottles

Bottled water

Paper cups for use with hot
water
Packaging

Salt
Teabags
Milk

Beer

Facial cleansers
Shower gels
Eye-glasses
Toothpaste
Drinking straws

16,200,000 particles/L

Adults: 1,531,524 particles/kg/
day;

Children: 3,350,208 particles/kg/
day

5 - 500 particles/L

250,000 particles/L
3 - 9 items/container

50 - 280 particles/kg
14,900,00,000 MPBs particles/cup
6.5 + 2.3 particles/L

5 - 85 particles/L
25.04 + 10.69 mg/g
17.80 + 7.50 mg/g
1380 - 62,539 g/L
18.5 mg/g

75 particles/g

Sizes
Sizes

Polymer types, shapes,
sizes
Sizes, heavy metal types

Shapes, sizes, Polymer
types

Polymer types,

Sizes, shapes

Sizes, shapes, colors

Shapes
Sizes, shapes

Sizes
Sizes, polymer types
Shapes, colors

Li et al.(2020)
Zuccarello et al.(2019)

Koelmans et al.(2019)
Ranjan et al.(2021)
Zhang et al.(2021a)
Iniguez et al.(2017)
Hernandez et al.(2019)

Kutralam-Muniasamy et al.
(2020)

Liebezeit and Liebezeit(2014)

Lei et al.(2017)

Lee et al.(2021)
Carr et al.(2016)
Po et al.(2020)

Many plastic particles have been found in daily-use products and
indoor durable goods. As mentioned above, primary plastic particles can
be generated during the manufacturing process of daily-use products
and indoor durable goods. Meanwhile, secondary plastic particles may
also occur by human behavior such as discarding and using. Thus,
humans are easily exposed to the plastic particles in daily life regardless
of primary or secondary plastic particles. Numerous plastic particles
have been detected in baby products such as baby bottles, pacifiers, and
baby lotions, and the estimated exposure for the baby is approximately
1.6 million particles/year (Li et al., 2020). As humans grow up, a variety
of plastic products are used in daily life. Children generally drink milk
(Kutralam-Muniasamy et al., 2020) every day for their growth, and often
use plastic straws; children play with plastic toys, and sometimes even
put them in their mouths. During adolescence, females begin menstru-
ating and typically use sanitary pads for approximately half of their
lifespan. Nevertheless, it is concerning to note that these pads contain
plastic materials (Mishra and Das, 2021). Many people also smoke, drink
alcohols such as beers, and use cosmetics such as mascara, lipstick, and
face and body scrubs that require direct contact with the skin which also
contain plastic particles (Belzagui et al., 2021; Shen et al., 2021; Lie-
bezeit and Liebezeit, 2014; Gouin et al., 2011; Chang, 2015; Napper
et al., 2015; Kalcikova et al., 2017). In addition, plastic food packaging
containers for delivery (Kedzierski et al., 2020; Du et al., 2020; Sobhani
et al., 2020), paper cups (Ranjan et al., 2021) for coffee, hot water
(Koelmans et al., 2019), or tea (Hernandez et al., 2019), and water
bottles (Zuccarello et al., 2019) in the office are frequently used on a
day-to-day basis in the office and outdoors. So it is no exaggeration to
say that humans live with plastic particles throughout their lifetimes. To
add to this existing problem, the masks that have traditionally been used
for respiratory syndromes or protection from fine dust have more
recently entered daily, worldwide use against SARS-COV-2. These also
contain fibers, which can be degraded into micro- or nano-sized plastic
particles during use (Ma et al., 2021; Aragaw, 2020; Wang et al., 2021).
The diversity of polymer sizes, shapes, and typed that have been found
in daily-use products are summarized in Table 1. These plastic particles
can be micro- or nano-sized. Airborne plastic particles can be introduced
into the human body by inhalation into the human respiratory systems
(Prata, 2018; Chen et al., 2020). Alternatively, they can be ingested
during food/drink consumption.

Although microplastics generated by the daily-use products above
have attracted much research attention, and have intrigued many re-
searchers, there are three remaining problems with such studies. First,
the term microplastic is currently ambiguous in definition, as regardless

of the actual size or characteristics of these plastic particles, micro-sized
plastic particles and nano-sized plastic particles which are smaller than
5 mm are generally all referred to as microplastics (Mitrano et al.,
2021Db). Several articles had demonstrated that the definition of plastic
particles should be based not only on sizes, but also on additional
characteristics such as shape (Gigault et al., 2021; Mitrano et al.,
2021b). Hence, in this review, we define the plastic particles which may
cause human health risks due to cellular uptake by their nano-sizes as
nanoplastics (<1 pm) (Ma et al., 2021). Recently, Julien et al. demon-
strated the major differences between nanoplastics and microplastics
(Gigault et al., 2021), including distinct uptake, transportation, accu-
mulation pathways, and distinct properties. Moreover, the nanoplastics
have more affinity towards environmental pollutants and microbial
pathogens as they have enhanced surface interactions due to larger
surface area per mass ratio compared to microplastics. Therefore,
compared to the microplastics, the modification of surface chemistry on
the nanoplastics can be more readily facilitated by harmful absorbants.
In particular, microplastics can be accumulated in the human body such
as lung (Jenner et al., 2022), liver (Horvatits et al., 2022) and kidney
(Deng et al., 2017) by ingestion, inhalation and skin contact, but are not
easily taken up at the cellular level, whereas the nano-sized plastic
particles are readily absorbed by the cells for their higher affinity to the
lipid bilayers (Zhang et al., 2021c; Singh et al., 2022; Zhang et al.,
2022b).

Secondly, in spite of exposure of human beings to plastic particles,
the existing research has been mainly focused on the environment. Even
the majority of in vivo and in vitro studies on plastic particles have
focused on the risks to marine systems (Lu et al., 2019; Yan et al., 2021;
Fueser et al., 2020; Sun et al., 2017; Galloway et al., 2017), while
relatively few such studies have been related to the human body.
However, it should be borne in mind that nanoplastics can also be
generated by the digestive fragmentation of micro-, meso- and
macro-sized plastic particles (Dawson et al., 2018). Hence, microplastics
can be broken down by specific processes or chemicals reactions in the
intestinal or pulmonary tract to generate nanoplastics that can then
undergo cellular uptake. In turn, cellular uptake causes serious problems
such as cytotoxicity (He et al., 2020; Ding et al., 2021), inflammation
(Hu and Palic, 2020), oxidative stress (Thubagere and Reinhard, 2010;
Prietl et al., 2014; Florance et al., 2021), and DNA damage (Paget et al.,
2015). Therefore, the impact of nanoplastics on human health should be
given as much attention as their impact on the environment.

Finally, bulk plastic particles and microplastics can be easily and
rapidly fragmented by diverse stressors such as digestion and
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environmental conditions and generate unstable sizes and shapes of
smaller nanoplastics (Gigault et al., 2021). Therefore, the plastic parti-
cles produced from daily-use products shown in Table 1 can be deformed
and fragmented into nanoplastics, which indicates that nanoplastics can
be generated by the fragmentation or deformation of microplastics from
the environment and also in the human body. However, according to our
knowledge, there are still few studies related to fragmentation micro-
plastics in the human body.

As described above, the cellular uptake of nanoplastic has been
studied mainly concerning marine systems, and is widely known to
depend upon the size, shape, surface charge, concentration, polymer
type, and cell type. Nevertheless, studies on the morphological and
physicochemical properties of nanoparticles have not been sufficient to
date. Cells are the basic structural and functional units of living organ-
isms; hence, when the cells are damaged, the whole organism can be
affected. Hence, the extent to which the nanoplastic properties affect
human cells should be studied and reviewed. The present review mainly
describes the cellular uptake of nanoplastics and the diverse factors of
nanoplastics that can affect the cellular uptake level.

2. Health risks of nanoplastics due to cellular uptake

Human exposure to plastic particles can occur mainly by ingestion,
inhalation, or skin contact. According to recent studies, however,
ingestion is the primary cause of exposure to, and the toxicity of nano-
plastics. As we drink and eat, the daily use of products such as packaging
(Shopova et al., 2020), water bottles, teabags, paper cups, toothbrushes,
toothpaste (Carr et al., 2016), tap water (Kosuth et al., 2018), and indoor
dust (Zhang et al., 2022a) allow the human to uptake nanoplastics by
ingestion. Due to the wide variety of such daily-use products, the
gastrointestinal tract is exposed to more microplastics and nanoplastics
than any other organ. Meanwhile, the second most significant pathway
of nanoplastics exposure is inhalation. Airborne (Briain et al., 2020)
nanoplastics are mainly generated by textiles such as towels and clothes,
and, as noted in the Introduction, both microplastics and nanoplastics
are present in the masks that have recently become a normal feature of
daily life worldwide due to the influence of SARS-COV-2. Consequently,
inhalation has also become a high-risk exposure pathway. Thus,
microplastics and nanoplastics can be drawn by inhalation into the
lungs, where the fine tissue barriers less than 1 pm are significantly thin
to allow small plastic particles to penetrate the capillaries (Lehner et al.,
2019b). Thus, microplastics and nanoplastics can be circulated
throughout the whole body via the blood vessels (Lehner et al., 2019a).

The third-ranked exposure route is that of skin contact, and nano-
plastics have also been found in personal care and cosmetic products
(PCCPs) (Xiong et al., 2020; Hernandez et al., 2017). Since microplastics
and nanoplastics are typically hydrophobic (Yu et al., 2019; Liu et al.,
2015; Zhang and Goss, 2021), they may be expected to enter the body
through sweat glands, skin wounds, or hair follicles, and especially
through the skin injury (Schneider et al., 2009). Then, it is highly
probable that the primary permeation pathway via the skin contact is
the intercellular pathway, where the nanoparticles diffuse through the
lipid matrix between the corneocytes (Bouwstra et al., 2000). However,
R. Alvarez-Roman et al. (2004) reported that the exposure of pig skin
tissue to fluorescent polystyrene (PS) particles of 20 nm and 200 nm in
size for 0.5-2 h resulted in a large accumulation at the entrance of the
pig hair follicle, with both sizes being unable to infiltrate the keratin
layer and penetrate deep into the skin tissue. Even so, there is currently
very little evidence as to whether nanoplastics can penetrate the human
skin (Huang et al., 2022) as there is only one article which has studied
the skin penetration of nanoplastics so far according to our knowledge
(Alvarez-Roman et al., 2004). Nevertheless, nanoplastics smaller than
100 nm may be capable of human skin penetration (Revel et al., 2018),
and direct contact with the genitals can occur due to the daily use of
products such as sanitary pads, which could potentially affect the uterus
and ovaries. Indeed, PS microplastics and nanoplastics have been shown
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Fig. 1. The cellular mechanism

cellular damage.

uptake of nanoplastics inducing

to cause apoptosis, pyroptosis, fibrosis, and even reproductive disorders
in the granulosa cells of the ovaries due to oxidative stress (An et al.,
2021; Hou et al., 2021; Wang et al., 2019). Hence, risks such as oxidative
stress and cell death may occur due to cellular uptake.

When the human body uptakes the nanoplastics, macromolecules
such as proteins, lipids, phospholipids, and carbohydrates can form
biological protein coronas around the nanoplastics (Mahmoudi et al.,
2011). The formation of coronated nanoplastics causes higher cellular
uptake level (Nasser and Lynch, 2016) by immunoglobulin (IgG) (Smith
et al., 1995). When the nanoplastics come into contact with the cell
membrane, about 50% of the nanoplastics can be absorbed, and can
trigger uptake via endocytosis (Lesniak et al., 2013; Kolandhasamy
et al., 2018).

As shown in Fig. 1, the effects due to this endocytosis mechanism are
various. First, the nanoplastics enter the cytoplasm through the early
endosomes, which then mature into late endosomes and subsequently
bind to the lysosomes (Mosquera et al., 2018). The nanoplastics then
primarily accumulate in the lysosomes (Liu et al., 2021), where they
generate reactive oxygen species (ROS) that can lead to lysosomal
membrane damage (LMD) (Avio et al., 2015). When lysosomal cathepsin
is released into the cytoplasm in response to LMD (Guicciardi et al.,
2004), it causes a DNA mutation in the mitochondria, thus resulting in
mitochondrial dysfunction and further ROS release (Yuan et al., 2019;
Auten and Davis, 2009). These increased levels of ROS lead to oxidative
stress (Xie et al., 2020) and, through these processes, a specific signaling
pathway is generated that results in apoptosis, necrosis, and pyroptosis
of cells (Hou et al., 2021; Guo et al., 2013). Effects such as cytotoxicity
(Hwang et al., 2019; Hwang et al., 2020), genotoxicity (Poma et al.,
2019; Cole et al., 2020), and inflammation may occur via this mecha-
nism. Cancer is also known potential risk caused by the cellular uptake
of nanoplastics because the presence of ROS promotes the growth and
proliferation of cancer cells (Poillet-Perez et al., 2015; Roje et al., 2019).
Inorganic nanoparticles such as silver nanoparticles are known to
generate ROS, which can pose a risk to human health (Bohmert et al.,
2014). However, nanoparticles are typically considered to be relatively
safe because they can be readily cleared from the human body as their
characteristics are associated with optimal clearance (Longmire et al.,
2008). In contrast, nanoplastics that accumulate in human body can
pose a higher potential risk, as they cannot be easily removed and can
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Fig. 2. The morphological modification of plastic particles during in vitro digestion. (Reproduced with permission from ref (Stock et al., 2020), Copyright 2020,
Elsevier). (a) The compositions of the artificial digestion media. (b) The size distributions of polystyrene (PS), polyethylene (PE), polypropylene (PP), poly(vinyl
chloride) (PVC), and polyethylene terephthalate (PET) microplastics after digestion in artificial saliva (left), gastric fluid (middle) and intestinal fluid (right). (c) The
changes in the characteristics of undigested particles after treatment 37% HCl, 68% HNO3 and 100% acetone.

persistently exist in the intra-lysosomal membranes (Hornung et al.,
2008). Additionally, both nanoparticles and nanoplastics can induce
vascular endothelial leakiness at the micro-scale level (Peng et al., 2019;
Wei et al., 2022), potentially contributing to adverse effects, especially
in cancer patients, where cancer invasion and metastasis can be accel-
erated. Hence, the unremoved nanoplastics continue to circulate in the
body and can constantly present health risks (Van Cauwenberghe and
Janssen, 2014).

