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Microplastics, ubiquitous in the human body, often undergo an aging process due to long-term exposure to in-
door and outdoor environmental conditions. While recent attention has focused on the impact of microplastics on
cancer proliferation and metastasis in mouse cancer models, the specific properties of microplastics that influ-
ence cancer growth remain poorly understood. In this study, we compared and analyzed cancer cell proliferation
based on the characteristics of aged polypropylene microplastics (PP MPs). Our findings reveal that aging

microplastics not only increased and expedited cancer cell proliferation but also induced tumorigenic behavior in
immune cells. Furthermore, microplastics exposed to the environment for extended periods were found to
contribute to cancer metastasis. We propose that microplastics with prolonged environmental exposure can have
significant adverse effects on patients with cancer, affecting both cancer and immune cells.

1. Introduction

Cancer patients typically spend their days either resting in a hospital
ward or undergoing long-term surgery in the operating room, spanning
from a few months to several years of treatment. A preliminary study
indicated that there were approximately 1,924 + 3,105 m~2 day ' of
microplastics in the operating room. The dominant types of micro-
plastics in the operating room are the fragment shapes of polyethylene
terephthalate (PET) and polypropylene (PP) [1]. In addition, the quan-
tity of microplastics notably increases during surgery. Furthermore, a
comparison of exposure levels between indoor and outdoor micro-
plastics revealed that indoor environments harbor approximately 10
times more microplastics than outdoor settings. Consequently, cancer
patients undergoing prolonged hospital stays, whether indoors or out-
doors, are predicted to experience a more pronounced microplastic
exposure than healthy individuals.

Microplastics pose a global concern not only for the environment but
also for human health. Among the various diseases that microplastics
can induce in the human body, cancer stands out as one of the most fatal.

* Corresponding author.

Interestingly, recent studies have highlighted the impact of micro-
plastics can on the prognosis of cancer patients. For instance, PP
microplastics have been implicated in the promotion of breast cancer
metastasis [2]. Furthermore, polystyrene (PS) nanoplastics have been
demonstrated to induce proliferation and metastasis in gastric cancer, as
well as contribute to drug resistance in chemotherapy and immuno-
therapy [3]. In addition, polyethylene (PE) microplastics have been
found to induce the proliferation of skin cancer cells, while having no
effect on normal skin [4]. In conclusion, it is evident from both in vitro
and in vivo studies that the influence of microplastics on cancer cells is
significant.

Internalization of microplastics into the human body primarily oc-
curs through ingestion and inhalation. Microplastics exposed to the body
through ingestion can be readily excreted through urine, potentially
resulting in fewer side effects [5]. However, microplastics that enter the
lungs through inhalation are challenging to excrete from the body.
Despite this challenge, minimal research has been conducted on the
impact of microplastics on the internal environment of lung cancer cells,
particularly regarding the characteristics of microplastics.
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In this study, we examined the long-term exposure of cancer cells to
environmentally exposed fragmented microplastics and assessed the
resulting prognosis for patients with cancer based on the characteristics
of the microplastics (Fig. 1). Given that PP microplastics are the prom-
inent polymer type in human lungs at the concentration of 2-3 MP/g of
lung tissue [6,7], we subjected PP microplastics to aging process to
simulate environmental exposure at indoors and outdoors ranging from
0 to 3 years. We hypothesized that as the microplastics aged, changes in
their size and surface properties would occur, with these two factors
having the greatest impact on cancer cells. In addition, we propose that
microplastics function as carriers, facilitating the delivery of the Notch-1
transmembrane receptor protein from one cancer cell to adjacent cells,
thereby enhancing communication between cancer cells and expediting
the development of a tumorigenic environment.

