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Abstract: Nanoplastics, one component of plastic pollution, can enter human bodies via inhalation
and thus threaten human health. However, the knowledge about the uptake and exocytosis of
nanoplastics in cells of human lung organs is still very limited. Herein, we investigated the endocyto-
sis, distribution, and exocytosis of polystyrene nanoparticles (PS NPs) of 50 nm (G50PS) and 100 nm
(R100PS) in A549 cells and BEAS-2B cells. We found that both the cellular uptake of PS NPs increased
positively with exposure time and dose, and A549 cells ingested more PS NPs than BEAS-2B cells did.
In addition, the intracellular content of G50PS was higher than that of R100PS except at a higher dose
and longer time. The ingested PS NPs were distributed mainly in lysosomes, while many G50PS
appeared around the cell membrane, and R100PS also accumulated in mitochondria in BEAS-2B cells.
As for the exocytosis, R100PS was more difficult to excrete than G50PS. Lysosomes in A549 cells and
actin and microtubule in BEAS-2B cells were involved in the exocytosis of the PS NPs. These findings
provide detailed information about the translocation of nanoplastics in lung cells, which is valuable
for the safety assessment of nanoplastics in the environment.
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1. Introduction

A huge amount of plastic is produced every year and used in various fields. Subse-
quently, a large amount of plastic waste is generated and discarded into the environment,
and part of the plastics are degraded or decomposed into microplastics and then into
nanoplastics through natural weathering [1]. Microplastics and nanoplastics have spread
all over the world and are found in water, air, our food, and even the human body [2–5].
Due to their small size and easier transportation, the potential health effect of nanoplastics
has recently attracted extensive attention [3]. However, the detailed mechanism of the
interaction of nanoplastics and cells is not fully understood.

In plastics, polystyrene (PS) is widely used in the production of compact discs, toys,
toothbrushes, etc., because of its high transparency, good wear resistance, and easy dye-
ability [6]. In addition, due to its low cost and convenient use, PS also appears in food
packaging bags, clothing, kitchenware, auto parts, construction, etc. [7]. Most PS products
undergo an inevitable wear process and thus produce a large amount of PS nanoparticles
(PS NPs), some of which PS NPs may enter the air. For example, textiles have different
degrees of abrasion during washing [8–11], drying [10,11], and wearing [12], resulting in
PS NPs in the air [4,13,14]. Therefore, in addition to ingestion and skin contact, PS NPs also
can enter organisms via inhalation [6,15,16], notably occupational inhalation during the
production and processing of PS NPs.

When PS particles enter the human respiratory system, they first encounter airway
mucus, which eliminates large PS particles [17]. Among those not eliminated, pulmonary
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macrophages may phagocytize 1-3 µm PS particles, and the small PS particles get into
the bronchi and alveoli [18]. It was reported that NPs could travel from the lung to the
bloodstream and lymph nodes [19], but NPs of more than 50 nm could reside within the
lung for a longer time [20]. Therefore, it is important to study the interaction of PS NPs
with sizes of around 50 nm and typical cells of bronchi and alveoli.

There are already many studies on the interaction between PS NPs and human cells,
but most of these studies focus on the cytotoxicity of PS NPs [21–27]. Studies show that
PS NPs could produce reactive oxygen species [21,24,27], cause a series of inflammatory
reactions [26,28], and reduce cell viability [25,28]. PS NPs could also induce apoptosis
and inflammation of A549 cells and induce epithelial-to-mesenchymal transition in A549
cells, inferring that PS NPs could increase the risk of pulmonary fibrosis and cancer [29].
Studies also show that nano-sized PS was more cytotoxic and genotoxic to A549 cells than
micro-sized PS [29], and 25 nm PS NPs were easier to be ingested by A549 cells and showed
higher toxicity potential than 70 nm PS NPs [30]. Generally, the content and location of
NPs in cells are critical for the biological effects of NPs [31–34]. Moreover, the content of
NPs in cells not only depends on the cellular uptake but also is related to the exocytosis
of NPs [35], in which the size of NPs is a critical influencing factor [27,30]. Thus, detailed
information about the cellular uptake, distribution, and exocytosis of PS NPs is crucial for
understanding their biological effects and facilitating the safety assessment of nanoplastics,
which is still missing.

In this study, we selected PS NPs of 50 nm and 100 nm and typical lung cells of
bronchi and alveoli, i.e., human bronchial epithelial cells (BEAS-2B) and human alveolar
epithelial cells (A549), as the models to investigate the whole process of cellular uptake,
distribution, and exocytosis of nanoplastics, and thus provide an in-depth understanding
of the interaction of nanoplastics and lung cells. This information may help producers and
users assess the safety of PS nanoplastics accurately and thus guide the design, production,
and application of PS products.

2. Materials and Methods
2.1. PS NPs

Fluorescence-labeled PS NPs with a diameter of around 50 nm (green, denoted as
G50PS) and around 100 nm (red, denoted as R100PS) were purchased from Thermo Fisher
Scientific, Waltham, MA, USA). The morphology and size of the PS NPs were characterized
using TEM (HT7700, Hitachi, Tokyo, Japan). The hydrodynamic size and ζ-potential of the
PS NPs in aqueous solutions were determined using a Nano ZS90 (Malvern Instruments,
Malvern, UK). The PS NPs were suspended in water or cell culture medium (DMEM)
containing 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich, NJ, USA) at a concentration
of 40 µg/mL, and the PS NPs suspensions were kept in a humidified incubator (37 ◦C, 5%
CO2/95% air) for 0, 6, and 12 h.

The fluorescence spectra of the PS NPs were recorded using a fluorescence spectrome-
ter (F7000, Hitachi, Tokyo, Japan). We should note here, although the optimal excitation
wavelengths given in the product specification are 468 nm for G50PS and 542 nm for
R100PS, limited by the configuration of the flow cytometer, 488 nm was adopted in all the
measurements of cellular fluorescence intensity in this study. The fluorescence stability
of the PS NPs was investigated following the literature [36]. Briefly, 5 mL of 0.2 mg/mL
PS NPs dispersed in the medium containing 10% FBS was incubated in the incubator for
0, 1, 2, 4, 6, and 12 h. Next, the PS NPs suspensions were transferred to ultrafiltration
tubes (Amicon ultra-15 10K, Millipore Co., Billerica, MA, USA) and centrifuged (5000 rpm)
for 30 min. The filtrates (200 µL) were collected and their fluorescence intensities were
measured using a microplate reader (Varioskan flash, Thermo Fisher Scienticific, Waltham,
MA, USA). The fluorescence stability of PS NPs is expressed with the fluorescence leakage
of PS NPs.
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2.2. Cell Culture and Cytotoxicity Evaluation

Human bronchial epithelial cell line BEAS-2B was kindly provided by Dr. Baoxin Bai
of Shanghai East Hospital, China. Human lung carcinoma epithelial cell line A549 (ATCC,
No: CCL-185) was obtained from the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Both kinds of cells were cultured in high glucose
DMEM (4.5 g/L glucose) supplemented with 10% (v/v) FBS and 1% penicillin–streptomycin
(hereinafter called culture medium) at 37 ◦C and 5% CO2 in the incubator. Cells were
seeded into 96-well plates (8 × 103 cells per well, for the cell viability assay), 12-well plates
(5 × 104 cells per well, for the flow cytometry analysis), or dishes (d = 35 mm, 2 × 105 cells
per dish, for the confocal laser scanning microscopic (CLSM) investigation), and incubated
overnight for the following assays.

To evaluate the cytotoxicity of PS NPs, the cell counting kit-8 (CCK-8; Dojindo, Kyushu,
Japan) was used following the manufacturer’s instructions [35]. Briefly, the cells in 96 plates
were exposed to the culture medium containing the PS NPs of different concentrations for
24 h. Subsequently, the culture medium was abandoned, and the CCK-8 solution (100 µL,
containing 10% WST-8) was added. The optical density of each well was recorded at 450 nm
on a microplate reader (Varioskan Flash, Thermo Fisher Scienticific, Waltham, MA, USA)
after 1 h incubation.