Two forms of cell death due to nanoplastics, namely apoptosis and
pyroptosis, have been studied to date. Apoptosis is a type of pro-
grammed cell death, in which two signaling pathways exist, namely: the
death-inducing signaling complex (DISC), and intrinsic signaling
through mitochondria (Xu and Shi, 2007). These signaling pathways can
lead to the formation of apoptosomes that activate the protein degra-
dation enzymes, initiator caspases (initiator caspase-2, initiator
caspase-8, initiator caspase-9, and initiator caspase-10), and common
effector caspases (common effector caspase-3, common effector

caspase-6, and common effector caspase-7). These, in turn, decompose
the cytoplasm and specific proteins in the nucleus to induce apoptosis
(Fink and Cookson, 2005). In particular, PS nanoplastics activate the
Wnt/f-catenin signaling pathway and induce apoptosis of the car-
diomyocyte and granulosa cells in mice. Meanwhile, pyroptosis is a form
of cell death associated with proinflammatory signals and inflammation,
and relies on caspase-1 activation (Bergsbaken and Cookson, 2007).
Caspase-1 activates the inflammatory cytokines IL-1p and IL-18, and
induces physical rupture of cells in the immune, central nervous, and
cardiovascular systems (Man et al., 2017). Plasma membrane pores that
respond to caspase-1 extinguish the cellular ionic gradients and cause
increased osmotic pressure, water influx, cell swelling, and, ultimately,
osmotic lysis, thereby releasing the intracellular contents (Yang et al.,
2015). The rupture of the plasma membrane, and the release of proin-
flammatory intracellular contents, lead to increased cell size and chro-
mosomal DNA division, thus inducing pyroptosis and inflammation.
Accordingly, nanoplastics may cause various and serious risks to the
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human body through cellular uptake.

As described above, the level of cellular uptake varies according to
the form of endocytosis and, hence, the cell type. Currently, the most
commonly studied cells concerning the cellular uptake of nanoplastics
are caco-2 cells and macrophages. By contrast, studies on other types of
cells are rare, so a more diverse range of cells must be studied.

Moreover, the modification of nanoplastics properties such as their
size, surface chemistry or structure can also be triggered by the internal
environment conditions such as pH and temperature of the human body,
thereby leading to variations in the level of cellular uptake. For example,
as shown in Fig. 2, changes in the shapes and sizes of microplastics were
observed by Stock et al. (2020) via artificial in vitro digestion in accor-
dance with DIN ISO 19738. The authors also emphasized that irregular
surfaces could be created, thereby resulting in morphological modifi-
cation to the microplastics and also their fragmentation into the nano-
plastics inside the human body. In addition, the changes in the
characteristics of particles that remained undigested by the various
artificial digestion media were examined after treatment with positive
control media (37% HCI, 68% HNOs3, and 100% acetone) in order to
investigate the resistance of the various plastic particles. The study re-
sults suggest that the level of cellular uptake could be affected by the in
vivo modification of micro- and nanoplastics, thereby resulting in more
serious risks, just as in the case of microplastics fragmentation and
nanoplastics modification by the external environment.

3. Factors affecting the cellular uptake of nanoplastics

After plastic was commercialized and became widely used in daily-
use products, research on the uptake of plastics particles into tissues
using Peyer’s patches became of interest between the 1980s and 2000s.
In recent years, active studies have been widely performed on the
toxicity and inflammatory reactions of cells due to plastic particles. As
outlined in Section 2, these harmful effects can be caused by cellular
uptake.

However, to date, studies on nanoplastics and their cellular uptake
have mainly focused on non-human cells such as plants (Yin et al., 2021;
Bhargava et al., 2018; Chen et al., 2022; Weert et al., 2019), microor-
ganisms (Bergami et al., 2017; Venancio et al., 2019; Eliso et al., 2020;
Besseling et al., 2014; Yang et al., 2020; Larue et al., 2021) and zebrafish
(Sendra et al., 2021a; Barria et al., 2020; Lin et al., 2016; Skjolding et al.,
2017; Van Pomeren et al., 2017; Pitt et al., 2018), while studies on
human cells have only recently begun to gain interest. Therefore, most of
the reviews on nanoplastics and cells that have been written to date
include studies on both human and non-human cells (Sharma and
Chatterjee, 2017; De-la-Torre, 2020; Ali et al., 2021). However, human
cells and non-human cells have distinct structures, properties and
specialized functions. Thus, human cells and the cells of non-human
cells should be reviewed separately.

From the perspective of drug delivery systems, it has been demon-
strated that the size, shape, and surface properties of nanoparticles have
various effects on cellular uptake (Verma and Stellacci, 2009). Hence,
the therapeutic effect can be greatly assisted via optimization of these
cellular uptake factors. The biomedical properties of nanoparticles
provide a broader biomedical knowledge for present-day research on
nanoplastics (Mitrano et al., 2021a).

Moreover, factors that increase the cellular uptake of nanoplastics
can lead to fatal toxicity. The main factors that influence the cellular
uptake of nanoplastics include concentration (Domenech et al., 2020;
Shi et al., 2021a; Hesler et al., 2019), size (Xu et al., 2019; DeLoid et al.,
2021; Shi et al., 2021b; Forte et al., 2016; Frohlich et al., 2012; Wang
et al., 2020), shape (Dasgupta et al., 2014; Choi et al., 2020; Rubio et al.,
2020; Tanaka et al., 2021; Choi et al., 2021), surface properties (Loos
et al., 2014; Anguissola et al., 2014; Li et al., 2022; Roshanzadeh et al.,
2020; Lunov et al., 2011; Qiao et al., 2021; Han et al., 2021), etc. The
mechanisms of these factors are therefore described, and the associated
risks to human cells are reviewed, in the following subsections.
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3.1. Concentration

As indicated in Table 1, various concentrations of nanoplastics have
been generated from daily-use products. According to the probabilistic
lifetime exposure model prediction, children are exposed to approxi-
mately 184 ng/day of plastic particles, while adults are exposed to 583
ng/day, which also can be irreversibly accumulated during the lifetime
(Nor et al., 2021). Moreover, since plastic particles in the meso- and
micro-size ranges can be broken down in the human body to form
nanoplastics, there should be more nanoplastics present than the
detected amount. For example, an analysis using masks has shown that
the amount of nanoplastics present in one N95 mask is about 1.6 pg,
which was 108 times the amount of microplastics in the same masks (Ma
et al., 2021). However, since nanoplastics are very difficult to separate
and identify due to their small size compared to microplastics, accurate
concentration measurement of nanoplastics still remains a challenge,
especially in the complex environmental media (Zhang et al., 2022a;
Blancho et al., 2021).

Domenech et al. added PS nanoplastics to human colorectal
adenocarcinoma-derived Caco-2 and HT29 cells, as well as to the
lymphoblast-like Raji-B cells, at concentrations ranging from 0 pg/mL to
200 pg/mL3, to confirm that uptake into each of the three cell types
increased with increasing concentration. Further, while no significant
genotoxicity occurred, cellular uptake was found to assist the nano-
plastics in crossing the epithelial barrier of the digestive system. Like-
wise, Shi et al. observed the internalization of 100 nm PS nanoplastics in
human lung epithelial A549 cells at various concentrations, and found
that the cytotoxicity was occurred only at a very high concentration of
200 pg/mL'4.

While the above results indicate that cytotoxicity and genotoxicity
are not the main risks, there are other cellular effects that can be
influenced by nanoplastics concentration. For example, Hesler et al.
(2019) found that the uptake of PS nanoplastics at concentrations above
5 pg/mL caused a significant increase in the metabolic activity of in-
testinal cells and placental cells. Moreover, a sharp increase in the up-
take of 50-100 nm PS beads into Caco-2 cells was observed at a
concentration of 25 pg/mL. As the level of uptake increases with
increasing concentration and also influences mitochondrial metabolism,
these results can be attributed to changes in the mitochondrial mem-
brane potential, which lead to a high osmotic pressure of the inner
mitochondrial membrane and hence, to mitochondrial swelling (Vander
Heiden et al., 1997). Through this mechanism, rupture of the outer
mitochondrial membrane eventually occurs, and apoptosis-inducing
factors are thereby released. Even though cells that do not experience
immediate cytotoxicity upon exposure to small concentrations of
nanoplastics, changes in the membrane-bound proteins lead to a
decrease in membrane fluidity (Schirinzi et al., 2017), thus allowing the
intracellular ~accumulation (Bano and  Prehn, 2018) of
apoptosis-inducing factors.

These results suggest that concentration can be an important factor
of cellular uptake. While nanoplastics may not directly cause immediate
cytotoxicity or genotoxicity, they do adversely influence mitochondrial
metabolism and allow for the continuous intracellular accumulation of
apoptosis-inducing factors, posing persistent risk to cells as they cannot
be easily removed from the human body (Hornung et al., 2008).
Therefore, in order to confirm the effects of various concentrations, it is
necessary to focus on continuous exposure of nanoplastics, and also
concentrate upon the mitochondrial disease rather than the cell viability
in future studies.

3.2. Size

The human body is exposed to the wide size distribution of plastic
particles during daily life and, as noted above, microplastics can be
transformed into nanoplastics of various sizes. Unlike microplastics,
nanoplastics can be internalized by cells due to their small size and can
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Fig. 3. Size-dependent cellular uptake. (a) A schematic diagram showing the various size-dependent endocytosis mechanisms (reproduced with permission from ref
(Zhang et al., 2015), Copyright 2015, Elsevier). (b) Confocal image of PS nanoplastics cellular uptake in blood cells and (c) the percentage of cellular uptake in Raji-B,
THP-1, and TK6 cells (reproduced with permission from ref (Tavakolpournegari et al., 2023), Copyright 2023, Elsevier). (d) The amount of BPA adsorbed by various
sizes of PS nanoplastics. (e) The uptake rate of various sizes of PS nanoplastics by Caco-2 cells. (f) In vitro Caco-2 cells after exposure to various sizes of PS nano-
plastics (reproduced with permission from ref (Wang et al., 2020), Copyright 2020, Elsevier).

damage the cellular structure. Therefore, the size of nanoplastics is a
major and the most studied factor.

In this respect, the size of nanoparticles that are used in drug delivery
is the most widely considered factor. All cellular uptake pathways for
nanoparticles are known to vary in a size-dependent manner. Size-
dependent endocytosis in drug delivery helps to provide an enhanced
therapeutic effect. Similarly, the cellular uptake mechanism of nano-
plastics is known to be size-dependent and, in contrast to the case of
drug delivery, this size-dependent mechanism is the basis for incurring
severe risks. As shown in Fig. 3a''®, size-dependent endocytosis can be
classified into phagocytosis, pinocytosis, non-specific endocytosis, and
translocation.

Phagocytosis is mainly responsible for the uptake of relatively large
particles (> 500 nm) (Uribe-Querol et al., 2020), and can even allow the
uptake of particles that cannot be absorbed via other endocytosis
pathways. In phagocytosis, foreign ligands bind to various receptors on
the cell surface and induce a rearrangement of the actin cytoskeleton,
thereby triggering diverse signals (Gagnon et al., 2002). Consequently,
the cell membrane closes, and phagosomes are formed to internalize the
particles. Thereafter, early phagosomes undergo sequential fusion and
fission with endocytic vesicles to form late phagosomes and, finally, the
late phagosomes are converted into phagolysosomes via various levels of
maturation (Flannagan et al., 2009).

Pinocytosis is classified into macropinocytosis and micropinocytosis
according to actin-dependence (Kruth et al., 2005). Macropinocytosis is
an actin-dependent pathway that can rapidly and non-specifically
encapsulate particles in the size range of 200-500 nm (Zhao and Sten-
zel, 2018). Macropinocytosis can help polymers materials such as
nanoplastics enter the cytoplasm by creating non-specific entry path-
ways (Lim and Gleeson, 2011). With the help of growth factors on the
outer cell membrane, macropinosomes are formed to internalize

nanoplastics via the activation of actin and microfilaments connected to
the plasma membrane (Mercer and Helenius, 2009).

By contrast, micropinocytosis is an actin-independent pathway that
encapsulates particles smaller than 200 nm, and forms small vesicles
that can uptake smaller amounts of nanoplastics than do the macro-
pinosomes via membrane invagination and scission (Anzinger et al.,
2010). The micropinocytosis pathway is further sub-divided into
clathrin-dependent and caveolin-dependent endocytosis, each of which
can uptake very small nano-sized particles (Foroozandeh and Aziz,
2018). In the caveolin-dependent endocytosis pathway, bulb-shaped
caveolae are generated by peripheral membrane proteins (cavins) and
integral membrane proteins (caveolins). Particles are then uptaken by
the caveolae, which can be then fuse to form early endosomes (Rennick
et al., 2021). In clathrin-dependent endocytosis, vesicles for the uptake
of particles are formed by clathrins with adapter proteins such as
adapter protein 2 (AP2) and accessory proteins such as AP180 and epsin
(McMahon and Boucrot, 2011). After internalization, the vesicle, re-
ceptors, and ligands wused during clathrin-dependent and
caveolin-dependent endocytosis are returned to the plasma membrane
for recycling.