2. Results
2.1. Characterization of long-term environmentally exposed microplastics

Based on our previously developed technology for mimicking long-
term natural environment exposure [8], we fragmented and aged PP
plastics to simulate 0, 1, 2, and 3 years of environmentally exposed
microplastics (Fig. 2a). Over time, the color of the PP microplastics
gradually transitioned toward yellow (Supplementary Fig. 1). The
morphology of the PP microplastics was assessed by using field emission
scanning electron microscopy (Fe-SEM), and their sizes were measured
using ImageJ. As displayed in Fig. 2b and Supplementary Fig. 2, frag-
mented microplastics exhibited a random shape with sharp edges and a
rough surface. Before aging, microplastics exhibited a diverse size dis-
tribution ranging from 0 to 20 pm, but with aging, the distribution
narrowed to sizes below 10 pm (Supplementary Fig. 3). Specifically, the
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size of the PP microplastics significantly decreased from 8.41 pm to 4.08
pm, 3.75 pm, and 3.54 pm after 1, 2, and 3 years of aging, respectively
(Fig. 2¢). We further hypothesized that the reduction in PP microplastic
size after aging is attributable to both physical and chemical alterations.
To determine which characteristic underwent a more dominant change,
we conducted additional physicochemical property analysis. Despite the
aging process, the peak of PP microplastics consistently appeared at
2800-3000 cm ™! (CH stretching vibrations) without any Raman shift in
the Raman spectrum (Supplementary Fig. 4). However, the peaks of the
CH stretching vibrations exhibited a relative weakening corresponding
to the aging duration of the PP microplastics (Fig. 2d). Previous studies
have reported significant changes in the Raman spectrum after the aging
of microplastics [9]. In addition, the Raman spectrum is closely related
to the size and surface roughness of the particles [10]. As the particle
sizes decrease and the surface roughness increases, the intensity of the
Raman spectrum decreases. This phenomenon occurs because the
Raman signal can be detected in multiple areas due to spatial distribu-
tion, resulting in a reduced amount of light collected and detected by
Raman spectroscopy [11,12]. Given that the area of Raman intensity
notably decreased especially after 3 years of aging (Supplementary
Fig. 5), we confirmed the alterations in physical properties such as size
reduction and surface defects of PP microplastics through Raman spec-
troscopy after aging, in addition to Fe-SEM. In addition, atomic force
microscopy (AFM) results showed that the surface roughness of PP
microplastics increased with aging time (Fig. 2e, Supplementary Fig. 6).
To further confirm the surface defects of the microplastics, we per-
formed BET analysis to examine changes in the surface area of the
microplastics resulting from the aging process (Fig. 2f). The analysis
revealed that microplastics aged for 0, 1, 2, and 3 years exhibited surface
areas of 3.02, 3.59, 8.40, and 8.68 rnz/g, respectively. This indicates a
gradual increase in surface area with aging time. These observed
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Fig. 1. Schematic of the proliferation of non-small cell lung cancer cells in patients with cancer accelerated by environmentally exposed microplastics.
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Fig. 2. Polypropylene microplastics characterization according to the aging time. (a) Illustrated polymer chain deformation in microplastics during the aging
process. (b) SEM imaging of polypropylene (PP) microplastics (0, 1, 2, and 3 years). Scale bars: 1 pm. (c) Size distribution of PP microplastics according to the SEM
images. (d) Raman spectra of PP microplastics. (e) Average surface roughness measured by AFM. (f) Surface area of aged PP microplastics determined by BET. (g)
ATR-FTIR of PP microplastics. (h) Carbonyl index (Area of C=0 / Area of CH2 scissoring peak) increased with aging time according to ATR-FTIR.

physical property changes collectively indicate that the aging process
induced surface defects on microplastics, which are attributable to the
increase in surface roughness leading to an increase in surface area.
After identifying the physical changes, we conducted FT-IR, TGA,
and DSC analyses to validate the chemical alterations. Fourier-transform
infrared spectroscopy (FT-IR) showed the emergence of new peaks
corresponding to carbonyl groups (C—O) within the range of
1600-1900 cm ! after the aging of PP microplastics (Fig. 2g, Supple-
mentary Fig. 7). Based on the FT-IR results, we calculated the carbonyl
index (CI) and compared the values to evaluate changes over aging time
(Fig. 2h). The analysis indicated an increase in the carbonyl index of PP
microplastics with aging, indicating oxidation during the aging process.
Notably, there was no significant oxidation observed in PP microplastics
aged for 1 year. However, in the second year, a steep slope indicated
rapid oxidation, whereas a gentler slope compared with the 2-year-aged

sample was observed in the PP microplastics aged for 3 years, consistent
with the BET results. Furthermore, based on the TGA and DSC results
(Supplementary Fig. 8), the degradation of PP microplastics signifi-
cantly increased after aging. The maximum degradation temperature
(Tmax) of the PP microplastics ranged from 400 to 480 °C, with an in-
crease in the decomposition temperature observed after aging. This in-
dicates the formation of stable polymers resulting from chemical bond
rearrangements and various chain scissions within the polymer [13,14].
In addition, a mass change position between 0 and 300 °C, indicating
high oxidation induced by unstable intermediates such as C=0 [15],
consistent with FT-IR. In summary, PP microplastics undergo rapid
initial degradation after aging, leading to decreased thermal stability.
However, there was a lack of correlation between aging years and
changes in thermal stability, indicating that the tendency of chemical
property changes was not as distinct as changes in physical properties. In
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conclusion, we found that the physical properties of PP microplastics
have a greater impact after aging than their chemical properties.

2.2. Aged PP microplastics induce tumorigenicity in immune cells

Next, we exposed both aged and un-aged PP microplastics to RAW
264.7 macrophage cells to explore the in vitro adverse effects of micro-
plastics on immune cells based on aging time. First, we evaluated the
toxicity of PP microplastics on RAW 264.7 cells using flow cytometry,
which revealed an approximately 10 % decrease in viability attributed
to PP microplastics (Fig. 3a). Although toxicity slightly increased with
longer aging periods, with all survival rates remaining above 80 %, the
cytotoxicity caused by PP microplastics was deemed insignificant.
Furthermore, the impact on viability was assessed using the CCK-8
Assay, which also exhibited negligible effects and supported the cyto-
toxicity results (Supplementary Fig. 9). Despite the absence of a