2.3. Cellular Uptake of PS NPs

To study the concentration effect of PS NPs on their cellular uptake, cells were cultured
in the culture medium containing G50PS or R100PS of different concentrations for 2 h. To
study the time effect on the cellular uptake of PS NPs, cells were cultured in the culture
medium containing 20 µg/mL of G50PS or R100PS for different times (0, 1, 2, 4, 6, 12,
and 24 h). After incubation, the cells were washed with cold D-Hanks buffer three times,
detached and counted, and subsequently suspended in 300 µL of 4% paraformaldehyde
for the flow cytometry analysis (CytoFLEXs, Beckman Coulter Inc., CA, USA, Ex 488 nm).
The cell-averaged uptake of PS NPs is represented by the mean fluorescence intensity (FI)
of 10000 cells (after subtraction of the FI of the control), and the total cellular uptake of PS
NPs is calculated by multiplying the mean FI by the corresponding cell number counted.

To compare the cellular uptake capacity between G50PS and R100PS, the external
standard method [28,37] was used to calibrate the fluorescence results in cells measured
using flow cytometry. Briefly, after incubation with PS NPs (20 µg/mL) for 4 h, the cells
were washed and collected by centrifugation and then crushed using the cell lysis buffer
(P0013, Beyotime Biotechnology Co., Ltd., Shanghai, China). Standard solutions containing
different concentrations of the PS NPs were added separately to the corresponding lysates
to prepare the PS solutions containing ingested PS NPs plus 0.5 µg/mL, 1 µg/mL, or
2 µg/mL of PS NPs. Afterward, the fluorescence intensity of these solutions was measured
via an FS5 fluorescence spectrometer (Edinburgh Instruments, Edinburgh, UK) to obtain
the contents of G50PS and R100PS in cells. Further, these values were used to calibrate the
results measured by flow cytometry to obtain the FI ratio of the two PS NPs at equal mass
inside a cell.

To understand the mechanisms of the cellular uptake of PS NPs, the cellular uptake
at 4 ◦C and in the presence of various endocytosis inhibitors was measured [35]. Briefly,
cells were pre-incubated at 4 ◦C or 37 ◦C (the control) for 30 min and then incubated in
the culture medium containing PS NPs at the same temperature for 4 h. Subsequently,
the cells were collected and measured by flow cytometry as described above. In addition,
cells were pre-incubated in the culture medium containing an inhibitor for 30 min. The
inhibitors included 7 µg/mL chlorpromazine hydrochloride (CPZ) (Innochem Co., Ltd.,
Beijing, China) and 100 µM Amantadine (Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) for clathrin-mediated endocytosis, 2.5 µg/mL Filipin III (APExBIO
Technology LLC, Houston, TX, USA) and 2 mM MβCD (Sigma-Aldrich, NJ, USA) for
caveolae-mediated endocytosis, and 50 µM Amiloride (Innochem Co., Ltd., Beijing, China)
for micropinocytosis [38–40]. Next, the culture medium was discarded and the fresh culture
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medium containing the same inhibitor plus 20 µg/mL of PS NPs was added to the well.
After 4 h incubation, the culture medium was abandoned again and the cells were treated
and detected by flow cytometry, as described above.

2.4. Locations of PS NPs in Cells

Cells were incubated in the culture medium containing 20 µg/mL PS NPs for 2, 4,
12, and 24 h, and then the medium was abandoned. Subsequently, the cells treated with
G50PS were exposed to 100 nM of LysoTracker-Red DND-26 (Ex 577 nm/Em 590 nm) or
MitoTracker-Red FM (Ex 581 nm/Em 644 nm) in the D-Hanks solution for 30 min, while
the cells treated with R100PS were exposed to 100 nM of LysoTracker-Green DND-26
(Ex 504 nm/Em 511 nm)( Thermo Fisher Scienticific, Waltham, MA, USA) or 100 nM of
MitoTracker-Green FM (Ex 490 nm/Em 516 nm) (Thermo Fisher Scienticific, Waltham, MA,
USA) in the D-Hanks solution for 30 min. Finally, the cells were washed and imaged under
a CLSM (FM 1000, Olympus, Tokyo, Japan).

2.5. Exocytosis of PS NPs

Cells were incubated firstly with 20 µg/mL PS NPs for 4 h, and then the medium was
removed, and the cells were washed with the D-Hanks solution three times. Afterward, the
cells were cultured in the fresh culture medium for 0, 0.5, 1, 2, 4, and 6 h. The cell-averaged
intracellular content of PS NPs (Residue per cell, in the percentage of the initial content in
the cells) was obtained by averaging FI values of 10,000 cells, and the amount of PS NPs
released into extracellular culture medium (Exocytosis, in the percentage of the initial total
amount in all cells) was calculated by subtracting the total intracellular content at the time
of exocytosis (calculated by multiplying the mean FI by the cell number counted at the
time of exocytosis) from the initial total intracellular content (calculated by multiplying the
mean FI by the cell number counted at 0 h).

The excretion pathways of PS NPs from cells were investigated by incubating the cells
for 2 h in the presence of different exocytosis inhibitors at 37 ◦C following the procedure
reported previously [35]. In short, cells were pre-incubated with the culture medium
containing 20 µg/mL PS NPs for 4 h. Then, the cells were washed with the D-Hanks
solution three times and cultured in fresh culture medium at 4 ◦C or 37 ◦C for 2 h, or
in the culture medium containing an exocytosis inhibitor for 2 h. The inhibitors were
Brefeldin A (89 mM) (Beyotime Biotechnology Co., Ltd., Shanghai, China), Monensin
(48 mM) (Beyotime Biotechnology Co., Ltd., Shanghai, China), LY294002 (1 mM) (Beyotime
Biotechnology Co., Ltd., Shanghai, China), Vacuolin-1 (5 µM) (Selleck Chemicals LLC,
Houston, TX, USA), Bafilomycin A1 (100 nM) (Abcam Plc, Cambridge Science Park, UK),
CytoD (5 µM) (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China),
Nocodazole (15 µM) (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China), and Filipin III (15 µM) (APExBIO Technology LLC, Houston, TX, USA) [39,41,42].
Afterward, the intracellular contents of PS NPs in the cells were detected by flow cytometry,
as described above.

The exocytosis mechanism of PS NPs was further investigated through CLSM. Cells
were pre-incubated with 20 µg/mL PS NPs for 4 h. Then, the medium was removed, and
the cells were washed with the D-hanks solution three times. After that, the cells were
cultured in fresh culture medium for 0, 2, and 4 h. The medium was removed, and the cells
were incubated in the D-Hanks solution containing 100 nM of LysoTracker DND-26 (Green
for R100PS and red for G50PS) or 100 nM of MitoTracker FM (Green for R100PS and red for
G50PS) for 30 min. Finally, the cells were imaged on the CLSM.

2.6. Statistical Analysis

All means were calculated from three independent experiments, and the data are
expressed as the mean ± standard deviation. One-way analysis of variance (ANOVA) was
used to test the statistical significance of differences among the control and treated groups.
A value of p < 0.05 was considered to be statistically significant.
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3. Results
3.1. PS NP Samples

The PS NPs used in this study, G50PS and R100PS, are spherical (Figure 1a,b), and their
average sizes are 44.3 nm for G50PS (Figure 1c) and 106.7 nm for R100PS (Figure 1d). The
hydrodynamic size and ζ-potential measurements confirmed that the uniform and stable
dispersions of PS NPs were formed in ultrapure water and culture medium. As shown
in Table 1, the mean hydrated particle sizes of G50PS and R100PS in water were 40.3 nm
and 86.9 nm, respectively, and their ζ-potentials were highly negative. In culture medium,
the mean hydrodynamic sizes of G50PS and R100PS increased to 62.8 nm and 103.0 nm,
respectively, and the ζ-potential of both decreased to about –10 mV. The hydrodynamic
sizes and potentials of the PS NPs were not significantly affected by culture time in both
water and culture medium.
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Figure 1. TEM images of G50PS (a) and R100PS (b) and the corresponding particle size statistics of
G50PS (c) and R100PS (d).

Table 1. Hydrodynamic sizes and ζ-potentials of G50PS and R100PS in aqueous solutions.