Once the nanoplastics have been internalized by one or other of the
above processes, the lysosome should become activated in order to
eliminate the particles by digestion (Saftig and Klumperman, 2009).
However, the nanoplastics cause lysosome dysfunction that enables the
particles to accumulate intracellularly and present health risks (Hu and
Palic, 2020).

Thus, when Xu et al. (2019) exposed the A549 cell line to 25 nm and
75 nm of PS nanoplastics, the 25 nm particles were more abundantly and
easily internalized than the 70 nm particles. After cellular uptake, the
70 nm nanoplastics did not affect cell viability at concentrations of 100
pg/mL or lower, whereas the 25 nm nanoplastics showed significant
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Fig. 4. The shape-dependent cellular uptake. (a) The cellular uptake mechanism of non-spherical nanoplastics (reproduced with permission from ref (Vacha et al.,
2011), Copyright 2011, American Chemical Society). (b) The dependency of the cell membrane bending energy upon the nanoplastics aspect ratio (reproduced with
permission from ref (Bahrami et al., 2014), Copyright 2014, American Chemical Society). (c) The effect of nanoplastics sharpness upon cellular uptake. (d and e) TEM
images of sharp nanoparticles in the cytoplasm. (f) A TEM image of sharp-shaped nanoparticles rupturing the cell membrane of the vesicle (reproduced with

permission from ref (Bahrami et al., 2014), Copyright 2014, Nature Portfolio).

toxicity at concentrations as low as 25 pg/mL. Further, the amount of 25
nm PS nanoplastics that were uptaken continued to increase after 1 h of
exposure, whereas the amount of 75 nm PS nanoplastics decreased over
the same time. Similarly, DeLoid et al. (2021) exposed epithelial cells to
25 nm, 100 nm and 1000 nm of PS nanoplastics to find that only the 25
nm of PS nanoplastics were uptaken intracellularly, while the larger PS
nanoplastics were restricted to the apical surface of the cell, thus con-
firming that both uptake and translocation are size-dependent. Simi-
larly, as the size of the nanoplastics decreased, the cellular uptake level
by the A549 cells increased (Shi et al., 2021b), thus resulting in higher
cytotoxicity, oxidative stress, membrane damage, mitochondrial
dysfunction, and intracellular accumulation. In addition to the
above-mentioned and commonly known risks of nanoplastics, Forte
et al. (2016) demonstrated that AGS gastric adenocarcinoma cells
exhibit significant changes in cell morphology and dramatically altered
gene expression upon exposure to nanoplastics. In addition, Wu et al.
(2023) investigated the toxic effects of nanoplastics on the respiratory
system and found that PS nanoplastics exposure induced pulmonary
injury in the lung tissues through ferroptosis. Moreover, 100 nm PS
nanoplastics have greater toxicity on human placental cells than 200
nm.

The above results demonstrate that all risks posed by nanoplastics
are highly size-dependent.

Nevertheless, there are limitations to size-dependent endocytosis.
For instance, Frohlich et al. (2012) exposed the human umbilical vein
EAhy926 cell line to various sizes of carboxyl PS nanoplastics to find that
while uptake with co-localization generally increased as the size
decreased, the cellular uptake of 20 nm PS nanoplastics was usually less
than that of 40 nm PS nanoplastics and more than that of 100 nm PS
nanoplastics. Recently, Tavakolpournegari et al. (2023) conducted a
study using 50 nm, 200 nm, and 500 nm of PS nanoplastics to investigate
the cellular uptake level in blood cells such as B-lymphocyte (Raji-B),
macrophage (THP-1) and lymphoblastoid (TK6) model, as shown in

Fig. 3b and c. The results showed that the 50 nm nanoplastics were
uptaken more than the larger nanoplastics in Raji-B and THP-1 cells, and
induced mitochondrial membrane potential loss. However, there was no
significant effect of sizes in TK6 cells, which demonstrates that cell type
can also be an important factor for endocytosis mechanism.

As well as increasing level of cellular uptake, the smaller nano-
plastics also increased the adsorption of hazardous chemicals such as
some additives due to their large surface to mass ratio. For example, as
shown in Fig. 3d and e, Wang et al. (2020) exposed cells to various nano-
and micro sized of PS nanoplastics for 24 h at a fixed concentration of 20
pg/mL to find that both the adsorption of additives and the cellular
uptake level increased in a size-dependent matter. In particular, the
adsorption of bisphenol A (BPA) was 6 times higher at 300 nm than at 6
pm due to the large specific surface area. Without additives, large-sized
nanoplastics did not show any noticeable cytotoxicity, whereas particles
of less than 1 pm exhibited greater cellular uptake levels and cytotox-
icity (Fig. 3f). Meanwhile, the internalized nanoplastics with BPA are
released intracellularly and generally pose greater health risks (Shen
et al., 2019).

In clathrin- or caveolin-dependent endocytosis, the smaller particles
require fewer receptors for membrane bending. Furthermore, the
amount of energy needed for the cell membrane to internalize the
nanoplastics is reduced with a decrease in particle size thermodynami-
cally (Liu et al., 2021). When the nanoplastics are sufficiently small,
cellular uptake can occur via phagocytosis, micropinocytosis, and
clathrin-mediated endocytosis simultaneously so that nanoplastics can
be internalized readily in large amounts (Ding et al., 2021).

3.3. Shape

The types of plastic particle shapes known to exist in daily-use
products (Baldwin et al., 2016) and daily life include polymer fibers
(Ghosh and Mandal, 2018), polymer films (Liu et al., 2016), spherical
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Fig. 5. Risks caused by surface functionalized nanoplastics. (a) Cytotoxicity and (b) intracellular ROS level according to the surface charge and size of PS nano-
plastics (reproduced with permission from ref (Shen et al., 2022), Copyright 2023, Elsevier). (c) Cell apoptosis of RAW264.7 cells determined by flow cytometry assay
(reproduced with permission from ref (Chen et al., 2023), Copyright 2023, Elsevier). (d) Significant risks caused by PS-NH; but not by PS-COOH or unfunctionalized
PS (reproduced with permission from ref (Anguissola et al., 2014), Copyright 2014, Plos One). (e) The effects of positively- and negatively-charged nanoplastics upon
cell morphology (reproduced with permission from ref (Roshanzadeh et al., 2020), Copyright 2020, American Chemical Society). (f) The mechanisms of the various
risks caused by cellular uptake according to the surface charge of the nanoplastics (reproduced with permission from ref (He et al., 2020), Copyright 2020, Elsevier).

beads (Tanaka and Takada, 2016), foams consisting of a plastic matrix
and entrained gases (Ting et al., 2010), randomly shaped fragments
(Pivokonsky et al., 2018), etc. Among these, fibers represent the pre-
dominant shape in the environment (Lee et al., 2015; Remy et al., 2015),
as airborne plastic nanofibers can be generated from synthetic textiles
and can be easily uptaken into the human body by inhalation (Chen
et al., 2020). Accordingly, the plastic fibers are considered to be suffi-
ciently capable of cellular uptake, and have been found in the carcinoma
cells of lung cancer patients (Pauly et al., 1998). However, to the best of
the present knowledge, there have been no studies thus far on the
cellular uptake of nanofibers and subsequent cell viability.

According to many studies on drug delivery, the factor that has the
greatest impact on endocytosis, other than particle size, is the shape of
the particle. This shape-dependent endocytosis also applies to the uptake
of nanoplastics. The nanoplastics exhibit strong adhesion to the lipid
bilayer, thereby undergoing endocytosis through the cell membrane into
the cells (Kihara et al., 2021). During surface adhesion, the shape of the
nanoplastics has a very large effect on the bending of the cell membrane
for endocytosis. There are several characteristics of nanoplastics that
affect the bending energy of cell membrane, the first of these being the
aspect ratio (length: width) of the nanoplastics. In this respect, the
membrane bending energy of partially wrapped nanoplastics relates to
the curvature in the area where adhesion occurs while the curved
membrane is detaching. Thus, due to their small aspect ratios, spherical
shaped nanoplastics exhibit strong adhesion to the cell membrane, and

can be internalized rapidly (Liu et al.,, 2020). By contrast, a
non-spherical shape destroys the symmetry of curvature during wrap-
ping and determines the entry orientation of the particle during endo-
cytosis (Huang et al., 2013). As the aspect ratio increases, their tendency
to increase the area of contact with the cell membrane can cause
nanoplastics to adopt a parallel orientation with the membrane. This
increases the required bending energy of the cell membrane, thus
making cellular uptake difficult. As shown in Fig. 4a'®! when the initial
direction of the non-spherical nanoplastics is perpendicular to the
membrane, the particle rotates passively due to its tendency to increase
the contact area with the cell membrane, causing it to rotate and orient
its length parallel to the cell membrane. Endocytosis of the nanoplastics
can then occur by further wounding of the cell membrane and rotation
of the main axis, thus allowing the nanoplastics to enter the cytoplasm.

By contrast, as shown in Fig. 4b'%2, the bending energy required for
spherical nanoplastics is small making this the most advantageous shape
for uptake by phagocytosis (Sharma et al., 2010).

The second shape-related factor to be considered is the tip of the
nanoplastics. Cellular uptake level of nanoplastics may vary depending
on the sharpness and curvature of the nanoplastics tips. Thus, while a
high aspect ratio is generally regarded as challenging to uptake, the
combination of a high aspect ratio and a rounded tip can facilitate
wrapping of the nanoplastics by allowing adhesion to occur when the
membrane is parallel to the long axis of the nanoplastics (Dasgupta et al.,
2014). By contrast, in the case of a small aspect ratio and a flat tip,
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adhesion may occur preferentially between the tip of the vertically
oriented particle and the cell membrane, thereby inhibiting the wrap-
ping process. Instead, nanoplastics with high degrees of sharpness and
roughness cause cell membrane disruption, thus damaging the cell
structure and causing cytotoxicity (Choi et al., 2020). Therefore,
depending on the shapes of their tips, nanoplastics can either be taken
up by cells or cause damage to the cell membrane, leading to the cellular
damage through various mechanisms. In addition, the crystallinity of
the nanoplastics varies according to the particle shape, which directly
affects the density and permeability (Rubio et al., 2020) and, conse-
quently varies the cellular uptake level.

Due to their simple and uniform shapes, spherical nanoplastics have
been utilized in most studies for convenience (Tanaka et al., 2021).
Unfortunately, despite the existence of other shapes, no studies on the
uptake of such nanoplastics into human cells in vitro or in vivo have been
performed. Choi et al. (2021) compared the effects of smoothly-curved
microbeads versus rough microfragments upon various cell types to
demonstrate that, while the microbeads had no significant effect, the
microfragments caused apoptosis of peripheral blood mononuclear cells
(PBMCs), cytokine and histamine release of human mast cell line 1
(HMC-1), and hemolysis of red blood cells (RBCs). This is due to cell
membrane disruption induced by the high sharpness and curvature of
the irregularly shaped particles. In addition, Yong et al. (Yong and Du,
2023) used dissipative particle dynamics simulations to model the in-
teractions between a cell membrane and hydrophobic nanotetrahedra
plastic particles with high shape anisotropy and large surface curvature,
in order to simulate environmental nanoplastics. The results showed
that the nanoplastics with tetrahedra form were readily adsorbed by the
lipid membrane due to their sharp vertices and edges, as cell membrane
prefers flat tips for absorption. This indicates that non-spherical nano-
plastics may have higher uptake rate than spherical nanoplastics. Sharp
nanomaterials are known to disrupt vesicles (Fig. 4f) after cellular up-
take and remain inside the cytoplasm (Fig. 4d and e), promoting the
accumulation of nanomaterials on the lysosome (Chu et al., 2014).
Hence, sharp nanoplastics may also cause disruption of vesicles and
accumulate in the lysosome, which may cause severe risks such as
cytotoxicity (Fig. 4c). Therefore, non-spherical nanoplastics can be more
easily uptaken by cells, rupture the vesicles and accumulated on the
lysosome, which can cause dramatically higher risk than spherical form
which have been widely studied. Accordingly, the shape is expected to
have a significant effect on the cellular uptake level of nanoplastics.
Thus, it is essential to study the cellular uptake levels of differently
shaped nanoplastics in the future.

3.4. Surface functionalization (surface charge)

Recently, nanoplastics with sizes of less than 100 nm have become a
major issue (Gigault et al., 2018), and the effects of both their size and
surface characteristics upon their cellular uptake level have received
significant attention (Tallec et al., 2019). Surface functionalization of
the nanomaterials can occur in vivo via the surface adsorption of mac-
romolecules such as polysaccharides, organic matter, or proteins (Lowry
et al., 2012), and ex vivo by condensation onto the surfaces of airborne
nanoplastics by organic matter in the atmosphere and the nanoplastics
in the aquatic environment (Kihara et al., 2019; Cao et al., 2022). In
particular, the surface adsorption of macromolecules leads to the for-
mation of a protein corona, that can allow the surface of the nanoplastics
to be modified with negatively- or positively-charged amino acids
(Kihara et al., 2019). Positively-charged nanoplastics can be internalized
mainly through phagocytosis (He et al., 2010) and macropinocytosis,
while  negatively-charged  nanoplastics are  uptaken via
clathrin-mediated endocytosis (Dausend et al., 2008). Thus, function-
alized nanoplastics differ in their interactions with the cell surface and,
hence, in their cellular uptake levels and cellular damage pathways
(Schultz et al., 2021).