(a)
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significant cytotoxic effect of microplastics on macrophage cells,
microscopic examination from various angles revealed elongation in the
morphology of RAW 264.7 cells following treatment with both aged and
un-aged PP microplastics (Fig. 3b, Supplementary Fig. 10), indicating
the polarization of macrophages toward M2. Ultimately, we performed
flow cytometry analysis to evaluate the degree of polarization with the
M2 surface marker CD206 and the M1 surface marker CD80 (Fig. 3c-d,
Supplementary Figs. 11,12). The results revealed an increase in the
expression of the CD206 marker after treatment with 0-, 1-, 2-, and 3-
years aged PP microplastics, with percentages of 1.24 %, 2.91 %,
10.8 %, and 17.2 %, respectively. Although there was also a slight in-
crease in M1 polarization, unlike M2, it indicated negligible polarization
levels, the levels remained negligible compared with M2 polarization,
with the values of 0.05 %, 0.17 %, 0.21 %, and 0.37 %, all below 0.5 %.
In conclusion, comparing the expression of CD80 and CD206, it is
evident that CD206 expression exhibited a higher increase with aging
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Fig. 3. Polypropylene microplastics induced M2 polarization in macrophage. a Cell viability with polypropylene (PP) microplastics at 100 pg/mL, 10 pg/mL and 1
pg/mL was measured by flow cytometry after 7 days of exposure. b Morphologies of RAW 264.7 cells observed by microscopic images. ((i) Untreated cells, and cells
treated with (ii) O year of PP aging, (iii) 1 year of PP aging, (iv) 2 years of PP aging, and (v) 3 years of PP aging. Scale bar: 20 pm. ¢ Comparison of M1 and M2
polarization after the treatment of PP microplastics by flow cytometry. d M2 polarization (CD206 marker) increment occurred by aged microplastics. e RAW 264.7
macrophage cell line treated with PP microplastics induced M2 polarization, which may further lead to cancer proliferation. f Mechanism of aged PP microplastics

inducing M2 polarization of macrophages.
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time than CD80 (Fig. 3d). Therefore, it can be concluded that MO RAW
264.7 macrophages undergo distinct polarization toward M2 rather than
M1. M2 polarization of macrophages contributes to tumor proliferation
[16] (Fig. 3e). Hence, it indicates that immune cells could promote
tumor proliferation after exposure to PP microplastics, especially those
aged over the long term. We then sought to analyze the effects of PP
microplastics on other immune cells besides macrophages, by treating
aged and un-aged PP microplastics with mice dendritic cells and
exposing these cells to T cells (Supplementary Fig. 13). Consequently,
FSC-A, which represents the viability of T cells, slightly decreased with
aging time, indicating that the remaining PP microplastics attached to
dendritic cells after exposure had an impact on the T cell viability. In
particular, after exposure to aged PP microplastics, the cytokine level of
TNF-a and IFNy significantly increased. This indicates the potential of T
cells to induce inflammation after encountering dendritic cells that have
processed microplastics.

The previous studies reported that microplastics induce M1 polari-
zation in macrophages but not M2 polarization [17-19]. However, our
studies showed opposite results. We attribute this difference to surface
characteristics, while previous studies used polystyrene microplastics
with smooth surfaces, which may affect M1 polarization differently. In
contrast, aged PP microplastics exhibited surface defects (Fig. 2b-e),
which can further increase the TNF-a expression due to higher cell
adhesion ability resulting from increased surface roughness [20,21].

Chemical Engineering Journal 514 (2025) 163302

This could lead to M2 polarization (Fig. 3f), which is consistent with the
results of Supplementary Fig. 13. Thus, we concluded that fragmented
and aged microplastics may favor M2 polarization rather than M1 po-
larization, leading to the generation of tumorigenic immune cells that
can further increase the risk of cancer proliferation.

2.3. Lung cancer cell proliferation induced by aged PP microplastics

Microplastics pose a long-term risk because of their potential to
reside in the body for extended periods, given the possibility of
continuous exposure in daily life [22]. However, most of the studies
related to microplastics have focused on short-term in vitro tests [23].
Therefore, to assess the long-term proliferation of non-small cell lung
cancer cell lines according to the aging years of PP microplastics, we
used two different cell line of A549 proliferative cells and NCI-H1650
smoker lung cancer cells, and treated 100, 10, and 1 pg/mL of aged
and un-aged PP microplastics for 7 days (Fig. 4a). The results showed
that the addition of 100 pg/mL PP microplastics increased the prolif-
eration of A549 lung cancer cells (Fig. 4b). In particular, after long-term
exposure of 7 days, 3-year-aged PP microplastics exhibited approxi-
mately twice the proliferation rates compared with untreated cells
(Supplementary Fig. 14, 16). Similar results were also observed at
concentrations of 10 (Fig. 4c) and 1 pg/mL (Fig. 4d), respectively,
indicating a decrease in proliferation as the concentration of PP
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Fig. 4. The proliferation rate of A549 non-small cell lung cancer cell was increased by long-term exposure to aged polypropylene (PP) microplastics. (a) A schematic
of long-term in vitro A549 and NCI-H1650 non-small cell lung cancer cell proliferation test. A549 proliferation rate based on the date of cellular exposure to (b) 100
pg/mL, (c) 10 pg/mL, and (d) 1 pg/mL of PP microplastics. NCI-H1650 proliferation rate based on the date of cellular exposure to (e) 100 pg/mL, (f) 10 pg/mL, and g