Dispersing
Agent Time (h)

Size (nm) ζ-Potential (mV)

G50PS R100PS G50PS R100PS

Water
0 40.3 ± 9.0 86.9 ± 20.5 –34.1 ± 10.8 –22.2 ± 11.5
6 38.0 ± 9.4 88.7 ± 22.6 –38.7 ± 9.2 –18.7 ± 7.7
12 41.2 ± 8.3 86.7 ± 24.0 –41.2 ± 10.8 –22.8 ± 11.4

Culture
medium

0 62.8 ± 25.3 103.0 ± 26.4 –12.4 ± 4.1 –9.4 ± 5.3
6 67.7 ± 25.6 113.9 ± 20.9 –10.8 ± 3.1 –8.4 ± 7.2
12 64.6 ± 22.8 111.6 ± 19.8 –12.1 ± 2.8 –10.0 ± 3.5

Figure S1 shows the fluorescence spectra of the PS NPs excited at 488 nm. The emis-
sion peaks of G50PS and R100PS were at about 508 nm and 578 nm, respectively. The
fluorescence intensity (FI) of G50PS and R100PS increased linearly with their concentra-
tions, respectively, in both water and the culture medium (Figure S2), indicating that the
fluorescence in PS particles was uniform.

In addition, the fluorescence labeling of the PS NPs was stable. As shown in Figure S3,
the fluorescence leakage of G50PS incubated in culture medium at 37 ◦C was less than 3%
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in 6 h and 5% in 12 h. R100PS had no obvious fluorescence leakage, either, as indicated by
a leakage ratio of less than 3% in 12 h.

These results indicated that the two PS NPs were monodispersed in aqueous solutions
and had good fluorescence stability under current experimental conditions, which ensures
the reliability of subsequent cell experiments.

3.2. Cellular Uptake of PS NPs

We evaluated the cell viability of the PS NPs using the CCK-8 kits before cellular
uptake experiments. As shown in Figure S4, after 24 h exposure, BEAS-2B cells were
more susceptible to the PS NPs than A549 cells, in accordance with previous results of
multifarious nanomaterials on the two kinds of cells [43–45]. The viabilities of A549 and
BEAS-2B cells were still higher than 87% after exposure to 160 µg/mL PS NPs, indicating
that G50PS and R100PS were non-toxic under the experimental conditions. To ensure
the cellular uptake and exocytosis properties of the cells were not affected, 20 µg/mL PS
NPs (cell viability was higher than 90% after 24 h) were used in the main parts of cell
experiments.

The cellular uptake of PS NPs was quantified by flow cytometry. Figure S5 shows
that the mean fluorescence intensity (FI) in A549 and BEAS-2B cells increased with the
increase in the concentration of PS NPs, suggesting that the intracellular contents of PS
NPs correlated positively with their concentrations, which is consistent with previous
studies [22,35,46]. To compare the cellular uptake capacity between G50PS and R100PS,
the contents of the two PS NPs in BEAS-2B cells after exposure to 20 µg/mL PS NPs for
4 h were measured by the external standard method (Figure S6a). The results indicate
that 0.42 µg/mL of G50PS and 0.14 µg/mL of R100PS in culture medium were ingested
by BEAS-2B cells (Figure S6b). In other words, about 2.1% of G50PS exposed and 0.7%
of R100PS exposed were internalized by BEAS-2B cells within 4 h. Using these values
to calibrate the FIs measured by flow cytometry, the FI ratio of the two PS NPs at equal
mass inside a cell was calculated as G50PS:R100PS = 11.85 (Figure S6c). Using this ratio
and assuming that the PS NPs are standard spheres (G50PS: 44.3 nm; R100PS: 106.7 nm),
the relative mass/number of intracellular G50PS/R100PS could be calculated accordingly
(Figure 2) from the FIs measured by flow cytometry (Figure S5).

As shown in Figure 2a,c, the intracellular contents of R100PS increased more rapidly
than that of G50PS. In both kinds of cells, the mass contents of G50PS in cells were always
higher than that of R100PS except at the concentration of 160 µg/mL, where the mass
content of R100PS surpassed that of G50PS. Many studies reported that cells displayed
a higher ability to ingest particles of 50 nm than those of 100 nm [37,47]. However, our
results indicate that this phenomenon is only valid within a specific concentration range.
Figure 2b,d display the relative mass and number ratios of intracellular G50PS/R100PS
in A549 and BEAS-2B cells, respectively. The results clearly showed that the higher the
concentration of PS NPs, the lower the intracellular ratios of G50PS/R100PS. In A549 cells,
the intracellular mass/number of G50PS to R100PS decreased from 2.49/34.86 to 0.55/7.70
when the PS NPs concentration increased from 5 µg/mL to 160 µg/mL. In other words, the
uptake number of G50PS was much higher than that of G100PS at all tested concentrations.
Moreover, generally, more PS NPs were ingested by A549 cells than by BEAS-2B cells,
regardless of the size of PS. This finding is in accordance with previous studies on other
particles [43,45], yet, different results are also reported [48]. In addition, it was found that
the uptake ratio of G50PS to R100PS at lower concentrations in BEAS-2B cells was much
higher than that in A549 cells, but the gap narrowed with the increase in concentration,
and at 160 µg/mL PS NPs, the uptake mass ratio in BEAS-2B cells exceeded that in A549
cells. The A549 cell line is originated from the human alveolar epithelium and maintains
many biochemical characteristics of pneumocytes type II [49], while the BEAS-2B cell line
is originated from the human bronchial epithelium and is important in the maintenance of
mucosal integrity [50]. They come from different tissues and possess different biological
properties. In addition, BEAS-2B is a less manipulated non-tumor cell line, making it
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more vulnerable to the damage of reactive oxygen, while A549 is a transformed cancer
cell line and can secrete pulmonary surfactants [49], which may change the biochemical
environment around cells and the properties of NPs by adsorption. Therefore, the difference
between A549 cells and BEAS-2B cells may be the mixed effects of these factors. In addition,
the properties of different NPs could also be an influencing factor. For example, Reczynska
et al. found that BEAS-2B cells internalized a significantly higher amount of SiO2-coated
SPION (Superparamagnetic iron oxide NPs) than A549cells, while no significant difference
was observed between the two kinds of cells treated with unmodified SPIONs [48].

Nanomaterials 2022, 12, x FOR PEER REVIEW 7 of 18 
 

 

ceeded that in A549 cells. The A549 cell line is originated from the human alveolar epithe-

lium and maintains many biochemical characteristics of pneumocytes type II [49], while 

the BEAS-2B cell line is originated from the human bronchial epithelium and is important 

in the maintenance of mucosal integrity [50]. They come from different tissues and possess 

different biological properties. In addition, BEAS-2B is a less manipulated non-tumor cell 

line, making it more vulnerable to the damage of reactive oxygen, while A549 is a trans-

formed cancer cell line and can secrete pulmonary surfactants [49], which may change the 

biochemical environment around cells and the properties of NPs by adsorption. There-

fore, the difference between A549 cells and BEAS-2B cells may be the mixed effects of 

these factors. In addition, the properties of different NPs could also be an influencing fac-

tor. For example, Reczynska et al. found that BEAS-2B cells internalized a significantly 

higher amount of SiO2-coated SPION (Superparamagnetic iron oxide NPs) than A549cells, 

while no significant difference was observed between the two kinds of cells treated with 

unmodified SPIONs [48].   

 

Figure 2. Cellular uptake of PS NPs after cells were incubated with PS NPs of different concentra-

tions for 2 h. The uptake is represented as the relative content of PS NPs in cells (a and c) and the 

relative mass (left y-axis)/number (right y-axis) ratio (G50PS/R100PS) of PS NPs in cells (b and d). 

(a-b) A549 cells. (c-d) BEAS-2B cells. The content of R100PS in BEAS-2B cells incubated with 5 μg/mL 

R100PS was set as 1 (a and c). *P < 0.05 vs the control (n = 3). 

The uptake of the PS NPs by the two kinds of cells was not only dose-dependent but 

also time-dependent. As shown in Figures 3a, 3d, S7a, and S7d, the content of R100PS in 

both kinds of cells and that of G50PS in BEAS-2B cells displayed an increasing trend with-

out reaching saturation within 24 h, while that of G50PS in A549 reached saturation at 12 

h (Figures 3a and S7a). In addition, we found a slight decrease in the content of G50PS at 

6 h in both kinds of cells, which may be caused by cell division. Unlike our results, the 

cellular uptake of 90 nm PS in the zebrafish cell line ZF4 reached a peak within 2 h and 

then decreased [51]. The difference possibly comes from different PS NPs and cell lines.  