For example, Loos et al. (2014) confirmed that positively-charged,
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amino-functionalized PS (PS-NH,), and negatively-charged, carbox-
ylic-functionalized PS (PS-COOH) were taken up by in THP-1 cells. As a
result, the PS-COOH showed no toxicity, while the PS-NH; stopped cell
division and caused apoptosis. Similarly, Anguissola et al. (2014)
compared the cellular uptake of PS-NH,, PS-COOH, and unfunctional-
ized PS, to find that PS-NH, caused cell death due to mitochondrial
membrane damage and permeabilization of the lysosomes in various
organ cell types, including lung, liver, kidney and macrophages, thereby
indicating that PS-NH; was lethal compared to the other two nano-
plastics (Fig. 5d). In addition, Li et al. (2022) found that PS-NH; sharply
decreased the intracellular calcium levels and mitochondrial membrane
potential, and increased the decrement in myocardial contractility, the
inhibition of CD8™ T cell differentiation, and the suppression of helper T
cell cytokine expression compared to PS-COOH and unfunctionalized
PS. Shen et al. (2022) used human placental choriocarcinoma (JEG-3)
cells to investigate the effect of surface charge on nanoplastics. The
study showed that PS-NH, resulted in lysosome damage and mito-
chondria destruction, which further induced apoptosis and cytotoxicity
(Fig. 5a). Conversely, the effect of negatively charged and unfunction-
alized PS was minimal. Furthermore, positively charged nanoplastics
caused significant increased intracellular ROS levels (Fig. 5b) due to
cellular uptake in JEG-3 cells. As PS-NH; nanoplastics were also found to
aggregate in lysosomes with the highest uptake efficiency among
unfunctionalized and negatively charged nanoplastics, they caused cell
membrane damage and upregulated genes expressions related to the
mitochondrial apoptosis pathway, leading to apoptosis in RAW264.7
cells. These findings indicate that functionalized nanoplasitcs may have
negative impacts on the RAW264.7 cells (Fig. 5¢).

Positively charged nanoplastics have greater electrostatic in-
teractions and more easily binds to anionic head groups and negatively-
charged membrane protein molecules in the cell membrane, resulting in
a significantly higher increase in intracellular ROS levels compared to
negatively charged nanoplastics (Roshanzadeh et al., 2020). Conse-
quently, while PS-COOH has no significant effect on cell morphology,
ROS-induced membrane permeabilization promotes the uptake of
PS-NH; via endocytosis (Fig. 5f®@) (He et al., 2020). After cellular up-
take, the morphology of cell may change, leading to acute uptake and
risks associated with PS- NH; (Fig. 5e) while PS-COOH did not. After
cellular uptake, the PS-NH; significantly decreased the superoxide dis-
mutase (SOD) activity, the glutathione (GSH) content (Fig. 5f©) and the
malondialdehyde (MDA) level due to greater accumulation of Oz and
H505 than observed in the presence of PS-COOH (Fig. 5f@). So, in most
of the studies on the surface functionalization of nanoplastics, NHy
functionalized nanoplastics shows more obvious risks than COOH
functionalized nanoplastics (Lunov et al., 2011; Qiao et al., 2021; Han
et al., 2021).

3.5. Other factors

As well as the main factors described above, there are also other
factors that may affect the cellular uptake level and subsequent risks of
nanoplastics, which are still insufficiently studied.

Most significantly, the endocytosis pathway varies depending upon
the cell type. For example, Ding et al. (2021) confirmed that gastric
epithelial (GES-1) cells uptake PS nanoplastics mainly via micro-
pinocytosis, along with clathrin-mediated endocytosis and
caveolin-dependent endocytosis, whereas macrophages absorb nano-
plastics via micropinocytosis, phagocytosis, and clathrin-mediated
endocytosis, and A549 uptaken nanoplastics via caveolin-dependent
endocytosis and clathrin-mediated endocytosis (Kuhn et al., 2014).
Meanwhile, PS nanoplastics are uptaken into SH-SY5Y cells, via
caveolin-dependent endocytosis (Nie et al., 2021). However, for the red
blood cells, phagocytosis cannot take place since there are no phagocytic
receptors on the surface of the red blood cells (Shi et al., 2021c). Instead,
red blood cells uptake nanoplastics via diffusion, so that PS nanoplastics
with diameters of less than 200 nm can be absorbed, while those larger
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than 1000 nm are not uptaken because neither phagocytosis nor pino-
cytosis may occur (Rothen-Rutishauser et al., 2006).

In general, environmental exposure and human use of plastics can
gradually cause aging to the generated microplastics and nanoplastics
by biodegradation, physical abrasion and chemical oxidation (Zha et al.,
2022). Different types of risks can arise depending on the nanoplastics
aged time. As aged nanoplastics are more hydrophilic and less electro-
negative, cytotoxicity can be increased due to particle aggregation and
surface adsorption of bioactive compounds (Priist et al., 2020).
Increased sorption of proteins has been shown to enhance the cellular
uptake of aged PS nanoplastics by lung macrophages J774A.1 through
phagocytosis and clathrin-mediated endocytosis (Du et al., 2023). Shi
et al. (2021d) used transcriptomic analysis and demonstrated that the
aged nanoplastics exhibited aggravated interference in gene expression
of A549 cells and resulted in the stronger oxidative stress and intensive
mitochondrial dysfunction. They also found that the toxicity of nano-
plastics significantly increased according to the aging time. According to
Zhang et al. (2021b), 6 weeks aged plastics simulating 34 months
exposure of indoor sunlight storage generated a large number of nano-
plastics and microplastics. Therefore, plastics that are used as daily-use
products for a long time may have a significant adverse effect on human
health in the future, due to the increasing use of plastic and the difficulty
in elimination after being discarded into the environment.

Most plastics contain additives, and related research has been a great
issue for several years (Shi et al., 2021d). Additives (Buekens and Yang,
2014) include bisphenol A, phthalates, brominated flame retardants,
and zeolites, which have been widely used as plasticizers, light and heat
stabilizers, and acid scavengers (Hahladakis et al., 2018). In particular,
nanoplastics can adsorb environmental contaminants with great affin-
ity, which can cause further serious risks to human cells and tissues
(EFSA, 2016). Additives have different release profiles depending on
aging time, surface roughness, polymer types, etc. (Shen et al., 2019),
and can further pose severe risk to the human body such as cancer,
obesity, and reproductive disorders (Sendra et al., 2021b).

Finally, the type of nanoplastics is a very important factor for cellular
uptake. Physical and chemical properties such as density and thermal
stability are different depending on the type of nanoplastics, which can

10

affect the fragmentation or deformation degree of the plastic particles
(Stock et al., 2021). Accordingly, the cellular uptake level can vary
depending on the type of plastic particles. Unfortunately, most of the
current nanoplastic research mainly focuses on PS particles. Stock et al.
(Shi et al., 2021d) studied the cellular effects of polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), and Polyvinyl
chloride (PVC) microplastics, and found that they had different in vitro
cytotoxicity levels depending on the material types. However, the size of
plastic particles they used for cellular studies was over 5 pm, which is a
size that is difficult to be absorbed by cells. In fact, since the most
frequently used plastic types are PP, PET, PE, and PVC, we can predict
that the most abundant nanoplastics are these types of polymers.
Therefore, it is necessary to simulate the real condition and compare the
cellular uptake level of nano-sized various polymer types with various
human cell types.

4. Conclusions

Plastics are the most common industrial materials and have been
highly produced and are utilized extensively by humans in household
and personal products, resulting in potential for exposure to them, their
fragments and chemicals that may be released from them in the human
life. Nanoplastics can be generated through various pathways in human
life, and recently raised more concern than microplastics for their
hazards.

In summary, the nanoplastics have specific cellular uptake mecha-
nisms depending on their concentration, size, shape, surface function-
alization, target cell type, aging time, and physical & chemical
properties. Increase in concentration, decrease in size, aspect ratio,
sharpness, roughness, and surface functionalization will each pose a
higher risk. In addition, since the specific endocytosis pathway also
varies according to the cell type, the requisite size, aspect ratio, or tip
sharpness for cellular uptake may be vary depending on the cell type.
However, studies on cellular uptake using human cells are still insuffi-
cient and unsubstantial. In vitro studies often use extremely high con-
centrations in short time, and long-term studies are still missing.
Moreover, most of the plastic particles used for cellular uptake studies
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are PS, and there are still only few studies on other polymer types. Also,
PS used for the assessment of cellular uptake are usually commercially
available PS, but not from the real environment or daily-use products. In
addition, various sizes, shapes, surface charges and polymer types of
plastics often exist together conventionally. Therefore, in the future
nanoplastic studies, it is necessary to use various types of plastics with
different factors generated by daily-use products to stimulate the real
environment of daily life by each plastic types or by the mixture of the
different types of plastics.

The cellular uptake of nanoplastics generated from daily-use prod-
ucts has received extensive attention especially following the emergence
of COVID-19 and the widespread use of masks. According to recent
studies, the cellular uptake of nanoplastics is related to numerous po-
tential diseases such as reduced contractility of cardiomyocytes in the
neonatal heart (Roshanzadeh et al., 2021), diabetes (Fan et al., 2022;
Wang et al., 2023), infertility (Bojic et al., 2020), and cancer. In addi-
tion, since nanoplastics can cross the placental barrier, they trigger
hazards in fetal development (Nie et al., 2021). However, for the diffi-
culty of visualization and chemical identification of nanoplastics due to
their small sizes, studies on the characterization of nanoplastics such as
physicochemical properties, environmental exposure concentration, and
toxicity of nanoplastics are still insufficient (Zhang et al., 2022a).
Therefore, more research on this emerging contaminant is needed, and
additional studies should be conducted consistently in the future (see
Scheme 1).

Credit author statement

Yoojin Lee: Conceptualization and writing-Original draft prepara-
tion. Seongeun Cho: Investigation. Kyungtae Park: Supervision and
Editing. Taihyun Kim: Investigation. Jiyu Kim: Validation. Du-Yeol
Ryu: Editing. Jinkee Hong: Writing- Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
The authors do not have permission to share data.
Acknowledgment

This work was supported by the Basic Science Research Program of
the National Research Foundation of Korea (NRF) funded by the Min-
istry of Science and ICT of the Korean government (NRF-
2017R1E1A1A01074343). This work was also supported by Korea
Environment Industry & Technology Institute (KEITI) through Ecolog-
ical Imitation-based Environmental Pollution Management Technology
Development Project, funded by Korea Ministry of Environment (MOE)
(2019002790001). In addition, this work was also supported by Korea
Drug Development Fund funded by Ministry of Science and ICT, Min-
istry of Trade, Industry, and Energy, and Ministry of Health and Welfare
(HN21C1410000021, Republic of Korea). This research was also sup-
ported by the NRF grants (2021R1A2C2006588) funded by.the Ministry
of Science, ICT & Future Planning (MSIP), Korea.

References

Alabi, O.A., Ologbonjaye, K.I., Awosolu, O., Alalade, O.E., 2019. Public and
environmental health effects of plastic wastes disposal: a review. J. Toxicol. Risk
Assess. 5, 1-13.

Ali, I, Cheng, Q., Ding, T., Qian, Y., Zhang, Y., Sun, H., Peng, C., Naz, I, Li, J., Liu, J.,
2021. Micro- and nanoplastics in the environment: occurrence, detection,
characterization and toxicity - a critical review. J. Clean. Prod. 313, 127863.

11

Environmental Pollution 329 (2023) 121668

Alvarez-Roman, R., Naik, A., Kalia, Y., Guy, R.H., Fessi, H., 2004. Skin penetration and
distribution of polymeric nanoparticles. J. Contr. Release 99 (1), 53-62.

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. Toxicol 449, 152665.

Anguissola, S., Garry, D., Salvati, A., O’Brien, P.J., Dawson, K.A., 2014. High content
analysis provides mechanistic insights on the pathways of toxicity induced by amine-
modified polystyrene nanoparticles. PLoS One 9 (9), e108025.

Anzinger, J.J., Chang, J., Xu, Q., Buono, C., Li, Y., Leyva, F.J., Park, B.-C., Greene, L.E.,
Kruth, H.S., 2010. Native low-density lipoprotein uptake by macrophage colony-
stimulating factor-differentiated human macrophages is mediated by
macropinocytosis and micropinocytosis. Arterioscler. Thromb. Vasc. Biol. 30 (10),
2022-2031.

Aragaw, T.A., 2020. Surgical face masks as a potential source for microplastic pollution
in the COVID-19 scenario. Mar. Pollut. Bull. 159, 111517.

Auten, R.L., Davis, J.M., 2009. Oxygen toxicity and reactive oxygen species: the devil is
in the details. Pediatr. Res. 66 (2), 121-127.

Avio, C.G., Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., d’Errico, G., Pauletto, M.,
Bargelloni, L., Regoli, F., 2015. Pollutants bioavailability and toxicological risk from
microplastics to marine mussels. Environ. Pollut. 198, 211-222.

Bahrami, A.H., Raatz, M., Agudo-Canalejo, J., Michel, R., Curtis, E.M., Hall, C.K.,
Gradzielski, M., Lipowsky, R., Weikl, T.R., 2014. Wrapping of nanoparticles by
membranes. Adv. Colloid Interface Sci. 208, 214-224.

Baldwin, A.K., Corsi, S.R., Mason, S.A., 2016. Plastic debris in 29 Great Lakes tributaries:
relations to watershed attributes and hydrology. Environ. Sci. Technol. 50 (19),
10377-10385.

Bano, D., Prehn, J.H., 2018. Apoptosis-inducing factor (AIF) in physiology and disease:
the tale of a repented natural born killer. EBioMedicine 30, 29-37.

Barria, C., Brandts, 1., Tort, L., Oliveira, M., Teles, M., 2020. Effect of nanoplastics on fish
health and performance: a review. Mar. Pollut. Bull. 151, 110791.

Belzagui, F., Buscio, V., Gutierrez-Bouzan, C., Vilaseca, M., 2021. Cigarette butts as a
microfiber source with a microplastic level of concern. Sci. Total Environ. 762,
144165.

