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As plastic pollution continues to grow in various ecosystems, potential harmful effects of micro- and
nanoplastics have become a great concern. Most studies on the biological effects of nanoplastics have
been conducted using polystyrene nano- and microplastics. However, the majority of environmental
plastic waste consists of a mixture of various types of plastics, such as polypropylene (PP), polyethylene,
polystyrene (PS), polyvinyl chloride and polymethyl methacrylate (PMMA). In this study, we compared the
biological effects of nanoplastics derived from three different types of plastics (PS, PP and PMMA) on the
functions of microglia, which are the predominant immune cells with macrophage-like functions in the
brain. Our experiments with cultured primary rat microglia revealed that the cells exposed to PMMA nano-
plastic (PMMANP) exhibited the highest M1 phase activity. In addition, we found that PMMANP increased
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in vitro and in vivo. These findings suggest that PMMANP-exposed brain microglia may accelerate neuro-
logical disorders by enhancing the recruitment of microglia and peripheral immune cells across the
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Introduction

Recently, environmental nano- and microplastics (NMPs) have
started being considered as potential environmental risk factors,
as they are associated with various physiological malfunctions.
These include metabolic disruption," ROS production,> and
defects in the activity of reproductive organs® and the brain® in
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blood-brain barrier under neuropathological conditions.

animal models. Among various organs, the brain is particularly
crucial as it regulates the activities of the other organs necessary
for sustaining life. In this context, understanding the potential
risks of NMPs to brain functions is crucial for assessing their
impact on human health. We previously reported that maternal
ingestion of polystyrene nanoplastics causes neurodevelopmen-
tal abnormalities and cognitive deficit in offspring.” Similarly,
NMPs can also cause defects in learning and memory, as well as
various psychiatric abnormalities, such as autistic behaviors,
anxiety, and depression-like symptoms.®®

Although the brain is more isolated from the vascular
system than other organs due to the blood-brain barrier
(BBB), NMP particles in the blood stream can still penetrate
the BBB and infiltrate the brain parenchyma under various
conditions.® Once NMP particles infiltrate the brain, they can
be recognized by microglia, the primary resident immune cells
of the brain, which then initiate phagocytosis and immune
responses. In fact, recent studies have shown that polystyrene
NMPs significantly increase the permeability of the blood-
brain barrier (BBB),'° leading to microglial activation,'®"*
enhanced phagocytosis,'”> and neuronal damage'' in the
mouse brain. However, the molecular mechanisms underlying
these effects depend on the size and surface properties of the
particles. In addition, previous in vitro studies also showed
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nanoplastic uptake and M1 activation in microglia after poly-
styrene nanoplastic exposure.'®** Microglial activation and the
resulting neuroinflammation are closely associated with the
pathophysiology of various brain diseases, including neurode-
generative diseases,'! depression,'® and developmental dis-
orders.'® Therefore, NMPs could contribute to the onset or
aggravation of brain diseases by enhancing microglial acti-
vation, which ultimately leads to the release of various proin-
flammatory cytokines (IL-1p, IL-6, and TNF-a) and cytotoxic
molecules, including nitric oxide, reactive oxygen species and
proteases.

Although there is increasing evidence of NMP-induced
alterations in microglial functions in vitro and in vivo, most
studies have used particles derived from a single type of
plastic, particularly, polystyrene. However, the plastic pollu-
tants in the environment consist of particles from various
types of plastics, including polyethylene (PE), polypropylene
(PP), polystyrene (PS) and polyvinyl chloride, and harmful
plastic additives."”'® Among these, PE, PP and PS are more
abundant than the other plastic types in environmental plastic
pollutants.’® Polymethyl methacrylate (PMMA) is widely used
as a glass replacement in the manufacturing of various com-
mercial lenses, monitors and biomaterials.>® Although
environmental PMMA particles are less abundant than those
from other plastics, they still have the potential to affect
human organs. PMMA is used in biomaterials such as bone
cements, contact lenses, screw fixation in bones, fillers for
bone cavities and skull defects, and vertebrae stabilization in
osteoporotic patients.?° Previous clinical data show that use of
PMMA may cause significant neurotoxicity due to thermal
damage and chemical toxicity during cranioplasty.”*

In this study, we investigated the biological effects of
500 nm diameter nanoplastics derived from three different
types of plastics, PS, PP, and PMMA, on brain microglia using
cultured rat primary microglia. We found that particles from
each type of plastic had differential effects on microglial acti-
vation and the expression of chemokines and cytokines.
Among these nanoplastics, PMMA nanoplastics (PMMANPs)
showed the most pronounced effects on the expression of
chemokines, particularly CXCL1 and 2, and their receptor,
CXCR2. Finally, our data show that PMMANP-treated microglia
exhibited the highest migration ability in vitro and in vivo,
suggesting that PMMANP has the greatest potential to recruit
microglia and other immune cells under neuropathological
conditions, thereby exacerbating neuroinflammation.