1 pg/mL of PP microplastics.
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microplastics decreased. The effect of PP microplastics on NCI-
H1650cells also revealed that the 100 ug/mL PP microplastics with
fewer aging years did not show significant proliferation compared with
untreated NCI-H1650 (Fig. 4e), whereas PP microplastics aged for 3
years induced approximately twice the proliferation rates at day 7
(Supplementary Fig. 15, 17), similar to A549. In particular, in contrast to
A549, NCI-H1650 exhibited high proliferation even at concentrations of
10 pg/mL (Fig. 4f) and 1 ug/mL (Fig. 4g) in the 3-year-aged samples.
Moreover, both A549 and NCI-H1650 cells exhibited significant prolif-
eration upon treatment with 3-year-aged PP microplastics, particularly

(a) (b)
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‘ 3 years
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after long-term exposure, confirming that aged PP microplastics greatly
induce cancer cell proliferation (Supplementary Fig. 16-17). Moreover,
treatment with aged PP microplastics at concentrations of 0.5 pg/mL
and 0.1 pg/mL similarly led to a significant increase in the proliferation
of A549 and NCI-H1650 cells (Supplementary Fig. 18). Notably, PP
microplastics aged for 3 years had a pronounced effect on cancer cell
proliferation even at low concentrations. In conclusion, we have
demonstrated that PP microplastics promote the proliferation of non-
small cell lung cancer cells depending on the aging year, and NCI-
H1650 smoker lung cancer cells exhibit greater sensitivity compared
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Fig. 5. Proliferation and drug resistance (Ki-67), elongation and metastasis (Notch-1) and ROS (DCF-DA) markers determined by flow cytometry in A549 and NCI-
H1650 cells. (a) Ki-67 markers, (b) Notch-1 markers, (c) DCF-DA compared between untreated A549 cells and A549 cells exposed to 0-, 1-, 2-, 3-year-aged poly-
propylene (PP) microplastics. (d) Ki-67 markers, (e) Noth-1 markers, (f) DCF-DA compared between untreated NCI-H1650 cells and NCI-H1650 cells exposed to 0-, 1-
, 2-, 3-year-aged polypropylene (PP) microplastics. DCF-DA of (g) A 549, and (h) NCI-H1650 determined by flow cytometry, and DCF-DA of (i) A549 and (j) NCI-

H1650 measured by microplate reader.
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with A549 cells.

2.4. Ki-67 and Notch-1 markers in relation to PP microplastics aging time

To analyze the mechanism of lung cancer cell proliferations induced
by PP microplastics based on the aging years, we exposed A549 and NCI-
H1650 lung cancer cells to 100 pg/mL of aged and un-aged PP micro-
plastics 7 days in vitro and examined the expression level of Ki-67. As
shown in Fig. 5a and 5d, Ki-67 expression in A549 and NCI-H1650 cells
significantly increased with the aging of PP microplastics. However,
NCI-H1650 cells exhibited greater proliferation compared to A549 cells,
which is consistent with the findings in Fig. 4b-g. Moreover, considering
that Ki-67 expression is associated with drug resistance [24], these re-
sults indicate that PP microplastics induce drug resistance in lung cancer
cells based on the aging year, with NCI-H1650 smoker lung cancer cells
exhibiting higher drug resistance than A549 cells. Treatment with the
representative chemotherapy drug cisplatin showed that aged PP
microplastics diminished its anticancer efficacy by reducing cell death in
A549 and NCI-H1650 cells. Drug resistance was further enhanced with
increasing microplastic aging (Supplementary Fig. 19). In addition to
the proliferation rate (Fig. 4), NCI-H1650 cells exhibited noticeable
elongation in morphology after treatment with aged and un-aged PP
microplastics (Supplementary Fig. 15). Cancer cell elongation is a factor
that can induce metastasis [25-27]. Hence, to confirm the potential of
aged PP microplastics to induce elongation and metastasis of lung cancer
cells, we conjugated Notch-1 antibodies and conducted flow cytometry
analysis. NCI-H1650 cells exhibited a significantly increased expression
of Notch-1 signals based on aging time (Fig. 5e), whereas A549 had a
lesser effect (Fig. 5b), which was consistent with the result of Ki-67
expression and the morphology of A549 (Supplementary Fig. 14) and
NCI-H1650 cells (Supplementary Fig. 15).