As for the uptake ratios of G50PS/R100PS in the two kinds of cells, both the mass and 

number ratios decreased over time; especially, there was a huge decrease in BEAS-2B cells 

Figure 2. Cellular uptake of PS NPs after cells were incubated with PS NPs of different concentrations
for 2 h. The uptake is represented as the relative content of PS NPs in cells (a,c) and the relative mass
(left y-axis)/number (right y-axis) ratio (G50PS/R100PS) of PS NPs in cells (b,d). (a,b) A549 cells.
(c,d) BEAS-2B cells. The content of R100PS in BEAS-2B cells incubated with 5 µg/mL R100PS was set
as 1 (a,c). * p < 0.05 vs. the control (n = 3).

The uptake of the PS NPs by the two kinds of cells was not only dose-dependent but
also time-dependent. As shown in Figures 3a,d, and S7a,d, the content of R100PS in both
kinds of cells and that of G50PS in BEAS-2B cells displayed an increasing trend without
reaching saturation within 24 h, while that of G50PS in A549 reached saturation at 12 h
(Figures 3a and S7a). In addition, we found a slight decrease in the content of G50PS at
6 h in both kinds of cells, which may be caused by cell division. Unlike our results, the
cellular uptake of 90 nm PS in the zebrafish cell line ZF4 reached a peak within 2 h and
then decreased [51]. The difference possibly comes from different PS NPs and cell lines.

As for the uptake ratios of G50PS/R100PS in the two kinds of cells, both the mass and
number ratios decreased over time; especially, there was a huge decrease in BEAS-2B cells
from 1 h to 2 h (Figure 3e). The decreased ratios suggest that the content increase in R100PS
in cells was more rapid than that of G50PS as time went on. For example, in A549 cells, the
mass/number content of G50PS was 2.97/41.58 times that of R100PS at 1 h; nevertheless, it
dropped to just 0.59/8.26 times that of R100PS at 24 h (Figure 3b). That is, the two kinds of
cells ingested more G50PS within a short time period but ingested more R100PS at longer
exposure time (Figure 3a,b,d,e), while the turning point was at 12 h. Thus, the conclusion
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that cells ingest more NPs at about 50 nm than NPs at about 100 nm is only valid under a
certain concentration range and exposure time. Comparing the uptake capability between
the two kinds of cells, A549 cells were still more likely to ingest PS NPs, especially G50PS,
than BEAS-2B cells, possibly because the NPs of 50 nm have the fastest wrapping time and
thus are easy to be endocytosed [47], and pulmonary surfactants secreted by A549 cells [49]
could be adsorbed onto PS NPs and thus changed the properties of the PS NPs presented.
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3.3. Endocytosis mechanism of PS NPs 
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Figure 3. Cellular uptake of PS NPs after cells were exposed to PS NPs (20 µg/mL) for different
times. The uptake is represented as the relative content of PS NPs in cells (a,d), the relative mass
(left y-axis)/number (right y-axis) ratio (G50PS/R100PS) of PS NPs in cells (b,e), and the relative
total content of intracellular PS NPs calculated by multiplying relative mean FI with cell number
(c,f). (a–c) A549 cells. (d–f) BEAS-2B cells. The content of R100PS in BEAS-2B cells incubated with
20 µg/mL R100PS for 1 h was set as 1 (a,d). * p < 0.05 compared with the control (n = 3).

Considering that cell proliferation causes a decrease in the intracellular content of
NPs, we counted the cell numbers at different time points to calibrate the total uptake of
PS NPs in cells. Because the cell number increased with time and there were no evident
differences between the cells treated with the two PS NPs (Figure S7b,e), the total uptake
of PS NPs by the two kinds of cells, including G50PS in A549 cells (reached saturation
based on cell-averaged content), increased accordingly, and did not reach the maximum at
24 h (Figure 3c,f). At the same time, the total mass and number ratios of G50PS/R100PS
remained virtually unchanged compared with the corresponding ratios based on the cell-
averaged results (Figure 3b vs. Figure S7c, Figure 3e vs. Figure S7f).

3.3. Endocytosis Mechanism of PS NPs

To reveal the detailed mechanisms of the uptake of PS NPs by cells, we selected three
classes of endocytosis inhibitors, namely two clathrin-mediated endocytosis inhibitors
(CPZ and Amantadine), two caveolae-mediated endocytosis inhibitors (Filipin III and
MβCD), and one macropinocytosis inhibitor (Amiloride) to selectively block endocytosis
pathways of the two PS NPs during the cellular uptake experiments. The inhibitors at the
test conditions were confirmed to be non-toxic (Figure S8).

Firstly, we investigated whether the internalization of the PS NPs was an energy-
dependent process or not. As shown in Figure 4, the uptake of G50PS by the cells was
partly inhibited at 4 ◦C, and that of R100PS was almost completely inhibited at 4 ◦C, in-
dicating that the uptake of R100PS required more energy than that of G50PS [52]. The
energy-independent internalization of 50 nm NPs has been reported [53,54], and such inter-
nalization is possibly due to the partition of PS NPs in the water-phospholipid system [53].
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Next, the effects of inhibitors on the cellular uptake of PS NPs were investigated.
Figure 4a shows that all three classes of inhibitors reduced the uptake of G50PS by
A549 cells; that is, the clathrin-mediated endocytosis, caveolae-mediated endocytosis,
and macropinocytosis all contributed to the uptake of G50PS by A549 cells. In addition,
MβCD showed the greatest ability to inhibit the uptake of G50PS (69% of the control),
suggesting that caveolae-mediated endocytosis played an important role in the uptake
of G50PS by A549 cells. Zhang et al. observed 70 nm PS entered A549 cells and Caco-2
cells via all three kinds of uptake pathways [16], and Ding et al. found that the caveolae-
mediated endocytosis was the main uptake pathway for 50 nm PS in GES-1 cells [55]. In
addition, clathrin-mediated endocytosis and caveolae-mediated endocytosis were also
reported to be the main uptake pathways for 50 nm NPs in different cells [53,54]. However,
R100PS behaved much differently. The inhibitors, especially MβCD, did not significantly
inhibit the uptake of R100PS by A549 cells (Figure 4a), inferring that there were other
energy-dependent endocytosis pathways, such as the clathrin- and caveolae-independent
endocytosis, which is much different from the result of Yang et al. [51]. In BEAS-2B cells, the
caveolae-mediated uptake was the main pathway for G50PS, while the clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and macropinocytosis contributed compara-
bly to the uptake of R100PS (Figure 4b).

3.4. Subcellular Localization of PS NPs

After entering cells via different pathways, the distribution of PS NPs in organelles
varied depending on the size of PS NPs, cell type, and exposure conditions. As shown in
Figure 5a,b, the fluorescence signal of G50PS in A549 increased with time. A major part
of the fluorescence of G50PS overlapped with lysosomes (Figure 5a), and a small amount
was distributed in mitochondria (Figure 5b). In addition, a certain number of G50PS were
found around the cell membrane. One possible reason is that some G50PS entered A549
cells through caveolae-mediated endocytosis, which caused G50PS to be encapsulated in
caveosomes and then delivered to endoplasmic reticulum other than lysosomes [46,56].
Additionally, some G50PS may enter A549 cells by penetrating the cell membrane through
hydrophobic interaction and Van Der Waals’ force [53], as shown by weaker inhibition
of the cellular uptake of G50PS at 4 ◦C (Figure 4a). At 24 h, some G50PS moved from
lysosomes to mitochondria. Similarly, R100PS was mainly distributed in lysosomes and a
small amount in mitochondria (Figure 5c,d); however, some R100PS left lysosomes in 24 h
(Figure 5c) and probably moved to other organelles. A study on rat basophilic leukemia
(RBL-2H3) cells reported that the internalized 50 nm PS NPs were mainly distributed in the
lysosomes, and some signals were in the cytoplasm [53]. The phenomenon that PS NPs
distributed in lysosomes can be delivered to other organelles, such as mitochondria, was
also reported previously [57].