Experimental
Nanoplastics

Three different types of nanoplastics were obtained as follows:
yellow-green fluorescent and transparent polystyrene nanoplas-
tics (PSNPs; 500 nm) were purchased from Polyscience Inc.
(Warrington, PA, USA). Pink fluorescent and transparent poly-
methyl methacrylate nanoplastics (PMMANPs) were purchased
from PolyAn (Berlin, Germany). Polypropylene nanoplastics
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(PPNPs) were manually prepared as described in a previous
study.*” PP pellets (0.13 g, Sigma-Aldrich) were dissolved in
20 mL of xylene by heating at 110 °C for 20 minutes with vigor-
ous stirring. After heating was stopped, ethyl alcohol (100 mL)
was gently added to the PP solution, causing precipitates to
form. The solution was stirred for 4 hours, and then the pre-
cipitates were vacuum filtered using a 0.2 pm PTFE membrane
filter and dried at room temperature. The resulting precipitates
were collected as a powder and stored until use. All nanoplas-
tics are negatively charged, stabilized colloidal particles with
plane surfaces and no surface modification. The biological
effects of these nanoplastics on the function of microglia were
examined at 0-100 pg ml~". Tween-20 (0.01%) solution in dis-
tilled water, without nanoplastics, was used as the control.
Rhodamine B isothiocyanate, an organic fluorescent dye, was
conjugated with PPNP to determine its localization.

Characterization of nanoplastics

The morphologies and sizes of the three different nanoplastics
were measured using a field-emission scanning electron
microscope (FE-SEM, Quanta 250 FEG, FEI). The nanoplastics,
suspended in aqueous solution, were deposited on a silicon
wafer. After drying, the nanoplastics were gold coated using a
sputter coater (Polaron SC7640, Quorum Technology, Ltd).
SEM images were obtained at an acceleration voltage of 5 kV.

Animals

One-day-old Sprague-Dawley (SD) rats were purchased from
Daehan Biolink Co. (Eumseong-gun, Korea). All animal experi-
ments complied with the National Institutes of Health
Guidelines and were approved by the Institutional Animal Care
and Use Committee (IACUC) at the Korea Research Institute of
Bioscience & Biotechnology (KRIBB) (permit number:
KRIBB-AEC-24191).

Culture of rat primary cortical microglia

Microglia were cultured from the cerebral cortices as pre-
viously described, with modifications.*® Briefly, cerebral cor-
tices were removed from the neonatal rat brain and the tissues
were dissociated into single cells using 0.1% trypsin. The cells
were plated in 75 cm® T-flasks (one hemisphere/two flasks)
and maintained in a growth medium (DMEM containing 10%
FBS and 1% penicillin/streptomycin) (Gibco, Grand island, NY,
USA) for 2-3 weeks. Microglia on the surface were then
detached by mild shaking and filtered through a 40 pm cell
strainer to remove astrocytes and cell clumps. Isolated micro-
glia were plated on 24-well plates (4 x 10° cells per well) for the
cell viability assay, nanoplastic uptake studies, immunofluor-
escence staining and cytokine/chemokine array. For quantitat-
ive real-time PCR (qRT-PCR), cells were plated in 6-well plates
(1.2 x 10° cells per well). One hour later, the plates were
washed with the medium to remove unattached cells. After 1
day, the culture medium was replaced with a pure microglial
medium (DMEM containing 2% FBS and penicillin/streptomy-
cin). After 24 hours, the cells were treated with nanoplastics.
As positive controls, 100 ng ml™" lipopolysaccharide (LPS)
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from Escherichia coli O111:B4 (Sigma-Aldrich, St Louis, MO,
USA) and 10 U ml™" thrombin (Sigma-Aldrich) were used.

Optical diffraction tomographic analysis

To analyze the uptake and internalization patterns of the three
different nanoplastics in microglia, cells were subcultured in
tissue culture dishes (FluoroDish™, WPI Inc., USA). After
3 hours of exposure to 50 pg mL™" concentration of each nano-
plastic, the cells were analyzed using a holotomographic micro-
scope equipped with a fluorescence module (3D Cell Explorer-
Fluo, Nanolive, Lausanne, Switzerland). Fluorescence images of
nanoplastic uptake by microglia were obtained through
Z-stacking of 96 slices of fluorescence images, with excitation
and emission settings specific to each nanoplastic.
Holotomographic images were captured using 520 nm light and
a x60 magnification lens. Refractive index (RI) values were ana-
lyzed using STEVE software from Nanolive to digitally stain and
distinguish nanoplastics from the cytoplasm inside the cells.