During the elongation of cancer cells, the cell cycle initiates with the
G1 phase, which represents cell growth [28]. An increase in reactive
oxygen species (ROS) levels promotes the G1 phase of the cell cycle [29].
Therefore, as ROS increases, cancer cells proliferate. We analyzed ROS
generation in A549 and NCI-H1650 cells induced by aging PP micro-
plastics using DCF-DA staining. As a result, 0-, 1-, 2-, and 3-year-aged PP
microplastics induced ROS increases of 19.5 %, 28.1 %, 33.5 %, and
30.1 %, respectively in A549 cells (Fig. 5c, g) and 12.6 %, 19.3 %, 15.5
%, and 33.9 %, respectively in NCI-H1650 cells (Fig. 5f, h). These
findings indicate that PP microplastics clearly increased ROS levels in
lung cancer cell lines depending on the aging time. Intracellular ROS
levels measured by DCF-DA assay using a fluorescence microplate reader
also showed consistent results with flow cytometry, with increases of
1.26, 1.30, 1.51, and 1.52-fold in A549 cells (Fig. 5i), and 1.57, 1.69,
1.64, and 1.89-fold in NCI-H1650 cells (Fig. 5j).

3. Discussion

Microplastics have recently garnered global attention as hazardous
substances with most studies focusing on their environmental impact,
while their effects on human health remain largely uncertain. However,
recent research indicates that micro- and nanoplastics may possess
carcinogenic potential [30], potentially affecting human cells and tis-
sues at a cellular level. Consequently, investigations into the impact of
microplastics on various cell types, including iPSCs [31], red blood cells,
and human dermal fibroblasts [32], have been undertaken. Despite in-
dications on the potential carcinogenicity of microplastics, research on
their effects specifically on cancer cells remains limited. It is hypothe-
sized that if microplastics could affect healthy individuals, the ramifi-
cations for cancer patients would be substantial. Therefore, by
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simulating environmental exposure changes through the aging of
commercially widely used PP microplastics and treating them with lung
cancer cells, we confirmed that the aging of microplastics over time
induces an increase in ROS levels in cancer cells, thereby promoting
proliferation and metastasis.

We analyzed the above phenomena considering the characteristics of
microplastics, which have not been previously studied. In particular, we
selected polypropylene (PP) for this study because its brittle and fragile
nature makes it more prone to degradation compared to other common
microplastics such as polystyrene (PS) and polyethylene (PE) [33].
These properties make PP especially suitable for clearly demonstrating
the dramatic effects of microplastic aging. First, we aged PP micro-
plastics annually to analyze their physical (size and surface) and
chemical (functional groups and thermal stability) characteristics ac-
cording to the aging process. Our goal was to investigate the charac-
teristics that have the greatest impact on cancer cells. Thermodynamic
properties did not significantly emphasize the effects of aging (Supple-
mentary Fig. 7). However, we validated an increase in the carbonyl
index using FT-IR (Fig. 2h), which indicates the oxidation of micro-
plastics during the aging process. The increase in the carbonyl index was
less pronounced between periods of 2-3 years compared with the rapid
rise observed from 1 to 2 years. However, contrary to this trend, PP
microplastics aged for the longest duration (3 years) induced sudden
proliferation on the 7th day in both A549 and NCI-H1650 cell lines
(Fig. 4), which is inconsistent with chemical properties changes. In
contrast, regarding physical properties, there was no significant differ-
ence between 0 and 1 year, but clear aging effects were evident when
progressing from 1 to 2 years, particularly with noticeable surface
changes when aging from 2 to 3 years (Fig. 2f-g). These results were
consistent with the increase in ROS levels, proliferation, and metastasis
of cancer cells (Figs. 4-5). The rough surface characteristics of micro-
plastics can enhance their attachment to cells, thereby triggering early
cellular responses [34,35]. Subsequently, the increased carbonyl index
promotes redox reactions, facilitating electron transfer and leading to
elevated ROS production [36,37]. We measured the washed PP micro-
plastics during the proliferation test. As a result, approximately 20-30 %
of PP microplastics aged for 0 and 1 year were washed out during the
process, whereas 2- and 3-year-aged PP microplastics remained well
attached to the cells without being washed away (Supplementary
Fig. 20-21). These results not only indicate that PP microplastics were
not notably washed out during proliferation test, but also indirectly
suggest that the adhesion of PP microplastics aged for 2-3 years was
relatively strong and well maintained. Consequently, the aging of
microplastics, through both physical and chemical property changes,
may significantly contribute to the proliferation of lung cancer cells.

Our next step is to elucidate the specific pathways through which the
physical characteristics of microplastics affect cancer cells. This is a
particularly important task. The aging process introduces surface de-
fects, leading to a significant increase in the surface roughness of the
microplastics. The surface molecules and surface chemistry play a
crucial role in determining the surface energy of a substrate, which in
turn influences cell adhesion, growth, and proliferation [38]. Conse-
quently, the higher surface roughness of microplastics may provide
cancer cells with more opportunities to attach to the microplastics,
potentially explaining their increased proliferation in response to aging-
related surface changes of microplastics.