G50PS had a similar distribution profile in BEAS-2B cells as that in A549 cells, including
distribution near the cell membrane and in lysosomes and mitochondria (Figure 6a,b),
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which were consistent with the endocytosis pathways of G50PS. In addition, some G50PS
particles also left lysosomes, and a part of them began to transfer to mitochondria at 12 h.
Interestingly, most R100PS were found in mitochondria and some in lysosomes in BEAS-2B
cells within 4 h, and a part in mitochondria moved to lysosomes after 12 h (Figure 6c,d).
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Figure 5. CLSM images of the subcellular location of PS NPs (20 µg/mL) in A549 cells after exposure
to G50PS (green color) or R100PS (red color) for different times. Lysosomes and mitochondria are
labeled red (a,b) or green (c,d). The scales represent 10 µm.
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3.5. Exocytosis of PS NPs

After the cells had been exposed to the PS NPs for 4 h, the exocytosis of PS NPs was
investigated in fresh medium. The results in Figure 7 show that the content of PS NPs in
A549 cells decreased significantly in the first 1 h, followed by a slow decrease. One hour
after excretion, the contents of G50PS and R100PS in A549 cells were close to 47% and
84% of the controls, respectively; the contents of G50PS and R100PS almost reached the
minimum at 6 h, with values of 41% and 80%, respectively (Figure 7a). To eliminate the
effect of cell division on the contents of PS NPs in cells, we counted the cells at different test
points (Figure S9a) to calculate the total amount of PS NPs excreted outside cells. As shown
in Figure 7b, the real external displacement of G50PS basically reached the maximum after
1 h, where about 53% of intracellular G50PS was discharged into culture medium. However,
there was no significant exocytosis of R100PS within 6 h (Figure 7b), indicating R100 PS
was difficult to be expelled from A549 cells. The higher content of G100PS at a longer time
and the persistence of R100PS in cells suggest long-term damage to cells.

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 18 
 

 

 

Figure 7. Exocytosis of PS NPs from cells after incubation with 20 μg/mL G50PS and R100PS for 4 h 

(n = 3). (a and c) Remaining contents of PS NPs in A549 cells (a) and BEAS-2B cells (c), as represented 

with the mean FI (% of control). (b and d) Exocytosis of PS NPs in A549 cells (b) and BEAS-2B cells 

(d). 

3.6. Exocytosis pathway of PS NPs 

Again, we used low-temperature treatment and exocytosis inhibitors to reveal the 

exocytosis mechanisms of the PS NPs. As shown in Figure 8a, the exocytosis of G50PS was 

inhibited at 4 °C, indicating that the exocytosis of G50PS in A549 cells was energy-depend-

ent. Additionally, Bafilomycin A1 and LY294002 significantly inhibited the discharge of 

G50PS from A549, inferring that lysosomes play an important role in the exocytosis pro-

cess. For R100PS particles, only LY294002 significantly inhibited their efflux in A549 cells; 

that is, the lysosome pathway is also important for the exocytosis of R100PS, although 

only a small amount of R100PS could be exocytosed in A549 cells. However, both noco-

dazole and Cyto D had no inhibitory effect, suggesting that the exocytosis was independ-

ent of tubulin and actin. Clearly, the exocytosis of the PS NPs in A549 cells strongly de-

pended on lysosomes but not tubulin and actin. In contrast, nocodazole and Cyto D had 

a vital inhibitory effect on the excretion of the PS NPs in BEAS-2B cells, suggesting that 

the efflux was highly dependent on tubulin and actin (Figure 8b). Moreover, the exocyto-

sis of G50PS in BEAS-2B cells was almost completely inhibited at 4 °C (Figure 8b), indi-

cating that the efflux was heavily energy-dependent. Bafilomycin A1 also slightly inhib-

ited the efflux of G50PS, indicating lysosomes were involved in the exocytosis. It should 

be noted here that the exocytosis of R100PS in both kinds of cells was very small, and thus 

the exocytosis mechanism was difficult to investigate by using the inhibition methods. 

Figure 7. Exocytosis of PS NPs from cells after incubation with 20 µg/mL G50PS and R100PS for 4 h
(n = 3). (a,c) Remaining contents of PS NPs in A549 cells (a) and BEAS-2B cells (c), as represented
with the mean FI (% of control). (b,d) Exocytosis of PS NPs in A549 cells (b) and BEAS-2B cells (d).

The PS NPs in BEAS-2B cells showed a few different exocytosis characteristics. Both
G50PS and R100PS also displayed the fastest discharge in the first 1 h and reached the
maximum, where the contents of G50PS and R100PS were about 40% and 70% of the
controls, respectively (Figure 7c). Surprisingly, the intracellular G50PS had an obvious
change at 4 h, but there is no good explanation at present. After calibration with cell
numbers (Figure S9b), it was found that about 53% of G50PS and 23% of R100PS were
exocytosed from BEAS-2B cells within 6 h (Figure 7d). In both kinds of cells, the excretion
was very fast within the first 1 h, followed by a slow process, and G50PS was easier to be
excreted than R100PS, which is consistent with the results of other NPs [53,58].
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3.6. Exocytosis Pathway of PS NPs

Again, we used low-temperature treatment and exocytosis inhibitors to reveal the exo-
cytosis mechanisms of the PS NPs. As shown in Figure 8a, the exocytosis of G50PS was in-
hibited at 4 ◦C, indicating that the exocytosis of G50PS in A549 cells was energy-dependent.
Additionally, Bafilomycin A1 and LY294002 significantly inhibited the discharge of G50PS
from A549, inferring that lysosomes play an important role in the exocytosis process. For
R100PS particles, only LY294002 significantly inhibited their efflux in A549 cells; that is,
the lysosome pathway is also important for the exocytosis of R100PS, although only a
small amount of R100PS could be exocytosed in A549 cells. However, both nocodazole
and Cyto D had no inhibitory effect, suggesting that the exocytosis was independent of
tubulin and actin. Clearly, the exocytosis of the PS NPs in A549 cells strongly depended
on lysosomes but not tubulin and actin. In contrast, nocodazole and Cyto D had a vital
inhibitory effect on the excretion of the PS NPs in BEAS-2B cells, suggesting that the efflux
was highly dependent on tubulin and actin (Figure 8b). Moreover, the exocytosis of G50PS
in BEAS-2B cells was almost completely inhibited at 4 ◦C (Figure 8b), indicating that the
efflux was heavily energy-dependent. Bafilomycin A1 also slightly inhibited the efflux of
G50PS, indicating lysosomes were involved in the exocytosis. It should be noted here that
the exocytosis of R100PS in both kinds of cells was very small, and thus the exocytosis
mechanism was difficult to investigate by using the inhibition methods.
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Figure 8. Exocytosis pathways of PS NPs in A549 cells (a) and BEAS-2B cells (b). Cells were
incubated with 20 µg/mL PS NPs for 4 h, and then the cells were cultured in fresh medium at 4 ◦C or
with/without exocytosis inhibitors for 2 h. The cells cultured in the fresh medium without exocytosis
inhibitors were set as the control (100%). * p < 0.05 compared with the control (n = 3).