Bergami, E., Pugnalini, S., Vannuccini, M., Manfra, L., Faleri, C., Savorelli, F.,

Dawson, K., Corsi, 1., 2017. Long-term toxicity of surface-charged polystyrene
nanoplastics to marine planktonic species Dunaliella tertiolecta and Artemia
franciscana. Aquat. Toxicol. 189, 159-169.

Bergsbaken, T., Cookson, B.T., 2007. Macrophage activation redirects yersinia-infected
host cell death from apoptosis to caspase-1-dependent pyroptosis. PLoS Pathog. 3
(11), el61.

Besseling, E., Wang, B., Liirling, M., Koelmans, A.A., 2014. Nanoplastic affects growth of
S. obliquus and reproduction of D. magna. Environ. Sci. Technol. 48 (20),
12336-12343.

Bhargava, S., Chen Lee, S.S., Min Ying, L.S., Neo, M.L., Lay-Ming Teo, S., Valiyaveettil, S.,
2018. Fate of nanoplastics in marine larvae: a case study using barnacles,
Amphibalanus amphitrite. ACS Sustain. Chem. Eng. 6 (5), 6932-6940.

Blancho, F., Davranche, M., Hadri, H., Grassl, B., Gigault, J., 2021. Nanoplastics
identification in complex environmental matrices: strategies for polystyrene and
polypropylene. Environ. Sci. Technol. 55 (13), 8753-8759.

Bohmert, L., Girod, M., Hansen, U., Maul, R., Knappe, P., 2014. Analytically monitored
digestion of silver nanoparticles and their toxicity on human intestinal cells.
Nanotoxicology 8, 631-642.

Bojic, S., Falco, M.M., Stojkovic, P., Ljujic, B., Gazdic Jankovic, M., Armstrong, L.,
Markovic, N., Dopazo, J., Lako, M., Bauer, R., 2020. Platform to study intracellular
polystyrene nanoplastic pollution and clinical outcomes. Stem Cell. 38 (10),
1321-1325.

Bouwstra, J., Dubbelaar, F., Gooris, G., Ponec, M., 2000. The lipid organisation in the
skin barrier. Acta Derm. Venereol. 80.

Briain, O., Mendes, A., McCarron, S., Healy, M., Morrison, L., 2020. The role of wet wipes
and sanitary towels as a source of white microplastic fibres in the marine
environment. Water Res. 182, 116021.

Buekens, A., Yang, J., 2014. Recycling of WEEE plastics: a review. J. Mater. Cycles Waste
Manag. 16, 415-434.

Cao, J., Yang, Q., Jiang, J., Dalu, T., Kadushkin, A., Singh, J., Fakhrullin, R., Wang, F.,
Cai, X., Li, R., 2022. Coronas of micro/nano plastics: a key determinant in their risk
assessments. Part. Fibre Toxicol. 19, 55.

Carr, S.A., Liu, J., Tesoro, A.G., 2016. Transport and fate of microplastic particles in
wastewater treatment plants. Water Res. 91, 174-182.

Chang, M., 2015. Reducing microplastics from facial exfoliating cleansers in wastewater
through treatment versus consumer product decisions. Mar. Pollut. Bull. 101 (1),
330-333.

Chen, G., Feng, Q., Wang, J., 2020. Mini-review of microplastics in the atmosphere and
their risks to humans. Sci. Total Environ. 703, 135504.

Chen, G., Li, Y., Liu, S., Junaid, M., Wang, J., 2022. Effects of micro(nano)plastics on
higher plants and the rhizosphere environment. Sci. Total Environ. 807, 150841.

Chen, J., Xu, Z., Liu, Y., Mei, A., Wang, X., Shi, Q., 2023. Cellular absorption of
polystyrene nanoplastics with different surface functionalization and the toxicity to
RAW264.7 macrophage cells. Ecotoxicol. Environ. Saf. 252, 114574.

Choi, D., Bang, J., Kim, T., Oh, Y., Hwang, Y., Hong, J., 2020. In vitro chemical and
physical toxicities of polystyrene microfragments in human-derived cells. J. Hazard
Mater. 400, 123308.

Choi, D., Hwang, J., Bang, J., Han, S., Kim, T., Oh, Y., Hwang, Y., Choi, J., Hong, J.,
2021. In vitro toxicity from a physical perspective of polyethylene microplastics
based on statistical curvature change analysis. Sci. Total Environ. 752, 142242.


http://refhub.elsevier.com/S0269-7491(23)00670-X/sref1
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref1
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref1
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref2
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref2
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref2
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref3
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref3
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref4
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref4
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref4
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref5
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref5
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref5
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref7
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref7
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref8
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref8
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref9
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref9
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref9
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref10
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref10
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref10
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref11
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref11
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref11
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref12
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref12
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref13
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref13
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref14
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref14
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref14
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref15
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref15
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref15
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref15
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref16
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref16
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref16
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref17
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref17
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref17
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref18
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref18
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref18
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref19
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref19
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref19
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref20
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref20
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref20
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref21
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref21
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref21
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref21
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref22
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref22
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref23
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref23
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref23
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref24
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref24
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref25
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref25
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref25
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref26
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref26
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref27
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref27
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref27
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref28
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref28
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref29
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref29
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref30
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref30
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref30
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref31
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref31
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref31
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref32
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref32
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref32

Y. Lee et al.

Chu, Z., Zhang, S., Zhang, B., Zhang, C., Fang, C.-Y., Rehor, 1., Cigler, P., Chang, H.-C.,
Lin, G., Liu, R., 2014. Unambiguous observation of shape effects on cellular fate of
nanoparticles. Sci. Rep. 4 (1), 1-9.

Cole, M., Liddle, C., Consolandi, G., Drago, C., Hird, C., Lindeque, P.K., Galloway, T.S.,
2020. Microplastics, microfibres and nanoplastics cause variable sub-lethal
responses in mussels (Mytilus spp.). Mar. Pollut. Bull. 160, 111552.

Cézar, A., Echevarria, F., Gonzélez-Gordillo, J.I., Irigoien, X., Ubeda, B., Hernandez-
Leon, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., 2014. Plastic debris
in the open ocean. Proc. Natl. Acad. Sci. U.S.A. 111 (28), 10239-10244.

Crespy, D., Bozonnet, M., Meier, M., 2008. 100 Years of bakelite, the material of a 1000
uses. Angew. Chem. Int. Ed. 47 (18), 3322-3328.

Dasgupta, S., Auth, T., Gompper, G., 2014. Shape and orientation matter for the cellular
uptake of nonspherical particles. Nano Lett. 14 (2), 687-693.

Dausend, J., Musyanovych, A., Dass, M., Walther, P., Schrezenmeier, H., Landfester, K.,
Mailéander, V., 2008. Uptake mechanism of oppositely charged fluorescent
nanoparticles in HeLa cells. Macromol. Biosci. 8 (12), 1135-1143.

Dawson, A.L., Kawaguchi, S., King, C.K., Townsend, K.A., King, R., Huston, W.M.,
Bengtson Nash, S.M., 2018. Turning microplastics into nanoplastics through
digestive fragmentation by Antarctic krill. Nat. Commun. 9 (1), 1-8.

De-la-Torre, G.E., 2020. Microplastics: an emerging threat to food security and human
health. J. Food Sci. Technol. 57 (5), 1601-1608.

DeLoid, G.M., Cao, X., Bitounis, D., Singh, D., Llopis, P.M., Buckley, B., Demokritou, P.,
2021. Toxicity, uptake, and nuclear translocation of ingested micro-nanoplastics in
an in vitro model of the small intestinal epithelium. Food Chem. Toxicol. 158,
112609.

Deng, Y., Zhang, Y., Lemos, B., Ren, H., 2017. Tissue accumulation of microplastics in
mice and biomarker responses suggest widespread health risks of exposure. Sci. Rep.
7, 46687.

Ding, Y., Zhang, R., Li, B., Du, Y., Li, J., Tong, X., Wu, Y., Ji, X., Zhang, Y., 2021. Tissue
distribution of polystyrene nanoplastics in mice and their entry, transport, and
cytotoxicity to GES-1 cells. Environ. Pollut. 280, 116974.

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.

Du, F., Cai, H., Zhang, Q., Chen, Q., Shi, H., 2020. Microplastics in take-out food
containers. J. Hazard Mater. 399, 122969.

Du, T., Yu, X,, Shao, S., Li, T., Xu, S., Wu, L., 2023. Aging of nanoplastics significantly
affects protein corona composition thus enhancing macrophage uptake. Environ. Sci.
Technol. 57, 3206-3217.

EFSA, 2016. Presence of microplastics and nanoplastics in food, with particular focus on
seafood. EFSA J. 14, e04501.

Eliso, M.C., Bergami, E., Manfra, L., Spagnuolo, A., Corsi, I., 2020. Toxicity of
nanoplastics during the embryogenesis of the ascidian Ciona robusta (Phylum
Chordata). Nanotoxicology 14 (10), 1415-1431.

Fan, X., Wei, X., Hu, H., Zhang, B., Yang, D., Du, H., Zhu, R., Sun, X., Oh, Y., Gu, N.,
2022. Effects of oral administration of polystyrene nanoplastics on plasma glucose
metabolism in mice. Chemosphere 288 (3), 132607.

Fink, S.L., Cookson, B.T., 2005. Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infect. Inmun. 73 (4), 1907-1916.

Flannagan, R.S., Cosio, G., Grinstein, S., 2009. Antimicrobial mechanisms of phagocytes
and bacterial evasion strategies. Nat. Rev. Microbiol. 7 (5), 355-366.

Florance, I., Ramasubbu, S., Mukherjee, A., Chandrasekaran, N., 2021. Polystyrene
nanoplastics dysregulate lipid metabolism in murine macrophages in vitro. Toxicol
458, 152850.

Folino, A., Karageorgiou, A., Calabro, P., Komilis, D., 2020. Biodegradation of wasted
bioplastics in natural and industrial environments: a Review. Sustainability 12 (15),
6030.

Foroozandeh, P., Aziz, A.A., 2018. Insight into cellular uptake and intracellular
trafficking of nanoparticles. Nanoscale Res. Lett. 13 (1), 1-12.

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.

Frohlich, E., Meindl, C., Roblegg, E., Ebner, B., Absenger, M., Pieber, T.R., 2012. Action
of polystyrene nanoparticles of different sizes on lysosomal function and integrity.
Part. Fibre Toxicol. 9 (1), 1-13.

Fueser, H., Mueller, M.-T., Traunspurger, W., 2020. Rapid ingestion and egestion of
spherical microplastics by bacteria-feeding nematodes. Chemosphere 261, 128162.

Gagnon, E., Duclos, S., Rondeau, C., Chevet, E., Cameron, P.H., Steele-Mortimer, O.,
Paiement, J., Bergeron, J.J., Desjardins, M., 2002. Endoplasmic reticulum-mediated
phagocytosis is a mechanism of entry into macrophages. Cell 110 (1), 119-131.

Galloway, T.S., Cole, M., Lewis, C., 2017. Interactions of microplastic debris throughout
the marine ecosystem. Nat. Ecol. Evol. 1 (5), 1-8.

Gazal, A., Gheewala, S., 2020. Plastics, microplastics and other polymer materials - a
threat to the environment. J. Sustain. Energy. Environ. 11, 113-122.

Ghosh, S.K., Mandal, D., 2018. Synergistically enhanced piezoelectric output in highly
aligned 1D polymer nanofibers integrated all-fiber nanogenerator for wearable nano-
tactile sensor. Nano Energy 53, 245-257.

Gigault, J., Ter Halle, A., Baudrimont, M., Pascal, P.-Y., Gauffre, F., Phi, T.-L., El
Hadri, H., Grassl, B., Reynaud, S., 2018. Current opinion: what is a nanoplastic?
Environ. Pollut. 235, 1030-1034.

Gigault, J., El Hadri, H., Nguyen, B., Grassl, B., Rowenczyk, L., Tufenkji, N., Feng, S.,
Wiesner, M., 2021. Nanoplastics are neither microplastics nor engineered
nanoparticles. Nat. Nanotechnol. 16 (5), 501-507.

Gouin, T., Roche, N., Lohmann, R., Hodges, G., 2011. A thermodynamic approach for
assessing the environmental exposure of chemicals absorbed to microplastic.
Environ. Sci. Technol. 45 (4), 1466-1472.

12

Environmental Pollution 329 (2023) 121668

Guicciardi, M.E., Leist, M., Gores, G.J., 2004. Lysosomes in cell death. Oncogene 23 (16),
2881-2890.

Guo, C., Sun, L., Chen, X., Zhang, D., 2013. Oxidative stress, mitochondrial damage and
neurodegenerative diseases. Neural Regen. Res. 8 (21), 2003-2014.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E., Purnell, P., 2018. An overview of
chemical additives present in plastics: migration, release, fate and environmental
impact during their use, disposal and recycling. J. Hazard Mater. 344, 179-199.

Han, S.-W., Choi, J., Ryu, K.-Y., 2021. Stress response of mouse embryonic fibroblasts
exposed to polystyrene nanoplastics. Int. J. Mol. Sci. 22 (4), 2094.

He, C., Hu, Y., Yin, L., Tang, C., Yin, C., 2010. Effects of particle size and surface charge
on cellular uptake and biodistribution of polymeric nanoparticles. Biomaterials 31
(13), 3657-3666.

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.

Hernandez, L.M., Yousefi, N., Tufenkji, N., 2017. Are there nanoplastics in your personal
care products? Environ. Sci. Technol. Lett. 4 (7), 280-285.