In addition to the proliferative marker Ki-67, the Notch-1 signaling
analysis conducted in this study focused on communications between
adjacent cells. Notably, the high expression of Notch-1 indicates that
lung cancer cells engage in communication with distant cells. This
interaction occurs via ligands from neighboring cells through soluble
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molecules. Through Notch-1 signaling, nearby microenvironmental cells
are educated, leading to pro-tumorigenic behavior [39,40]. Therefore,
the Notch signaling pathway emerges as a critical mechanism that drives
the proliferation and metastasis of lung cancer cells, as they can be
released from lung cancer cells’ exosomes and transferred to surround-
ing cancer cells [41]. Previous studies demonstrated that extracellular
vesicles, such as exosomes, separated from the serum of pigs exposed to
polyethylene terephthalate (PET) microplastics exhibit PET altered
miRNA within the extracellular vesicles and could transport PET to
neighboring cells [42].

In summary, the aging process of PP microplastics results in
increased roughness due to surface defects, thereby increasing surface
area and promoting contact between cells and microplastics (Fig. 6).
These microplastics potentially serve as carriers for delivering Notch-1
signals to the surrounding lung cancer cells. Furthermore, given that
NCI-H1650 exhibits higher expression of SIRT2 mRNA [43] than A549,
which is associated with senescence [44] and tumorigenicity, NCI-
H1650 may exhibit heightened sensitivity to microplastics compared
with A549 (Figs. 4-5). Consequently, we posit that aged microplastics
could substantially promote the proliferation and metastasis of lung
cancer especially among smokers.

Aged PP microplastics are found to not only affect the proliferation of
cancer cells, but also induce M2 macrophage polarization, which can
further promote cancer. Relatively higher surface roughness (Ra < 200
nm) induced M2 macrophage polarization, while smoother surfaces
were not associated with M2 polarization [45]. Therefore, we speculate
that the rough surface may be the reason for M2 polarization in
macrophages.

In this study, we utilized additive-free polypropylene microplastics
to isolate and clarify the carcinogenic effects specifically associated with
the aging process of microplastics. While this approach allowed us to
focus on the intrinsic physicochemical changes of aged microplastics, it
is also well known that certain plastic additives can contribute to lung
carcinogenesis [30] and may be more readily released following the
aging process [46,47]. Therefore, in real-world scenarios, aged micro-
plastics circulating within the human body could exert carcinogenic
effects not only through aging-induced surface changes but also via the
release of harmful additives. Further in vivo studies will be essential to
validate these observations and to better understand their broader
physiological relevance.
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4. Methods
4.1. Polypropylene microplastics

Amorphous polypropylene (PP) pellets (#428175, Sigma) with18
mm in size were used for this study. Initially, their surfaces were washed
with 70 % ethanol. After drying at room temperature, the pellets were
placed into the white ball case of the ball mill (Fritsch, Idar-Oberstein,
Germany) and securely sealed. Subsequently, the ball containing PP
pellets was immersed in liquid nitrogen for 10 min to achieve freezing.
After completely freezing the PP pellet, the ball was milled at 45 rpm for
2 min, followed by another 2 min immersion in liquid nitrogen for
freezing. This process was repeated 10 times to ensure thorough frag-
mentation. After fragmentation, the ball-milled plastic fragments were
collected using 100 % ethanol. The plastic fragments dispersed in 100 %
ethanol were filtered sequentially through the 300, 100, and 20 pm pore
sized standard sieve. PP microplastics size under 20 pm were collected in
100 mL glass vial and dried for 2 days at 45 °C in a vacuum oven.

4.2. Environmental exposure simulation by thermal accelerated aging

Thermal accelerated aging was conducted to simulate natural envi-
ronment exposure [48].

Accelerated Aging Time = Ww
T x (Ta — Ts)

The calculation of accelerated aging time is stated above, where tg
represents the required time for simulating natural environment expo-
sure, T4 denotes the accelerated aging temperature, Ts signifies the
temperature of the surrounding environment during acceleration, Qi
represents the aging factor with a value of 2 [49].

4.3. Characterization of polypropylene microplastics

The surface morphology of PP microplastics at various aging dura-
tions was examined by field emission scanning electron microscope (FE-
SEM, JSM- 7610F-Plus, JEOL), and particle size was measured by
counting the PP microplastics in SEM images using ImageJ software. In
addition, Raman spectroscopy (XploRATM PLUS, Horiba), differential
scanning calorimetry (DSC25, TA Instruments), and thermogravimetric
analysis (TGA, Q50, TA Instruments), atomic force microscopy (AFM,

Cancer CeIIsT
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Fig. 6. Schematic of lung cancer cell proliferation induced by polypropylene microplastics.
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NX-10; Park Systems, Suwon, Korea) were employed to characterization
of aged PP microplastics. Nitrogen adsorption measurements of aged PP
microplastics were performed using a Brunauer-Emmett-Teller (BET)
analyzer (ASAP 2020 system, Micromeritics Instrument Corp., USA) to
calculate the specific surface area (Sggr). Fourier transform infrared
(FTIR) spectroscopy (VERTEX 70, Bruker) were performed to identify
the chemical changes in the PP microplastics. The carbonyl index was
calculated using the following formula:

Carbonyl index (CI) =
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days of culture, nonadherent cells were collected and pelleted by
centrifugation at 2,000 rpm for 5 min at room temperature.