Furthermore, using CLSM, we observed that some G50PS in A549 cells left the lyso-
somes at 4 h (Figure 9a). However, no changes were observed in mitochondria (Figure 9b),
possibly because of the low content of G50PS in mitochondria. The content of R100PS
in both lysosomes and mitochondria did not change significantly (Figure 9c,d). Differ-
ent from A549 cells, a significant decrease in G50PS in BEAS-2B cells over time was ob-
served (Figure 10a), while there was no increased accumulation in mitochondria over time
(Figure 10b), suggesting the exocytosis of G50PS via the lysosome pathway. As for R100PS,
its contents in both lysosomes and mitochondria decreased, suggesting their translocation
in cells and possible weak exocytosis (Figure 10c,d).
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Figure 9. CLSM images of PS NPs in lysosomes (a,c) and mitochondrion (b,d) during exocytosis in
A549 cells. Cells were pre-incubated with 20 µg/mL G50PS (a,b) and R100PS (c,d) for 4 h and then
incubated in fresh culture medium for 0, 2, and 4 h. The scales represent 10 µm.
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Figure 10. CLSM images of PS NPs in lysosomes (a,c) and mitochondrion (b,d) during exocytosis in
BEAS-2B cells. Cells were pre-incubated with 20 µg/mL G50PS (a,b) and R100PS (c,d) for 4 h and
then incubated in fresh culture medium for 0, 2, and 4 h. The scales represent 10 µm.
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4. Conclusions

Our study demonstrated that PS NPs were internalized by human lung cells in a time-,
dose-, particle size-, and cell type-dependent manner. The longer the incubation time and
the higher the dose, the higher the cellular uptake of PS NPs. Moreover, A549 cells ingested
more PS NPs than BEAS-2B cells did. Generally, the uptake of G50PS by human lung cells
was easier than that of R100PS, but this observation was only valid under a certain time and
concentration range. At higher concentrations and longer times, both kinds of lung cells
could internalize more R100PS than G50PS based on mass. The internalization pathways of
the PS NPs by the two kinds of cells varied dramatically. Lysosome was the main organelle
for the two PS NPs in cells, while mitochondrion was an important organelle for R100PS in
BEAS-2B cells, and some G50PS NPs were distributed around the cell membrane in both
kinds of cells. It was found that the larger PS NPs were more difficult to excrete from the
lung cells than the smaller ones. There was no obvious excretion of R100PS from A549
cells, while about 50% of the ingested G50PS was expelled within 6 h. The efflux of G50PS
in A549 cells depended on lysosomes, and that in BEAS-2B cells depended on actin and
microtubule. These findings deepen the acquaintance of the interaction of PS NPs with
cells, which might help to evaluate the impact of nanoplastics pollution on human health.
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each exocytosis inhibitor for 4 h.

Author Contributions: Conceptualization, A.C. and H.W. (Haifang Wang); Formal analysis, Y.-Y.L.,
J.L. and H.W. (Haifang Wang); Funding acquisition, A.C. and H.W. (Haifang Wang); Investigation,
Y.-Y.L. and J.L.; Methodology, Y.-Y.L. and J.L.; Supervision, A.C. and H.W. (Haifang Wang); Validation,
H.W. (Hao Wu), Q.Z., X.-R.T., D.L., and C.-S.L.; Visualization, Y.L. and J.L.; Writing—original draft,
Y.-Y.L., J.L. and H.W. (Haifang Wang); Writing—review and editing, Y.-Y.L., J.L., H.W. (Hao Wu), Q.Z.,
X.-R.T., D.L., C.-S.L., Y.-Y.L., A.C. and H.W. (Haifang Wang) All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Nos.
32071404 and 22071145) and the National Key Research and Development Program of China (No.
2016YFA0201602).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gigault, J.; ter Halle, A.; Baudrimont, M.; Pascal, P.Y.; Gauffre, F.; Phi, T.L.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion:

What is a nanoplastic? Environ. Pollut. 2018, 235, 1030–1034. [CrossRef] [PubMed]
2. Auta, H.S.; Emenike, C.U.; Fauziah, S.H. Distribution and importance of microplastics in the marine environment: A review of

the sources, fate, effects, and potential solutions. Environ Int. 2017, 102, 165–176. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nano13010084/s1
https://www.mdpi.com/article/10.3390/nano13010084/s1
http://doi.org/10.1016/j.envpol.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29370948
http://doi.org/10.1016/j.envint.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28284818


Nanomaterials 2023, 13, 84 15 of 17

3. Brito, W.A.D.; Mutter, F.; Wende, K.; Cecchini, A.L.; Schmidt, A.; Bekeschus, S. Consequences of nano and microplastic exposure
in rodent models: The known and unknown. Part. Fibre Toxicol. 2022, 19, 28. [CrossRef] [PubMed]

4. Kawecki, D.; Nowack, B. Polymer-specific modeling of the environmental emissions of even commodity plastics as macro-and
microplastics. Environ. Sci. Technol. 2019, 53, 9664–9676. [CrossRef] [PubMed]

5. Leslie, H.A.; van Velzen, M.J.M.; Brandsma, S.H.; Vethaak, A.D.; Garcia-Vallejo, J.J.; Lamoree, M.H. Discovery and quantification
of plastic particle pollution in human blood. Environ. Int. 2022, 163, 107199. [CrossRef]

6. Kik, K.; Bukowska, B.; Sicinska, P. Polystyrene nanoparticles: Sources, occurrence in the environment, distribution in tissues,
accumulation and toxicity to various organisms. Environ. Pollut. 2020, 262, 114297. [CrossRef]

7. Rhodes, C.J. Plastic pollution and potential solutions. Sci. Prog. 2018, 101, 207–260. [CrossRef]
8. De Falco, F.; Gullo, M.P.; Gentile, G.; Di Pace, E.; Cocca, M.; Gelabert, L.; Brouta-Agnesa, M.; Rovira, A.; Escudero, R.; Villalba,

R.; et al. Evaluation of microplastic release caused by textile washing processes of synthetic fabrics. Environ. Pollut. 2018, 236,
916–925. [CrossRef]

9. Hernandez, E.; Nowack, B.; Mitrano, D.M. Polyester textiles as a source of microplastics from households: A mechanistic study to
understand microfiber release during washing. Environ. Sci. Technol. 2017, 51, 7036–7046. [CrossRef]

10. Pirc, U.; Vidmar, M.; Mozer, A.; Krzan, A. Emissions of microplastic fibers from microfiber fleece during domestic washing.
Environ. Sci. Pollut. Res. 2016, 23, 22206. [CrossRef]

11. Yang, T.; Luo, J.L.; Nowack, B. Characterization of nanoplastics, fibrils, and microplastics released during washing and abrasion
of polyester textiles. Environ. Sci. Technol. 2021, 55, 15873–15881. [CrossRef]

12. Yoon, Y.H.; Brimblecombe, P. Clothing as a Source of Fibres within Museums. J. Cult. Herit. 2000, 1, 445–454. [CrossRef]
13. Allen, S.; Allen, D.; Phoenix, V.R.; Le-Roux, G.; Jimenez, P.D.; Simonneau, A.; Binet, S.; Galop, D. Atmospheric transport and

deposition of microplastics in a remote mountain catchment. Nat. Geosci. 2019, 12, 339–344. [CrossRef]
14. Cai, L.Q.; Wang, J.D.; Peng, J.P.; Tan, Z.; Zhan, Z.W.; Tan, X.L.; Chen, Q.Q. Characteristic of microplastics in the atmospheric

fallout from Dongguan city, China: Preliminary research and first evidence. Environ. Sci. Pollut. Res. 2017, 24, 24928–24935.
[CrossRef]

15. Vianello, A.; Jensen, R.L.; Liu, L.; Vollertsen, J. Simulating human exposure to indoor airborne microplastics using a breathing
thermal manikin. Sci. Rep. 2019, 9, 8670. [CrossRef]

16. Zhang, Y.X.; Wang, M.; Yang, L.Y.; Pan, K.; Miao, A.J. Bioaccumulation of differently-sized polystyrene nanoplastics by human
lung and intestine cells. J. Hazard. Mater. 2022, 439, 129585. [CrossRef]

17. Wang, Z.Y.; Liu, Z.F.; Mei, J.; Xu, S.S.; Liu, Y. The next generation therapy for lung cancer: Taking medicine by inhalation.
Nanotechnology 2021, 32, 392002. [CrossRef]

18. Yue, P.F.; Zhou, W.C.; Huang, G.T.; Lei, F.F.; Chen, Y.C.; Ma, Z.L.; Chen, L.R.; Yang, M. Nanocrystals based pulmonary inhalation
delivery system: Advance and challenge. Drug Deliv. 2022, 29, 637–651. [CrossRef]

19. Choi, H.S.; Ashitate, Y.; Lee, J.H.; Kim, S.H.; Matsui, A.; Insin, N.; Bawendi, M.G.; Semmler-Behnke, M.; Frangioni, J.V.; Tsuda, A.
Rapid translocation of nanoparticles from the lung airspaces to the body. Nat. Biotechnol. 2010, 28, 1300–1303. [CrossRef]