Hernandez, L.M., Xu, E.G., Larsson, H.C., 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.

Hesler, M., Aengenheister, L., Ellinger, B., Drexel, R., Straskraba, S., Jost, C., Wagner, S.,
Meier, F., von Briesen, H., Biichel, C., 2019. Multi-endpoint toxicological assessment
of polystyrene nano-and microparticles in different biological models in vitro.
Toxicol. Vitro 61, 104610.

Hornung, V., Bauernfeind, F., Halle, A., Samstad, E.O., Kono, H., Rock, K.L.,
Fitzgerald, K.A., Latz, E., 2008. Silica crystals and aluminum salts activate the
NALP3 inflammasome through phagosomal destabilization. Nat. Immunol. 9 (8),
847-856.

Horvatits, T., Tamminga, M., Liu, B., Sebode, M., Carambia, A., Fischer, L., Piischel, K.,
Huber, S., Fischer, E., 2022. Microplastics detected in cirrhotic liver tissue.
EBioMedicine 82, 104147.

Hossain, K.B., Chen, K., Chen, P., Wang, C., Cai, M., 2021. Socioeconomic relation with
plastic consumption on 61 countries classified by continent, income status and
coastal regions. Bull. Environ. Contam. Toxicol. 107 (4), 786-792.

Hou, J., Lei, Z., Cui, L., Hou, Y., Yang, L., An, R., Wang, Q., Li, S., Zhang, H., Zhang, L.,
2021. Polystyrene microplastics lead to pyroptosis and apoptosis of ovarian
granulosa cells via NLRP3/Caspase-1 signaling pathway in rats. Ecotoxicol. Environ.
Saf. 212, 112012.

Hu, M., Palic, D., 2020. Micro-and nano-plastics activation of oxidative and
inflammatory adverse outcome pathways. Redox Biol. 37, 101620.

Huang, C., Zhang, Y., Yuan, H., Gao, H., Zhang, S., 2013. Role of nanoparticle geometry
in endocytosis: laying down to stand up. Nano Lett. 13 (9), 4546-4550.

Huang, D., Chen, H., Shen, M., Tao, J., Chen, S., Yin, L., Zhou, W., Wang, X., Xiao, R.,
Li, R., 2022. Recent advances on the transport of microplastics/nanoplastics in
abiotic and biotic compartments. J. Hazard Mater. 438, 129515.

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.

Hwang, J., Choi, D., Han, S., Jung, S.Y., Choi, J., Hong, J., 2020. Potential toxicity of
polystyrene microplastic particles. Sci. Rep. 10 (1), 1-12.

Iniguez, M., Conesa, J., Fullana, A., 2017. Microplastics in Spanish table salt. Sci. Rep. 7,
8620.

Jenner, L., Rotchell, J., Bennett, R., Cowen, M., Tentzeris, V., Sadofsky, L., 2022.
Detection of microplastics in human lung tissue using pFTIR spectroscopy. Sci. Total
Environ. 831, 154907.

Kaléikova, G., Ali¢, B., Skalar, T., Bundschuh, M., Gotvajn, A.Z., 2017. Wastewater
treatment plant effluents as source of cosmetic polyethylene microbeads to
freshwater. Chemosphere 188, 25-31.

Kedzierski, M., Lechat, B., Sire, O., Le Maguer, G., Le Tilly, V., Bruzaud, S., 2020.
Microplastic contamination of packaged meat: occurrence and associated risks. Food
Packag. Shelf Life 24, 100489.

Kihara, S., Van Der Heijden, N.J., Seal, C.K., Mata, J.P., Whitten, A.E., Koper, L.,
McGillivray, D.J., 2019. Soft and hard interactions between polystyrene nanoplastics
and human serum albumin protein corona. Bioconjug. Chem. 30 (4), 1067-1076.

Kihara, S., Ashenden, A., Kaur, M., Glasson, J., Ghosh, S., van der Heijden, N., Brooks, A.
E., Mata, J.P., Holt, S., Domigan, L.J., 2021. Cellular interactions with polystyrene
nanoplastics—the role of particle size and protein corona. Biointerphases 16 (4),
041001.

Koelmans, A.A., Nor, N.H.M., Hermsen, E., Kooi, M., Mintenig, S.M., De France, J., 2019.
Microplastics in freshwaters and drinking water: critical review and assessment of
data quality. Water Res. 155, 410-422.

Kolandhasamy, P., Su, L., Li, J., Qu, X., Jabeen, K., Shi, H., 2018. Adherence of
microplastics to soft tissue of mussels: a novel way to uptake microplastics beyond
ingestion. Sci. Total Environ. 610, 635-640.

Kosuth, M., Mason, S.A., Wattenberg, E.V., 2018. Anthropogenic contamination of tap
water, beer, and sea salt. PLoS One 13 (4), e0194970.

Kruth, H.S., Jones, N.L., Huang, W., Zhao, B., Ishii, I., Chang, J., Combs, C.A., Malide, D.,
Zhang, W.-Y., 2005. Macropinocytosis is the endocytic pathway that mediates
macrophage foam cell formation with native low density lipoprotein. J. Biol. Chem.
280 (3), 2352-2360.

Kuhn, D.A., Vanhecke, D., Michen, B., Blank, F., Gehr, P., Petri-Fink, A., Rothen-
Rutishauser, B., 2014. Different endocytotic uptake mechanisms for nanoparticles in
epithelial cells and macrophages. Beilstein J. Nanotechnol. 5 (1), 1625-1636.

Kutralam-Muniasamy, G., Perez-Guevara, F., Elizalde-Martinez, 1., Shruti, V.C., 2020.
Branded milks - are they immune from microplastics contamination? Sci. Total
Environ. 714, 136823.


http://refhub.elsevier.com/S0269-7491(23)00670-X/sref33
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref33
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref33
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref34
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref34
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref34
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref35
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref35
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref35
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref36
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref36
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref37
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref37
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref38
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref38
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref38
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref39
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref39
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref39
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref40
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref40
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref41
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref41
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref41
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref41
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref42
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref42
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref42
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref43
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref43
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref43
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref44
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref44
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref44
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref45
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref45
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref46
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref46
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref46
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref47
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref47
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref48
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref48
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref48
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref49
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref49
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref49
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref50
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref50
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref51
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref51
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref52
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref52
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref52
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref53
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref53
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref53
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref54
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref54
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref55
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref55
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref55
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref56
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref56
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref56
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref57
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref57
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref58
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref58
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref58
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref59
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref59
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref60
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref60
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref61
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref61
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref61
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref62
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref62
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref62
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref63
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref63
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref63
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref64
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref64
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref64
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref65
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref65
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref66
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref66
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref67
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref67
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref67
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref68
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref68
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref69
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref69
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref69
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref70
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref70
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref70
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref71
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref71
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref72
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref72
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref72
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref73
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref73
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref73
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref73
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref74
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref74
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref74
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref74
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref75
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref75
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref75
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref76
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref76
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref76
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref77
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref77
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref77
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref77
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref78
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref78
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref79
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref79
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref80
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref80
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref80
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref81
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref81
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref81
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref82
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref82
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref83
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref83
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref84
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref84
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref84
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref85
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref85
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref85
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref86
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref86
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref86
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref87
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref87
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref87
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref88
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref88
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref88
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref88
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref89
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref89
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref89
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref90
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref90
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref90
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref91
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref91
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref92
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref92
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref92
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref92
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref93
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref93
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref93
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref94
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref94
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref94

Y. Lee et al.

Larue, C., Sarret, G., Castillo-Michel, H., Pradas del Real, A.E., 2021. A critical review on
the impacts of nanoplastics and microplastics on aquatic and terrestrial
photosynthetic organisms. Small 17 (20), 2005834.

Lee, J., Lee, J.S., Jang, Y.C., Hong, S.Y., Shim, W.J., Song, Y.K., Hong, S.H., Jang, M.,
Han, G.M., Kang, D., 2015. Distribution and size relationships of plastic marine
debris on beaches in South Korea. Arch. Environ. Contam. Toxicol. 69 (3), 288-298.

Lee, J., Choi, Y., Jeong, J., Chae, K.-J., 2021. Eye-glass polishing wastewater as
significant microplastic source: microplastic identification and quantification.

J. Hazard Mater. 403, 123991.

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.

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.

Lei, K., Qiao, F., Liu, Q., Wei, Z., Qi, H., Cui, S., Yue, X., Deng, Y., An, L., 2017.
Microplastics releasing from personal care and cosmetic products in China. Mar.
Pollut. Bull. 123 (1-2), 122-126.

Lesniak, A., Salvati, A., Santos-Martinez, M.J., Radomski, M.W., Dawson, K.A., Aberg, C.,
2013. Nanoparticle adhesion to the cell membrane and its effect on nanoparticle
uptake efficiency. J. Am. Chem. Soc. 135 (4), 1438-1444.

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.

Li, Y., Xu, M., Zhang, Z., Halimu, G., Li, Y., Gu, W., Zhang, B., Wang, X., 2022. In vitro
study on the toxicity of nanoplastics with different charges to murine splenic
lymphocytes. J. Hazard Mater. 424, 127508.

Liebezeit, G., Liebezeit, E., 2014. Synthetic particles as contaminants in German beers.
Food Addit. Contam. 31, (9), 1574-1578.

Lim, J.P., Gleeson, P.A., 2011. Macropinocytosis: an endocytic pathway for internalising
large gulps. Immunol. Cell Biol. 89 (8), 836-843.

Lin, C.-Y., Chiang, C.-Y., Tsai, H.-J., 2016. Zebrafish and Medaka: new model organisms
for modern biomedical research. J. Biomed. Sci. 23 (1), 1-11.

Liu, L., Fokkink, R., Koelmans, A., 2015. Sorption of polycyclic aromatic hydrocarbons to
polystyrene nanoplastic. Environ. Toxicol. Chem. 35 (7), 1650-1655.

Liu, Y., Genzer, J., Dickey, M.D., 2016. 2D or not 2D”: shape-programming polymer
sheets. Prog. Polym. Sci. 52, 79-106.

Liu, N., Becton, M., Zhang, L., Wang, X., 2020. Mechanism of coupling nanoparticle
stiffness with shape for endocytosis: from rodlike penetration to wormlike wriggling.
J. Phys. Chem. B 124 (49), 11145-11156.

Liu, L., Xu, K., Zhang, B., Ye, Y., Zhang, Q., Jiang, W., 2021. Cellular internalization and
release of polystyrene microplastics and nanoplastics. Sci. Total Environ. 779,
146523.

Longmire, M., Choyke, P., Kobayashi, H., 2008. Clearance properties of nano-sized
particles and molecules as imaging agents: considerations and caveats.
Nanomedicine 3, 703-717.

Loos, C., Syrovets, T., Musyanovych, A., Mailander, V., Landfester, K., Nienhaus, G.U.,
Simmet, T., 2014. Functionalized polystyrene nanoparticles as a platform for
studying bio-nano interactions. Beilstein J. Nanotechnol. 5 (1), 2403-2412.

Lowry, G.V., Gregory, K.B., Apte, S.C., Lead, J.R., 2012. Transformations of
Nanomaterials in the Environment. ACS Publications.

Ly, L., Luo, T., Zhao, Y., Cai, C., Fu, Z., Jin, Y., 2019. Interaction between microplastics
and microorganism as well as gut microbiota: a consideration on environmental
animal and human health. Sci. Total Environ. 667, 94-100.

Lunov, O., Syrovets, T., Loos, C., Beil, J., Delacher, M., Tron, K., Nienhaus, G.U.,
Musyanovych, A., Mailander, V., Landfester, K., 2011. Differential uptake of
functionalized polystyrene nanoparticles by human macrophages and a monocytic
cell line. ACS Nano 5 (3), 1657-1669.

Ma, J., Chen, F., Xu, H., Jiang, H., Liu, J., Li, P., Chen, C.C., Pan, K., 2021. Face masks as
a source of nanoplastics and microplastics in the environment: quantification,
characterization, and potential for bioaccumulation. Environ. Pollut. 288, 117748.

Mahmoudi, M., Lynch, 1., Ejtehadi, M.R., Monopoli, M.P., Bombelli, F.B., Laurent, S.,
2011. Protein— nanoparticle interactions: opportunities and challenges. Chem. Rev.
111 (9), 5610-5637.

Man, S.M., Karki, R., Kanneganti, T.D., 2017. Molecular mechanisms and functions of
pyroptosis, inflammatory caspases and inflammasomes in infectious diseases.
Immunol. Rev. 277 (1), 61-75.

McMahon, H.T., Boucrot, E., 2011. Molecular mechanism and physiological functions of
clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 12 (8), 517-533.

Mercer, J., Helenius, A., 2009. Virus entry by macropinocytosis. Nat. Cell Biol. 11 (5),
510-520.

Mishra, S., Das, A.P., 2021. Current treatment technologies for removal of microplastic
and microfiber pollutants from wastewater. In: Wastewater Treatment. Elsevier,
pp. 237-251.

Mitrano, D.M., Wick, P., Nowack, B., 2021a. Placing nanoplastics in the context of global
plastic pollution. Nat. Nanotechnol. 16 (5), 491-500.

Mitrano, D., Wick, P., Nowack, B., 2021b. Placing nanoplastics in the context of global
plastic pollution. Nat. Nanotechnol. 16, 491-500.