Immunofluorescence staining

Immunofluorescence staining was performed as previously
described.>** For the detection of microglia and M1-activated
immune cells, Ibal (1:1000, FUJIFILM Wako Chemical,
Osaka, Japan) and CD68 (1:100, Bio-Rad, Hercules, CA, USA)
antibodies were used, respectively. As a marker for neurons,
neurofilament antibody (1:1000, Biolegend, San Diego, CA,
USA) was used. The signals were visualized using appropriate
fluorescence conjugated secondary antibodies. Images were
obtained using a fluorescence microscope (Olympus, Tokyo,
Japan) for 2D images and a confocal microscope (Zeiss,
Oberkochen, Germany) for Z-stack images.

Measurement of nanoplastic uptake

The uptake velocity of nanoplastics was analyzed by measuring
the fluorescence intensity of dye-conjugated nanoplastics in
Ibal-positive microglia at various time points (5 to
180 minutes). To quantify the uptake rate, the fluorescence
intensity of nanoplastics in individual Ibal-positive microglial
cells was measured. Each intensity value was first normalized
to the corresponding cell size. Finally, the percentage of nano-
plastic uptake at each time point was calculated relative to the
final time point, with the 180-minute value set as 100%.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA from microglia was extracted using a PURY RNA
Plus (GenDEPOT, Baker, TX) according to the manufacturer’s
instruction. RNA samples were reverse transcribed into comp-
lementary DNA (cDNA) using a TOPscript™ RT Dry MIX kit
(dT18 plus) (Enzynomics, Daejeon, Republic of Korea) follow-
ing the standard protocol. The cDNA was then used for quanti-
tative real-time PCR (qRT-PCR) with a StepOnePlus™ real-time
PCR system (Applied Biosystems, Waltham, MA, USA). The
thermocycling conditions were as follows: initial denaturation
at 95 °C for 3 minutes, followed by 40 cycles of denaturation at
95 °C for 30 s, annealing at 60 °C for 30 s, and extension at
72 °C for 30 s. Each reaction was performed in triplicate and
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gene expression was quantified using a FAST SYBR™ Green
Master Mix kit (Applied Biosystems). Cycle threshold (C)
values were calculated using the 274" method, with GAPDH
as the internal reference. Primer pairs used are listed in
Table S1t and were purchased from Xenotech (Daejeon,
Republic of Korea).

mRNA sequencing (RNA-seq) and analysis

RNA samples were analyzed using an Agilent 2100 Bioanalyzer
system (Agilent Biotechnologies, Santa Clara, CA, USA). Only
samples of high-quality RNA (RNA integrity number > 7.5) were
used in the following mRNA sample preparation for sequencing.
Using the TruSeq RNA Sample Preparation Kit V2, purification
and library construction were carried out with total RNA, and
Illumina NextSeq 1000 machines (Illumina, San Diego, CA, USA)
were used for sequencing with a read length of 2 x 100 bases. A
filtered read set was created using the Cutadapt v1.18 (https:/
cutadapt.readthedocs.io/en/stable/) command line parameters
-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-A AGATCGG
AAGAGCGTCGTGTAGGGAAAGAGTGTA -m 50 -O 5’ and Sickle
v1.33 (https:/github.com/najoshi/sickle) was used to remove the
low quality sequence (Phred score < 20) to a minimum length of
50 bp.>>*® We assessed the quality of the paired-end reads using
FastQC version 0.11.4. In addition, duplicate sequences were
examined through the application of the FASTQC tool. The
trimmed data containing low-quality reads and the poly-N
sequences were processed using NGSQCToolkit v2.3.3 (https:/
github.com/mjain-lab/NGSQCToolkit).>” Then reads were
aligned to Rat genome version GRCr8. Transcripts obtained were
quantified in the format of fragments per kilobase million
(FPKM) using StringTie v2.2.1 (https:/github.com/gpertea/string-
tie) to calculate expression values and obtain normalized
counts.”® Among total genes (n = 60 558), protein-coding genes
(n = 19957) were selected according to the Ensemble database
(https:/ensembl.org/Homo_sapiens/). The entire data set was
transformed using log, (FPKM + 1) for data normalization. We
used multiple statistical tests to obtain differentially expressed
genes (DEGs), including a t-test, Wilcoxon rank-sum test, and
fold change.

Cytokine/chemokine array

Secreted cytokines and chemokines were measured using a Rat
Cytokine Array Panel A kit (ARY008, Proteome Profiler™ Array)
from R&D Systems (Minneapolis, MN, USA), following the
manufacturer’s instructions. Culture supernatants from
primary microglia were used for the array. The targeted cyto-
kines and chemokines included the following: GM-CSF,
ICAM-1, IFN-y, IL-1a, IL-1p, IL-1ra, IL-2, IL-3, IL-4, IL-6, IL-10,
IL-13, IL-17, LIX, L-selectin, CCL3, CCL5, CCL20, CINC-1,
CINC-2a/p, CINC-3, CNTF, CX3CL1, CXCL9, CXCL10, CXCL7,
TIMP-1, TNF-o, and VEGF.