20. Liu, Y.; Crowe, W.N.; Wang, L.L.; Lu, Y.; Petty, W.J.; Habib, A.A.; Zhao, D.W. An inhalable nanoparticulate STING agonist
synergizes with radiotherapy to confer long-term control of lung metastases. Nat. Commum. 2019, 10, 5108. [CrossRef]

21. Florance, I.; Ramasubbu, S.; Mukherjee, A.; Chandrasekaran, N. Polystyrene nanoplastics dysregulate lipid metabolism in murine
macrophages in vitro. Toxicology 2021, 458, 152850. [CrossRef] [PubMed]

22. Kim, E.H.; Choi, S.; Kim, D.; Park, H.J.; Bian, Y.; Choi, S.H.; Chung, H.Y.; Bae, O.N. Amine-modified nanoplastics promote
the procoagulant activation of isolated human red blood cells and thrombus formation in rats. Part. Fibre Toxicol. 2022, 19, 60.
[CrossRef] [PubMed]

23. Liu, A.Q.; Richards, L.; Bladen, C.L.; Ingham, E.; Fisher, J.; Tipper, J.L. The biological response to nanometre-sized polymer
particles. Acta Biomater. 2015, 23, 38–51. [CrossRef] [PubMed]

24. Sarma, D.K.; Dubey, R.; Samarth, R.M.; Shubham, S.; Chowdhury, P.; Kumawat, M.; Verma, V.; Tiwari, R.R.; Kumar, M. The
biological effects of polystyrene nanoplastics on human peripheral blood lymphocytes. Nanomaterials 2022, 12, 1632. [CrossRef]
[PubMed]

25. Shi, X.R.; Wang, X.A.; Huang, R.; Tang, C.; Hu, C.; Ning, P.B.; Wang, F. Cytotoxicity and genotoxicity of polystyrene micro- and
nanoplastics with different dize and surface modification in A549 cells. Int. J. Nanomed. 2022, 17, 4509–4523. [CrossRef]

26. Weber, A.; Schwiebs, A.; Solhaug, H.; Stenvik, J.; Nilsen, A.M.; Wagner, M.; Relja, B.; Radeke, H.H. Nanoplastics affect the
inflammatory cytokine release by primary human monocytes and dendritic cells. Environ. Int. 2022, 163, 107173. [CrossRef]

27. Zhang, T.Y.; Yang, S.; Ge, Y.L.; Wan, X.; Zhu, Y.X.; Li, J.; Yin, L.H.; Pu, Y.P.; Liang, G.Y. Polystyrene nanoplastics induce lung injury
via activating oxidative stress: Molecular insights from bioinformatics analysis. Nanomaterials 2022, 12, 3507. [CrossRef]

28. Forte, M.; Iachetta, G.; Tussellino, M.; Carotenuto, R.; Prisco, M.; De Falco, M.; Laforgia, V.; Valiante, S. Polystyrene nanoparticles
internalization in human gastric adenocarcinoma cells. Toxicol. Vitr. 2016, 31, 126–136. [CrossRef]

29. Halimu, G.; Zhang, Q.R.; Liu, L.; Zhang, Z.C.; Wang, X.J.; Gu, W.; Zhang, B.W.; Dai, Y.M.; Zhang, H.W.; Zhang, C.G.; et al. Toxic
effects of nanoplastics with different sizes and surface charges on epithelial-to-mesenchymal transition in A549 cells and the
potential toxicological mechanism. J. Hazard. Mater. 2022, 430, 128485. [CrossRef]

30. Xu, M.K.; Halimu, G.; Zhang, Q.R.; Song, Y.B.; Fu, X.H.; Li, Y.Q.; Li, Y.S.; Zhang, H.W. Internalization and toxicity: A preliminary
study of effects of nanoplastic particles on human lung epithelial cell. Sci. Total Environ. 2019, 694, 133794. [CrossRef]

http://doi.org/10.1186/s12989-022-00473-y
http://www.ncbi.nlm.nih.gov/pubmed/35449034
http://doi.org/10.1021/acs.est.9b02900
http://www.ncbi.nlm.nih.gov/pubmed/31287667
http://doi.org/10.1016/j.envint.2022.107199
http://doi.org/10.1016/j.envpol.2020.114297
http://doi.org/10.3184/003685018X15294876706211
http://doi.org/10.1016/j.envpol.2017.10.057
http://doi.org/10.1021/acs.est.7b01750
http://doi.org/10.1007/s11356-016-7703-0
http://doi.org/10.1021/acs.est.1c04826
http://doi.org/10.1016/S1296-2074(00)01099-2
http://doi.org/10.1038/s41561-019-0335-5
http://doi.org/10.1007/s11356-017-0116-x
http://doi.org/10.1038/s41598-019-45054-w
http://doi.org/10.1016/j.jhazmat.2022.129585
http://doi.org/10.1088/1361-6528/ac0e68
http://doi.org/10.1080/10717544.2022.2039809
http://doi.org/10.1038/nbt.1696
http://doi.org/10.1038/s41467-019-13094-5
http://doi.org/10.1016/j.tox.2021.152850
http://www.ncbi.nlm.nih.gov/pubmed/34217793
http://doi.org/10.1186/s12989-022-00500-y
http://www.ncbi.nlm.nih.gov/pubmed/36104730
http://doi.org/10.1016/j.actbio.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26004221
http://doi.org/10.3390/nano12101632
http://www.ncbi.nlm.nih.gov/pubmed/35630854
http://doi.org/10.2147/IJN.S381776
http://doi.org/10.1016/j.envint.2022.107173
http://doi.org/10.3390/nano12193507
http://doi.org/10.1016/j.tiv.2015.11.006
http://doi.org/10.1016/j.jhazmat.2022.128485
http://doi.org/10.1016/j.scitotenv.2019.133794


Nanomaterials 2023, 13, 84 16 of 17

31. Asati, A.; Santra, S.; Kaittanis, C.; Perez, J.M. Surface-charge-dependent cell localization and cytotoxicity of cerium oxide
nanoparticles. ACS Nano 2010, 4, 5321–5331. [CrossRef]

32. Carrillo-Carrion, C.; Bocanegra, A.I.; Arnaiz, B.; Feliu, N.; Zhu, D.C.; Parak, W.J. Triple-labeling of polymer-coated quantum dots
and adsorbed proteins for tracing their fate in cell cultures. ACS Nano 2019, 13, 4631–4639. [CrossRef]

33. Mahadevan, G.; Valiyaveettil, S. Comparison of genotoxicity and cytotoxicity of polyvinyl chloride and poly(methyl methacrylate)
nanoparticles on normal human lung cell lines. Chem. Res. Toxicol. 2021, 34, 1468–1480. [CrossRef]

34. Xi, W.S.; Song, Z.M.; Chen, Z.; Chen, N.; Yan, G.H.; Gao, Y.F.; Cao, A.N.; Liu, Y.F.; Wang, H.F. Short-term and long-term
toxicological effects of vanadium dioxide nanoparticles on A549 cells. Environ. Sci. Nano 2019, 6, 565. [CrossRef]

35. Liu, Y.Y.; Chang, Q.; Sun, Z.X.; Liu, J.; Deng, X.Y.; Liu, Y.F.; Cao, A.N.; Wang, H.F. Fate of CdSe/ZnS quantum dots in cells:
Endocytosis, translocation and exocytosis. Colloids Surf. B 2021, 208, 112140. [CrossRef]

36. Li, L.; Xi, W.S.; Su, Q.Q.; Li, Y.; Yan, G.H.; Liu, Y.F.; Wang, H.F.; Cao, A.N. Unexpected size effect: The interplay between different-
sized nanoparticles in their cellular uptake. Small 2019, 15, 1901687. [CrossRef]

37. Gurnani, P.; Sanchez-Cano, C.; Xandri-Monje, H.; Zhang, J.L.; Ellacott, S.H.; Mansfield, E.D.H.; Hartlieb, M.; Dallmann, R.; Perrier,
S. Probing the effect of rigidity on the cellular uptake of core-shell nanoparticles: Stiffness effects are size dependent. Small 2022,
18, 2203070. [CrossRef]