4.7. Invitro evaluation of T cell activation by bone marrow-derived

dendritic cells (BMDCs)

The BMDCs collected by centrifugation were resuspended in 1 x
phosphate-buffered saline (PBS, pH 7.4), and divided into six 10° cells in

Absorbance (C = Opeak from 1,850 — 1,650cm™!)

4.4. RAW 264.7 macrophage cell culture and viability test

Murine macrophages (RAW264.7) were obtained from the Korean
Cell Line Bank (Seoul, Korea). Cells were cultured in low glucose-Dul-
becco’s modified eagle medium (#11885084, Gibco, Grand Island, NY)
supplemented with 10 % heat-inactivated fetal bovine serum (#S001-
01, Welgene, Gyeongsan, Korea) and 1 % penicillin-streptomycin-
glutamine (#10378016, Gibco). The morphology of Raw 264.7 cells was
observed by microscopy. To investigate the viability against the sam-
ples, 15 000 cells per well were seeded in 12 well plates and 0-, 1-, 2-,
and 3-year-aged PP microplastics were simultaneously loaded at con-
centration of 100, 10, and 1 pg/mL (n = 3). After 2 days of treatment,
cells were washed with phosphate buffered saline (PBS, # 10010049,
Gibco) and retreated with the same concentration of PP microplastics.
The washing process was repeated 3 times during culture. After a total
exposure period of 7 days, a cell counting kit-8 (CCK-8) reagent (#CCK-
3000, Dongin Biotech Co., Korea) was introduced into the culture me-
dium, and incubated for 1 h. Absorbance at a wavelength of 450 nm was
measured using a plate reader (Spectra Max 340 PC; Molecular Devices,
San Jose, CA, USA).

4.5. Assay of macrophage polarization using RAW 264.7 cells

Raw 264.7 cells (1 x 10° cells) were seeded into each well of a 6-well
plates, treated with 100 pg/mL of 0-, 1-, 2-, and 3-year-aged PP micro-
plastics, and cultured for 7 days. During culture, cells were washed with
PBS. On day 7, flow cytometry analysis was conducted to quantify the
populations of M1 and M2 macrophages using CD80 (M1 marker) and
CD206 (M2 marker) cell surface markers. The cells were treated with
CD16/32 for 20 min to block nonspecific binding. Subsequently, they
were stained with FITC anti-mouse CD80, Alexa Fluor 647 anti-mouse
CD206, PE anti-mouse F4/80, and PB anti-mouse/human CD11b for
30 min. The cells were then washed with FACS buffer three times.
Finally, the 7-AAD staining solution was added and incubated for 30
min. The data were acquired using a BD FACSVerse system (BD Biosci-
ence, CA, USA) and analyzed with FlowJo X software (Flowjo, LLC,
Ashland, OR, USA).

4.6. Bone marrow-derived dendritic cells (BMDCs) differentiation

BMDCs were differentiated from bone marrow cells isolated from the
femurs of naive B6 mice (6-8 weeks). Red blood cells (RBCs) from the
bone marrow were lysed using ACK lysis buffer (Gibco Laboratories).
After RBC lysis, single-cell suspensions were cultured in RPMI (Corning)
supplemented with 10 % FBS, 1 % penicillin/streptomycin, and 20 ng/
mL recombinant murine GM-CSF (JW Creagene). Culture media were
replenished on days 3 and 6. For maturation of BMDCs, 20 ng/mL LPS
(Sigma Aldrich) was added to the culture media after 6 days. After 7

"~ Absorbance (CH, scissoring peak from 1,500 — 1,420 cm-!)

1 mL of PBS. These cells were centrifuged at 2,000 rpm for 5 min at room
temperature, and treated with 100 pg/mL of 0-, 1-, 2-, and 3-year-aged
PP microplastics, which were well dispersed in 1 mL of culture media
each. P14 CD8™ T cells (provided by Dr. Rafi Ahmed, Emory University,
School of Medicine, Atlanta, GA, USA) were isolated from the spleens of
wild-type P14 mice and labeled with 2.5 pM Cell Trace Violet (CTV)
(Life Technologies) for 30 min at 37 °C and washed with RPMI con-
taining 10 % FBS. A total of 5 x 10* labeled T cells were cocultured in
RPMI containing 10 % FBS with 1 x 10* BMDCs or BMDCs treated with
0-, 1-, 2-, and 3-year-aged PP microplastics. After 72 h, the cells were
harvested, stained, and analyzed by flow cytometry. The colocalization
of BMDCs and T cells was evaluated by confocal microscopy (Carl Zeiss).
After 72 h of coculture of DiD-stained BMDCs and P14 CD8" T cells,
unbound BMDCs were removed by centrifugation at 2,500 rpm for 2
min. The P14 CD8™ T cells were stained with DAPI (Sigma Aldrich) and
FITC-labeled anti-CD8 (BD Biosciences) for 45 min after blocking for
visualization.