Mosquera, J., Garcia, 1., Liz-Marzan, L.M., 2018. Cellular uptake of nanoparticles versus
small molecules: a matter of size. Acc. Chem. Res. 51 (9), 2305-2313.

Napper, LE., Bakir, A., Rowland, S.J., Thompson, R.C., 2015. Characterisation, quantity
and sorptive properties of microplastics extracted from cosmetics. Mar. Pollut. Bull.
99 (1-2), 178-185.

Nasser, F., Lynch, 1., 2016. Secreted protein eco-corona mediates uptake and impacts of
polystyrene nanoparticles on Daphnia magna. J. Proteonomics 137, 45-51.

13

Environmental Pollution 329 (2023) 121668

Nie, J.-h., Shen, Y., Roshdy, M., Cheng, X., Wang, G., Yang, X., 2021. Polystyrene
nanoplastics exposure caused defective neural tube morphogenesis through
caveolae-mediated endocytosis and faulty apoptosis. Nanotoxicology 15 (7),
885-904.

Nor, n., Kooi, M., Diepens, N., Koelmans, A., 2021. Lifetime accumulation of microplastic
in children and adults. Environ. Sci. Technol. 55 (8), 5084-5096.

Paget, V., Dekali, S., Kortulewski, T., Grall, R., Gamez, C., Blazy, K., Aguerre-Chariol, O.,
Chevillard, S., Braun, A., Rat, P., 2015. Specific uptake and genotoxicity induced by
polystyrene nanobeads with distinct surface chemistry on human lung epithelial
cells and macrophages. PLoS One 10 (4), e0123297.

Pauly, J.L., Stegmeier, S.J., Allaart, H.A., Cheney, R.T., Zhang, P.J., Mayer, A.G.,
Streck, R.J., 1998. Inhaled cellulosic and plastic fibers found in human lung tissue.
Cancer Epidemiol. Biomarkers Prev. 7 (5), 419-428.

Peng, F., Setyawati, M., Tee, J., Ding, X., Wang, J., Nga, M., Ho, H., Leong, D., 2019.
Nanoparticles promote in vivo breast cancer cell intravasation and extravasation by
inducing endothelial leakiness. Nat.Nanotech. 14, 279-286.

Pitt, J.A., Kozal, J.S., Jayasundara, N., Massarsky, A., Trevisan, R., Geitner, N.,
Wiesner, M., Levin, E.D., Di Giulio, R.T., 2018. Uptake, tissue distribution, and
toxicity of polystyrene nanoparticles in developing zebrafish (Danio rerio). Aquat.
Toxicol. 194, 185-194.

Pivokonsky, M., Cermakova, L., Novotna, K., Peer, P., Cajthaml, T., Janda, V., 2018.
Occurrence of microplastics in raw and treated drinking water. Sci. Total Environ.
643, 1644-1651.

Po, B.H.-K,, Lo, H.-S., Cheung, S.-G., Lai, K.-P., 2020. Characterisation of an unexplored
group of microplastics from the South China Sea: can they be caused by macrofaunal
fragmentation? Mar. Pollut. Bull. 155, 111151.

Poillet-Perez, L., Despouy, G., Delage-Mourroux, R., Boyer-Guittaut, M., 2015. Interplay
between ROS and autophagy in cancer cells, from tumor initiation to cancer therapy.
Redox Biol. 4, 184-192.

Poma, A., Vecchiotti, G., Colafarina, S., Zarivi, O., Aloisi, M., Arrizza, L., Chichiricco, G.,
Di Carlo, P., 2019. In vitro genotoxicity of polystyrene nanoparticles on the human
fibroblast Hs27 cell line. Nanomaterials 9 (9), 1299.

Prata, J.C., 2018. Airborne microplastics: consequences to human health? Environ.
Pollut. 234, 115-126.

Prietl, B., Meindl, C., Roblegg, E., Pieber, T., Lanzer, G., Frohlich, E., 2014. Nano-sized
and micro-sized polystyrene particles affect phagocyte function. Cell Biol. Toxicol.
30 (1), 1-16.

Priist, M., Meijer, J., Westerink, R.H., 2020. The plastic brain: neurotoxicity of micro-and
nanoplastics. Part. Fibre Toxicol. 17 (1), 1-16.

Qiao, J., Chen, R., Wang, M., Bai, R., Cui, X,, Liu, Y., Wu, C., Chen, C., 2021. Perturbation
of gut microbiota plays an important role in micro/nanoplastics-induced gut barrier
dysfunction. Nanoscale 13 (19), 8806-8816.

Rafey, A., Siddiqui, F.Z., 2021. A review of plastic waste management in
India—challenges and opportunities. Int. J. Environ. Anal. Chem. 1-17.

Ranjan, V.P., Joseph, A., Goel, S., 2021. Microplastics and other harmful substances
released from disposable paper cups into hot water. J. Hazard Mater. 404, 124118.

Remy, F., Collard, F., Gilbert, B., Compere, P., Eppe, G., Lepoint, G., 2015. When
microplastic is not plastic: the ingestion of artificial cellulose fibers by macrofauna
living in seagrass macrophytodetritus. Environ. Sci. Technol. 49 (18), 11158-11166.

Rennick, J.J., Johnston, A.P., Parton, R.G., 2021. Key principles and methods for
studying the endocytosis of biological and nanoparticle therapeutics. Nat.
Nanotechnol. 16 (3), 266-276.

Revel, M., Chatel, A., Mouneyrac, C., 2018. Micro(nano)plastics: a threat to human
health? Curr. Opin. Environ. Sci. Helath 1, 17-23.

Roje, Z., 1li¢, K., Gali¢, E., Pavicié, ., Turéié, P., Stanec, Z., Vinkovi¢ Vréek, L., 2019.
Synergistic effects of parabens and plastic nanoparticles on proliferation of human
breast cancer cells. Arh. Hig. Rada. Toksikol. 70 (4), 310-314.

Roshanzadeh, A., Park, S., Ganjbakhsh, S.E., Park, J., Lee, D.-H., Lee, S., Kim, E.-S., 2020.
Surface charge-dependent cytotoxicity of plastic nanoparticles in alveolar cells under
cyclic stretches. Nano Lett. 20 (10), 7168-7176.

Roshanzadeh, A., Oyunbaatar, N.-E., Ganjbakhsh, S.E., Park, S., Kim, D.-S., Kanade, P.P.,
Lee, S., Lee, D.-W., Kim, E.-S., 2021. Exposure to nanoplastics impairs collective
contractility of neonatal cardiomyocytes under electrical synchronization.
Biomaterials 278, 121175.

Rothen-Rutishauser, B.M., Schiirch, S., Haenni, B., Kapp, N., Gehr, P., 2006. Interaction
of fine particles and nanoparticles with red blood cells visualized with advanced
microscopic techniques. Environ. Sci. Technol. 40 (14), 4353-4359.

Rubio, L., Marcos, R., Hernandez, A., 2020. Potential adverse health effects of ingested
micro-and nanoplastics on humans. Lessons learned from in vivo and in vitro
mammalian models. J. Toxicol. Environ. Health, Part B 23 (2), 51-68.

Saftig, P., Klumperman, J., 2009. Lysosome biogenesis and lysosomal membrane
proteins: trafficking meets function. Nat. Rev. Mol. Cell Biol. 10 (9), 623-635.
Sahajwalla, V., Gaikwad, V., 2018. The present and future of e-waste plastics recycling.

Curr. Opin. Green Sustain. Chem. 13, 102-107.

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.

Schneider, M., Stracke, F., Hansen, S., Schaefer, U., 2009. Nanoparticles and their
interactions with the dermal barrier. Derm. Endocrinol. 1 (4), 197-206.

Schultz, C.L., Bart, S., Lahive, E., Spurgeon, D.J., 2021. What is on the outside
matters—surface charge and dissolve organic matter association affect the toxicity
and physiological mode of action of polystyrene nanoplastics to C. elegans. Environ.
Sci. Technol. 55 (9), 6065-6075.

Sendra, M., Pereiro, P., Yeste, M.P., Mercado, L., Figueras, A., Novoa, B., 2021a. Size
matters: zebrafish (Danio rerio) as a model to study toxicity of nanoplastics from
cells to the whole organism. Environ. Pollut. 268, 115769.


http://refhub.elsevier.com/S0269-7491(23)00670-X/sref95
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref95
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref95
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref96
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref96
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref96
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref97
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref97
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref97
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref98
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref98
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref98
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref99
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref99
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref99
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref100
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref100
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref100
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref101
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref101
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref101
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref102
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref102
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref102
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref103
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref103
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref103
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref104
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref104
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref105
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref105
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref106
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref106
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref107
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref107
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref108
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref108
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref109
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref109
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref109
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref110
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref110
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref110
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref111
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref111
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref111
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref112
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref112
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref112
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref113
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref113
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref114
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref114
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref114
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref115
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref115
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref115
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref115
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref116
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref116
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref116
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref117
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref117
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref117
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref118
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref118
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref118
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref119
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref119
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref120
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref120
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref121
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref121
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref121
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref122
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref122
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref123
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref123
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref124
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref124
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref125
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref125
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref125
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref126
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref126
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref127
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref127
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref127
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref127
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref128
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref128
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref129
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref129
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref129
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref129
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref130
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref130
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref130
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref131
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref131
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref131
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref132
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref132
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref132
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref132
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref133
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref133
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref133
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref134
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref134
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref134
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref135
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref135
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref135
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref136
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref136
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref136
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref137
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref137
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref138
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref138
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref138
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref139
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref139
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref140
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref140
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref140
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref141
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref141
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref142
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref142
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref143
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref143
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref143
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref144
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref144
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref144
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref145
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref145
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref146
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref146
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref146
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref147
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref147
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref147
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref148
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref148
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref148
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref148
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref149
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref149
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref149
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref150
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref150
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref150
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref151
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref151
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref152
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref152
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref153
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref153
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref153
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref154
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref154
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref155
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref155
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref155
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref155
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref156
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref156
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref156

Y. Lee et al.

Sendra, M., Pereiro, P., Figueras, A., Novoa, B., 2021b. An integrative toxicogenomic
analysis of plastic additives. J. Hazard Mater. 409, 124975.

Sharma, S., Chatterjee, S., 2017. Microplastic pollution, a threat to marine ecosystem and
human health: a short review. Environ. Sci. Pollut. Control Ser. 24 (27),
21530-21547.

Sharma, G., Valenta, D.T., Altman, Y., Harvey, S., Xie, H., Mitragotri, S., Smith, J.W.,
2010. Polymer particle shape independently influences binding and internalization
by macrophages. J. Contr. Release 147 (3), 408-412.

Shen, M., Zhang, Y., Zhu, Y., Song, B., Zeng, G., Hu, D., Wen, X., Ren, X., 2019. Recent
advances in toxicological research of nanoplastics in the environment: a review.
Environ. Pollut. 252, 511-521.

Shen, M., Li, Y., Song, B., Zhou, C., Gong, J., Zeng, G., 2021. Smoked cigarette butts:
unignorable source for environmental microplastic fibers. Sci. Total Environ. 791,
148384.

Shen, F., Li, D., Guo, J., Chen, J., 2022. Mechanistic toxicity assessment of differently
sized and charged polystyrene nanoparticles based on human placental cells. Water
Res. 223, 118960.

Shi, Q., Tang, J., Wang, L., Liu, R., Giesy, J.P., 2021a. Combined cytotoxicity of
polystyrene nanoplastics and phthalate esters on human lung epithelial A549 cells
and its mechanism. Ecotoxicol. Environ. Saf. 213, 112041.

Shi, Q., Tang, J., Liu, X., Liu, R., 2021b. Ultraviolet-induced photodegradation elevated
the toxicity of polystyrene nanoplastics on human lung epithelial A549 cells.
Environ. Sci.: Nano 8 (9), 2660-2675.

Shi, Q., Tang, J., Liu, R., Wang, L., 2021c. Toxicity in vitro reveals potential impacts of
microplastics and nanoplastics on human health: a review. Crit. Rev. Environ. Sci.
Technol. 52, 3863-3895.

Shi, Q., Tang, J., Liu, X., Liu, R., 2021d. Ultraviolet-induced photodegradation elevated
the toxicity of polystyrene nanoplastics on human lung epithelial A549 cells.
Environ. Sci. J. Integr. Environ. Res.: Nano 8, 2660-2675.

Shopova, S., Sieg, H., Braeuning, A., 2020. Risk assessment and toxicological research on
micro-and nanoplastics after oral exposure via food products. EFSA J. 18, e181102.

Singh, S., Naik, T., Anil, A., Dhiman, J., Kumar, V., Dhanjal, D., Aguilar-Marcelino, L.,
Singh, J., Ramamurthy, P., 2022. Micro (nano) plastics in wastewater: a critical
review on toxicity risk assessment, behaviour, environmental impact and challenges.
Chemosphere 290, 133169.

Skjolding, L.M., ASmonaite, G., Jglck, R.I., Andresen, T.L., Selck, H., Baun, A., Sturve, J.,
2017. An assessment of the importance of exposure routes to the uptake and internal
localisation of fluorescent nanoparticles in zebrafish (Danio rerio), using light sheet
microscopy. Nanotoxicology 11 (3), 351-359.

Smith, M., Thomas, N., Jenkins, P., Miller, N., Cremaschi, D., Porta, C., 1995. Selective
transport of microparticles across Peyer’s patch follicle-associated M cells from mice
and rats. Exp. Physiol.: Translat. Integrat. 80 (5), 735-743.