38. Boucrot, E.; Ferreira, A.P.A.; Almeida-Souza, L.; Debard, S.; Vallis, Y.; Howard, G.; Bertot, L.; Sauvonnet, N.; McMahon, H.T.
Endophilin marks and controls a clathrin-independent endocytic pathway. Nature 2015, 517, 460–465. [CrossRef]

39. Zhang, Z.; Wang, T.; Yang, R.; Fu, S.; Guan, L.; Hou, T.; Mu, W.; Pang, X.; Liang, S.; Liu, Y.; et al. Small morph nanoparticles for
deep tumor penetration via caveolae-mediated transcytosis. ACS Appl. Mater. Interfaces 2020, 12, 38499–38511. [CrossRef]

40. Wang, T.; Wang, L.; Li, X.; Hu, X.; Han, Y.; Luo, Y.; Wan, Z.; Li, Q.; Aldalbahi, A.; Wang, L.; et al. Size-dependent regulation of
intracellular trafficking of polystyrene nanoparticle-based drug-delivery Systems. ACS Appl. Mater. Interfaces 2017, 9, 18619–18625.
[CrossRef]

41. Yanes, R.E.; Tarn, D.; Hwang, A.A.; Ferris, D.P.; Sherman, S.P.; Thomas, C.R.; Lu, J.; Pyle, A.D.; Zink, J.I.; Tamanoi, F. Involvement
of lysosomal exocytosis in the excretion of mesoporous silica nanoparticles and enhancement of the drug delivery effect by
exocytosis inhibition. Small 2013, 9, 697–704. [CrossRef] [PubMed]

42. Chai, G.H.; Xu, Y.; Chen, S.Q.; Cheng, B.; Hu, F.Q.; You, J.; Du, Y.Z.; Yuan, H. Transport mechanisms of solid lipid nanoparticles
across Caco-2 cell monolayers and their related cytotoxicology. ACS Appl. Mater. Interfaces 2016, 8, 5929–5940. [CrossRef]
[PubMed]

43. Ursini, C.L.; Cavallo, D.; Fresegna, A.M.; Ciervo, A.; Maiello, R.; Buresti, G.; Casciardi, S.; Bellucci, S.; Iavicoli, S. Differences
in cytotoxic, genotoxic, and inflammatory response of bronchial and alveolar human lung epithelial cells to pristine and
COOH-functionalized multiwalled carbon nanotubes. BioMed Res. Int. 2014, 2014, 359506. [CrossRef] [PubMed]

44. Ursini, C.L.; Maiello, R.; Ciervo, A.; Fresegna, A.M.; Buresti, G.; Superti, F.; Marchetti, M.; Iavicoli, S.; Cavallo, D. Evaluation
of uptake, cytotoxicity and inflammatory effects in respiratory cells exposed to pristine and -OH and -COOH functionalized
multi-wall carbon nanotubes. J. Appl. Toxicol. 2016, 36, 394–403. [CrossRef] [PubMed]

45. Xi, W.S.; Li, J.B.; Liu, Y.Y.; Wu, H.; Cao, A.N.; Wang, H.F. Cytotoxicity and genotoxicity of low-dose vanadium dioxide
nanoparticles to lung cells following long-term exposure. Toxicology 2021, 459, 152859. [CrossRef]

46. Liu, Y.Y.; Sun, Z.X.; Liu, J.; Zhang, Q.Q.; Liu, Y.F.; Cao, A.N.; Sun, Y.P.; Wang, H.F. On the cellular uptake and exocytosis of carbon
dots-significant cell type dependence and effects of cell division. ACS Appl. Bio Mater. 2022, 5, 4378–4389. [CrossRef]

47. Zhao, J.C.; Stenzel, M.H. Entry of nanoparticles into cells: The importance of nanoparticle properties. Polym. Chem. 2018, 9,
259–272. [CrossRef]

48. Reczynska, K.; Marszalek, M.; Zarzycki, A.; Reczynski, W.; Kornaus, K.; Pamula, E.; Chrzanowski, W. Superparamagnetic
iron oxide nanoparticles modified with silica layers as potential agents for lung cancer treatment. Nanomaterials 2020, 10, 1076.
[CrossRef]

49. Lieber, M.; Smith, B.; Szakal, A.; Nelson-Rees, W.; Todaro, G. A continuous tumor-cell line from a human lung carcinoma with
properties of type II alveolar epithelial cells. Int. J. Cancer 1976, 17, 62–70. [CrossRef]

50. Takizawa, H. Diesel exhaust particles and their effect on induced cytokine expression in human bronchial epithelial cells. Curr.
Opin. Allergy Clin. Immunol. 2004, 4, 355–359. [CrossRef]

51. Yang, M.; Wang, W.X. Recognition and movement of polystyrene nanoplastics in fish cells. Environ. Pollut. 2022, 316, 120627.
[CrossRef]

52. Chaudhuri, A.; Battaglia, G.; Golestanian, R. The effect of interactions on the cellular uptake of nanoparticles. Phys. Biol. 2011, 8,
046002. [CrossRef]

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

54. Zhu, J.; Liao, L.; Zhu, L.N.; Zhang, P.; Guo, K.; Kong, J.L.; Ji, C.; Liu, B.H. Size-dependent cellular uptake efficiency, mechanism,
and cytotoxicity of silica nanoparticles toward HeLa cells. Talanta 2013, 107, 408–415. [CrossRef]

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

56. Sahay, G.; Alakhova, D.Y.; Kabanov, A.V. Endocytosis of nanomedicines. J. Control. Release 2010, 145, 182–195. [CrossRef]

http://doi.org/10.1021/nn100816s
http://doi.org/10.1021/acsnano.9b00728
http://doi.org/10.1021/acs.chemrestox.0c00391
http://doi.org/10.1039/C8EN00959G
http://doi.org/10.1016/j.colsurfb.2021.112140
http://doi.org/10.1002/smll.201901687
http://doi.org/10.1002/smll.202203070
http://doi.org/10.1038/nature14067
http://doi.org/10.1021/acsami.0c06872
http://doi.org/10.1021/acsami.7b05383
http://doi.org/10.1002/smll.201201811
http://www.ncbi.nlm.nih.gov/pubmed/23152124
http://doi.org/10.1021/acsami.6b00821
http://www.ncbi.nlm.nih.gov/pubmed/26860241
http://doi.org/10.1155/2014/359506
http://www.ncbi.nlm.nih.gov/pubmed/25147797
http://doi.org/10.1002/jat.3228
http://www.ncbi.nlm.nih.gov/pubmed/26370214
http://doi.org/10.1016/j.tox.2021.152859
http://doi.org/10.1021/acsabm.2c00542
http://doi.org/10.1039/C7PY01603D
http://doi.org/10.3390/nano10061076
http://doi.org/10.1002/ijc.2910170110
http://doi.org/10.1097/00130832-200410000-00005
http://doi.org/10.1016/j.envpol.2022.120627
http://doi.org/10.1088/1478-3975/8/4/046002
http://doi.org/10.1016/j.scitotenv.2021.146523
http://doi.org/10.1016/j.talanta.2013.01.037
http://doi.org/10.1016/j.envpol.2021.116974
http://doi.org/10.1016/j.jconrel.2010.01.036


Nanomaterials 2023, 13, 84 17 of 17

57. Banerjee, A.; Shelver, W.L. Micro- and nanoplastic induced cellular toxicity in mammals: A review. Sci. Total Environ. 2020, 755,
142518. [CrossRef]

58. Jin, H.; Heller, D.A.; Sharma, R.; Strano, M.S. Size-dependent cellular uptake and expulsion of single-walled carbon nanotubes:
Single particle tracking and a generic uptake model for nanoparticles. ACS Nano 2009, 3, 149–158. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.scitotenv.2020.142518
http://doi.org/10.1021/nn800532m

	Introduction 
	Materials and Methods 
	PS NPs 
	Cell Culture and Cytotoxicity Evaluation 
	Cellular Uptake of PS NPs 
	Locations of PS NPs in Cells 
	Exocytosis of PS NPs 
	Statistical Analysis 

	Results 
	PS NP Samples 
	Cellular Uptake of PS NPs 
	Endocytosis Mechanism of PS NPs 
	Subcellular Localization of PS NPs 
	Exocytosis of PS NPs 
	Exocytosis Pathway of PS NPs 

	Conclusions 
	References