4.8. A549 and NCI-H1650 cell culture and in vitro evaluation of cell
proliferation

Human non-small cell lung cancer cell lines (NCI-H1650, A549) were
obtained from the Korean Cell Line Bank (Seoul, Korea). Both cell lines
were cultured in RPMI 1640 (# 22400071, Gibco) supplemented with
10 % heat-inactivated fetal bovine serum (#S001-01, Welgene,
Gyeongsan, Korea) and 1 % penicillin-streptomycin-glutamine
(#10378016, Gibco), which is referred to as the growth medium below.
The morphology of A549 and NCI-H1650 cells was observed by micro-
scopy. To investigate the proliferation in response to the samples,
15 000 cells per well were seeded in 12 well plates and 0-, 1-, 2-, and 3-
year-aged PP microplastics were simultaneously loaded at concentra-
tions of 100, 10, 1, 0.5 and 0.1 pg/mL (n = 3). After 1 day of treatment,
cells were washed with PBS, and a cell counting kit-8 (CCK-8) reagent
(#CCK-3000, Dongin Biotech Co., Korea) was added to the culture
medium, followed by a 1 h incubation. The absorbance at a wavelength
of 450 nm was detected using a plate reader (Spectra Max 340 PC;
Molecular Devices, San Jose, CA, USA). Cells were then thoroughly
washed by PBS to eliminate the CCK-8 reagents, then subsequently
treated with the same volume of growth medium containing the same
concentration of PP microplastics on the first day. After another 2 days
of culture, we repeated the same process to evaluate the proliferation on
day 3. The process described above was repeated every 2 days until day
7 (1 week).

4.9. Proliferation, drug resistance, metastasis trafficking

A549 and NCI-H1650 cells (1 x 10° cells) were added into individual
wells of a 6-well plates and treated with 100 pg/mL of 0-, 1-, 2-, and 3-
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year aged PP microplastics for 7 days. Cells was washed with PBS during
culture. On day 7, flow cytometry analysis was conducted to compare
the proliferation and drug resistance using Ki-67 marker, as well as
elongation and metastasis using the Notch-1 marker. Briefly, the cells
were fixed with PBS containing 4 % paraformaldehyde for 20 min at
room temperature and then washed twice in permeabilization buffer
(PBS containing 1 % FBS, 0.3 % saponin, and 0.1 % Na azide). Next, the
cells were incubated for 1 h with anti-Notch-1 (#12-5785-82, PE,
eBioscience) and anti-Ki-67 (#53-5698-82, Alexa Fluor™ 488, eBio-
science). The cells were then washed with permeabilization buffer three
times. Finally, the 7-AAD staining solution was added and incubated for
30 min. The data were acquired using a BD FACSVerse system (BD
Bioscience, CA, USA) and analyzed with FlowJo X software (Flowjo,
LLC, Ashland, OR, USA). To additionally check the drug resistance of
aged PP microplastics, A549 and NCI-H1650 cells (1 x 10° cells) were
seeded with PP microplastics in 12 well plate (n = 3) and treated with
50 pg/mL of cisplatin for 2 days. Cells were then treated with CCK-8
assay reagents to determine the cell viability.

4.10. Proliferation, drug resistance, and metastasis trafficking

A549 and NCI-H1650 cells (1 x 10° cells) in 6 well plates were
incubated with PP microplastics for intracellular ROS estimation. Non-
adherent cells were centrifuged to collect the supernatant and the cells
were processed directly for intracellular reactive oxygen species (ROS)
estimation. Adherent cells were washed with PBS and dissociated from
the plate using Trypsin-EDTA(0.25 %), phenol red (#25200058, Gibco).
The cells were collected in 1 mL microtubes and further washed twice
with PBS. The DCF-DA staining assay was employed to measure intra-
cellular ROS production. 2,7' —dichlorodihydrofluorescein diacetate
(H2DCF-DA) is a non-fluorescent compound that transforms into DCF, a
fluorescent derivative, in the presence of ROS. 20 pM H2DCF-DA
(Sigma) was added to each tube and incubated at 37 °C for 45 min.
After a single PBS wash, data acquisition was performed using a BD
FACSVerse system (BD Bioscience, CA, USA). Finally, the acquired data
was analyzed with FlowJo X software (Flowjo, LLC, Ashland, OR, USA).

4.11. Quantification of polypropylene microplastics during the washing of
cells

To quantify the washed PP microplastics during 7 days of culture, PP
microplastics were stained by Nile red (Sigma) with the ratio of 10:1.
15 000 A549 cells per well were seeded in 12 well plates and 0-, 1-, 2-,
and 3-year-aged Nile red-stained PP microplastics were simultaneously
loaded at concentrations of 100 pg/mL. After 1 day of treatment, the
supernatant of cells was collected. PBS were added to the cells for
washing, and the supernatant was collected again. The Nile red-stained
PP microplastics in the collected supernatant were measured by UV-vis
spectrometer (Evolution 300, Thermo Fisher, CA, USA).

4.12. Quantification and statistical analysis

Statistical analysis was performed using Origin 2018 software.
Comparisons between multiple groups were performed using one-way
ANOVA with Tukey’s post hoc test. Statistical details, including the
statistical test, n value, precision measure, and statistical significance,
are reported in the figures and figure legends. Each graph in the figure
set shows the mean + SEM. Data are representative at least two inde-
pendent experiments (n = 3/group). *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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