Sobhani, Z., Lei, Y., Tang, Y., Wy, L., Zhang, X., Naidu, R., Megharaj, M., Fang, C., 2020.
Microplastics generated when opening plastic packaging. Sci. Rep. 10 (1), 1-7.

Stock, V., Fahrenson, C., Thuenemann, A., Donmez, M.H., Voss, L., Bohmert, L.,
Braeuning, A., Lampen, A., Sieg, H., 2020. Impact of artificial digestion on the sizes
and shapes of microplastic particles. Food Chem. Toxicol. 135, 111010.

Stock, V., Laurisch, C., Franke, J., Donmez, M.H., Voss, L., Bohmert, L., Braeuning, A.,
Sieg, H., 2021. Uptake and cellular effects of PE, PP, PET and PVC microplastic
particles. Toxicol. Vitro 70, 105021.

Sun, X., Li, Q., Zhu, M., Liang, J., Zheng, S., Zhao, Y., 2017. Ingestion of microplastics by
natural zooplankton groups in the northern South China Sea. Mar. Pollut. Bull. 115
(1-2), 217-224.

Tallec, K., Blard, O., Gonzélez-Fernandez, C., Brotons, G., Berchel, M., Soudant, P.,
Huvet, A., Paul-Pont, 1., 2019. Surface functionalization determines behavior of
nanoplastic solutions in model aquatic environments. Chemosphere 225, 639-646.

Talvitie, J., Mikola, A., Koistinen, A., Setald, O., 2017. Solutions to microplastic
pollution-Removal of microplastics from wastewater effluent with advanced
wastewater treatment technologies. Water Res. 123, 401-407.

Tanaka, K., Takada, H., 2016. Microplastic fragments and microbeads in digestive tracts
of planktivorous fish from urban coastal waters. Sci. Rep. 6 (1), 1-8.

Tanaka, K., Takahashi, Y., Kuramochi, H., Osako, M., Tanaka, S., Suzuki, G., 2021.
Preparation of nanoscale particles of five major polymers as potential standards for
the study of nanoplastics. Small 17 (49), 2105781.

Tavakolpournegari, A., Annangi, B., Villacorta, A., Banaei, G., Martin, J., Pastor, S.,
Marcos, R., Hernandez, A., 2023. Hazard assessment of different-sized polystyrene
nanoplastics in hematopoietic human cell lines. Chemosphere 325, 138360.

Thubagere, A., Reinhard, B.r.M., 2010. Nanoparticle-induced apoptosis propagates
through hydrogen-peroxide-mediated bystander killing: insights from a human
intestinal epithelium in vitro model. ACS Nano 4 (7), 3611-3622.

Ting, C., Guangcheng, Z., Xihao, Z., 2010. Structure and properties of AN/MAA/AM
copolymer foam plastics. J. Polym. Res. 17 (2), 171-181.

Tsakana, M., Rucevska, L., 2020. Baseline report on plastic waste. Seychelles 1-61.

Uribe-Querol, E., Rosales, C., Phagocytosis, 2020. Our current understanding of a
universal biological process. Front. Immunol. 11, 1066.

Vacha, R., Martinez-Veracoechea, F.J., Frenkel, D., 2011. Receptor-mediated endocytosis
of nanoparticles of various shapes. Nano Lett. 11 (12), 5391-5395.

Van Cauwenberghe, L., Janssen, C.R., 2014. Microplastics in bivalves cultured for human
consumption. Environ. Pollut. 193, 65-70.

Van Pomeren, M., Brun, N., Peijnenburg, W., Vijver, M., 2017. Exploring uptake and
biodistribution of polystyrene (nano) particles in zebrafish embryos at different
developmental stages. Aquat. Toxicol. 190, 40-45.

Vander Heiden, M.G., Chandel, N.S., Williamson, E.K., Schumacker, P.T., Thompson, C.
B., 1997. Bcl-xL regulates the membrane potential and volume homeostasis of
mitochondria. Cell 91 (5), 627-637.

14

Environmental Pollution 329 (2023) 121668

Venancio, C., Ferreira, 1., Martins, M.A., Soares, A.M., Lopes, 1., Oliveira, M., 2019. The
effects of nanoplastics on marine plankton: a case study with
polymethylmethacrylate. Ecotoxicol. Environ. Saf. 184, 109632.

Verma, A., Stellacci, F., 2009. Effect of surface properties on nanoparticle-cell
interactions. Small 6 (1), 12-21.

Wang, J., Li, Y., Lu, L., Zheng, M., Zhang, X., Tian, H., Wang, W., Ru, S., 2019.
Polystyrene microplastics cause tissue damages, sex-specific reproductive disruption
and transgenerational effects in marine medaka (Oryzias melastigma). Environ.
Pollut. 254, 113024.

Wang, Q., Bai, J., Ning, B., Fan, L., Sun, T., Fang, Y., Wu, J., Li, S., Duan, C., Zhang, Y.,
2020. Effects of bisphenol A and nanoscale and microscale polystyrene plastic
exposure on particle uptake and toxicity in human Caco-2 cells. Chemosphere 254,
126788.

Wang, Z., An, C., Chen, X., Lee, K., Zhang, B., Feng, Q., 2021. Disposable masks release
microplastics to the aqueous environment with exacerbation by natural weathering.
J. Hazard Mater. 417, 126036.

Wang, Y., Wei, Z., Xu, K., Wang, X., Gao, X., Han, Q., Wang, S., Chen, M., 2023. The
effect and a mechanistic evaluation of polystyrene nanoplastics on a mouse model of
type 2 diabetes. Food Chem. Toxicol. 173, 113642.

Weert, S., Redondo-Hasselerharm, P.E., Diepens, N.J., Koelmans, A.A., 2019. Effects of
nanoplastics and microplastics on the growth of sediment-rooted macrophytes. Sci.
Total Environ. 654, 1040-1047.

Wei, W., Li, Y., Lee, M., Andrikopoulos, N., Lin, S., Chen, C., Leong, D., Ding, F., Song, Y.,
Ke, P., 2022. Anionic nanoplastic exposure induces endothelial leakiness. Nat.
Commun. 13, 4757.

Wu, Y., Wang, J., Zhao, T., Sun, M., Xu, M., Che, S., Pan, Z., Wu, C., Shen, L., 2023.
Polystyrene nanoplastics lead to ferroptosis in the lungs. J. Adv. Res. (in press).

Xie, X., Deng, T., Duan, J., Xie, J., Yuan, J., Chen, M., 2020. Exposure to polystyrene
microplastics causes reproductive toxicity through oxidative stress and activation of
the p38 MAPK signaling pathway. Ecotoxicol. Environ. Saf. 190, 110133.

Xiong, Y., Zhao, J., Li, L., Wang, Y., Dai, X., Yu, F., Ma, J., 2020. Interfacial interaction
between micro/nanoplastics and typical PPCPs and nanoplastics removal via
electrosorption from an aqueous solution. Water Res. 184, 116100.

Xu, G., Shi, Y., 2007. Apoptosis signaling pathways and lymphocyte homeostasis. Cell
Res. 17 (9), 759-771.

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.

Yan, M., Li, W., Chen, X., He, Y., Zhang, X., Gong, H., 2021. A preliminary study of the
association between colonization of microorganism on microplastics and intestinal
microbiota in shrimp under natural conditions. J. Hazard Mater. 408, 124882.

Yang, Y., Jiang, G., Zhang, P., Fan, J., 2015. Programmed cell death and its role in
inflammation. Mil. Med. Res. 2 (1), 1-12.

Yang, X., He, Q., Guo, F., Sun, X., Zhang, J., Chen, M., Vymazal, J., Chen, Y., 2020.
Nanoplastics disturb nitrogen removal in constructed wetlands: responses of
microbes and macrophytes. Environ. Sci. Technol. 54 (21), 14007-14016.

Yin, L., Wen, X., Huang, D., Du, C., Deng, R., Zhou, Z., Tao, J., Li, R., Zhou, W., Wang, Z.,
2021. Interactions between microplastics/nanoplastics and vascular plants. Environ.
Pollut. 290, 117999.

Yong, X., Du, K., 2023. Effects of shape on interaction dynamics of tetrahedral
nanoplastics and the cell membrane. J. Phys. Chem. B 127, 1652-1663.

Yu, F., Yang, C., Zhu, Z., Bai, X., Ma, J., 2019. Adsorption behavior of organic pollutants
and metals on micro/nanoplastics in the aquatic environment. Sci. Total Environ.
694, 133643.

Yuan, X., Zhang, X., Sun, L., Wei, Y., Wei, X., 2019. Cellular toxicity and immunological
effects of carbon-based nanomaterials. Part. Fibre Toxicol. 16 (1), 1-27.

Zeng, E.Y., 2018. Microplastic Contamination in Aquatic Environments: an Emerging
Matter of Environmental Urgency. Elsevier.

Zha, F., Shang, M., Ouyang, Z., Guo, X., 2022. The aging behaviors and release of
microplastics: a review. Gondwana Res. 108, 60-71.

Zhang, Y., Goss, G., 2021. The “Trojan Horse” effect of nanoplastics: potentiation of
polycyclic aromatic hydrocarbon uptake in rainbow trout and the mitigating effects
of natural organic matter. Environ. Sci.: Nano 8, 3685-3698.

Zhang, S., Gao, H., Bao, G., 2015. Physical principles of nanoparticle cellular
endocytosis. ACS Nano 9 (9), 8655-8671.

Zhang, N., Li, Y.B., He, H.R., Zhang, J.F., Ma, G.S., 2021a. You are what you eat:
microplastics in the feces of young men living in Beijing. Sci. Total Environ. 767,
144345.

Zhang, X., Shi, K., Liu, Y., Chen, Y., Yu, K., Wang, Y., Zhang, H., Jiang, J., 2021b. Rapid
and efficient method for assessing nanoplastics by an electromagnetic heating
pyrolysis mass spectrometry. J. Hazard Mater. 419, 126506.

Zhang, B., Chao, J., Chen, L., Liu, L., Yang, X., Wang, Q., 2021c. Research progress of
nanoplastics in freshwater. Sci. Total Environ. 757, 143791.

Zhang, W., Wang, Q., Chen, H., 2022a. Challenges in characterization of nanoplastics in
the environment, 16, 11 Front. Environ. Sci. Eng. 16, 491-500. K, B., Placing
Nanoplastics in the Context of Global Plastic Pollution. Nat. Nanotechnol. 2021.

Zhang, Y., Wang, M., Yang, L., Pan, K., Miao, A.-J., 2022b. Bioaccumulation of
differently-sized polystyrene nanoplastics by human lung and intestine cells.

J. Hazard Mater. 439, 129585.

Zhao, J., Stenzel, M.H., 2018. Entry of nanoparticles into cells: the importance of
nanoparticle properties. Polym. Chem. 9 (3), 259-272.

Zuccarello, P., Ferrante, M., Cristaldi, A., Copat, C., Grasso, A., Sangregorio, D., Fiore, M.,
Conti, G.0., 2019. Exposure to microplastics (< 10 pm) associated to plastic bottles
mineral water consumption: the first quantitative study. Water Res. 157, 365-371.


http://refhub.elsevier.com/S0269-7491(23)00670-X/sref157
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref157
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref158
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref158
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref158
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref159
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref159
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref159
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref160
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref160
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref160
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref161
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref161
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref161
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref162
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref162
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref162
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref163
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref163
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref163
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref164
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref164
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref164
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref165
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref165
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref165
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref166
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref166
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref166
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref167
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref167
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref168
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref168
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref168
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref168
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref169
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref169
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref169
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref169
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref170
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref170
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref170
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref171
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref171
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref172
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref172
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref172
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref173
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref173
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref173
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref174
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref174
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref174
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref175
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref175
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref175
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref176
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref176
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref176
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref177
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref177
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref178
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref178
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref178
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref179
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref179
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref179
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref180
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref180
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref180
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref181
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref181
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref182
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref183
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref183
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref184
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref184
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref185
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref185
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref186
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref186
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref186
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref187
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref187
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref187
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref188
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref188
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref188
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref189
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref189
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref190
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref190
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref190
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref190
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref191
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref191
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref191
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref191
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref192
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref192
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref192
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref193
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref193
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref193
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref194
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref194
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref194
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref195
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref195
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref195
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref196
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref196
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref197
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref197
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref197
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref198
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref198
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref198
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref199
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref199
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref200
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref200
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref200
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref201
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref201
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref201
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref202
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref202
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref203
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref203
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref203
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref204
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref204
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref204
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref205
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref205
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref206
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref206
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref206
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref207
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref207
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref208
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref208
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref209
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref209
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref210
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref210
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref210
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref211
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref211
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref212
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref212
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref212
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref213
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref213
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref213
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref214
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref214
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref215
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref215
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref215
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref216
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref216
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref216
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref217
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref217
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref218
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref218
http://refhub.elsevier.com/S0269-7491(23)00670-X/sref218

	Potential lifetime effects caused by cellular uptake of nanoplastics: A review
	1 Introduction
	2 Health risks of nanoplastics due to cellular uptake
	3 Factors affecting the cellular uptake of nanoplastics
	3.1 Concentration
	3.2 Size
	3.3 Shape
	3.4 Surface functionalization (surface charge)
	3.5 Other factors

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