Enzyme-linked immunosorbent assay (ELISA)

Culture supernatants from primary microglia were collected at
24 hours after nanoplastic treatment and centrifuged to
remove floating debris. The levels of CXCL1 and CXCL2 in the

This journal is © The Royal Society of Chemistry 2025
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supernatants were measured using ELISA kits (DY515, Rat
CXCL1/CINC-1 DuoSet ELISA; DY525, Rat CXCL2/CINC-3
DuoSet ELISA) from R&D Systems, following the manufac-
turer’s protocols. CXCL1 and CXCL2 levels were calculated and
expressed as pg mL .

Measurement of cell migration ability

Cell ability was measured as described
previously, with partial modification. Briefly, microglia (4
x 10° cells per well) were seeded into the lower wells of 24-well
plates. After 24 hours, microglia (1 x 10° cells per 100 pL) were
added to the upper wells of Corning® Transwell® polycarbo-
nate membrane cell culture inserts (Corning, Corning, NY,
USA), which have an uncoated 8 pm filter on the bottom.
Microglia in the lower wells were treated with nanoplastics in
the presence or absence of 200 nM SB225002, an inhibitor of
CXCR2 (Millipore Sigma, Burlington, MA, USA). The cell-
bearing filters from the upper wells were fixed with 70%
ethanol for 10 minutes and rinsed with distilled water, and the
microglial cells remaining on the upper side of each filter were
removed with a cotton swab. The lower side of the filters was
then stained with 0.2% crystal violet in 20% methanol (Sigma-
Aldrich) for 5 minutes, followed by rinsing with distilled water.
Cells that migrated to the lower side of the filter were counted
in three random fields per filter using a light microscope
(Zeiss, Oberkochen, Germany).

migration
29,30

Stereotaxic injection and tissue processing

The process of stereotaxic injection was performed as pre-
viously described,** with minor modification to suit our con-
ditions. Mice were injected with 1 pl of PMMANP (1 mg ml™"
in PBS) and phosphate-buffered saline (PBS) into the striatum
(anteroposterior, —0.3 mm; mediolateral, +2.0 mm; dorsoven-
tral, —3.5 mm from bregma). After the injection, the needle
was left in place for 10 minutes before being slowly withdrawn.
The mice were sacrificed and their brains were collected 4 days
post surgery. The collected brains were fixed in 4% paraformal-
dehyde (PFA) for 2 days, followed by dehydration in 30%
sucrose. The tissues were embedded in FSC22 frozen section
compound (Leica, Wetzlar, Germany) and cryosectioned at a
thickness of 35 pm using a CM1520 cryotome (Leica).

Statistical analysis

All data were obtained from at least three independent replicates
and analyzed using either a two-tailed or one-tailed unpaired
t-test, or one-way ANOVA with post-hoc testing using Dunnett’s
method. Statistical analyses were performed with GraphPad
Prism (GraphPad Software version 5.0, La Jolla, CA, USA), and
p-values less than 0.05 were considered statistically significant.

Results and discussion
Physicochemical characterization of nanoplastics

We chose nanoplastics derived from three different types of
plastics (PS, PP, and PMMA) to investigate their effects on

This journal is © The Royal Society of Chemistry 2025
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brain microglia. SEM imaging revealed that the particles had a
spherical morphology, with size distributions of 443.28 +
16.41 nm for PSNP, 480.68 + 77.54 nm for PPNP, and 419.16 +
35.24 nm for PMMANP (Fig. 1A and B). In addition, we
measured the hydrodynamic diameter and zeta potential
values of these nanoplastics. The hydrodynamic sizes were
488.7 + 13.11 nm for PSNP, 719.97 + 35.36 nm for PPNP, and
482.77 +10.85 nm for PMMANP. PSNP and PMMANP exhibited
high homogeneity with narrow size distributions, while PPNP
exhibited a relatively broad distribution. The zeta potential
values were negative: —63.7 + 1.17 mV for PS, —55.1 + 0.17 mV
for PP, and —73.83 + 28.74 mV for PMMA. The physico-
chemical characteristics of these nanoplastics are detailed in
Table S2.1 To confirm their chemical characteristics, we per-
formed FTIR analysis (Fig. S1T). The FTIR spectra showed the
characteristic peaks for PSNP at 695 cm ™" (aromatic CH out-of-
plane bend), 1026 cm™' (aromatic CH bend), 1491 and
1600 cm™" (C-C aromatic ring stretch), 2918 em ™" (CH alkyl
stretch), and 3023 cm™" (aromatic CH stretch); for PPNP at 808
and 839 em ™' (CH, rock, CC stretch), 1373 em ™' (CH; bend),
1455 em™' (CH, bend), and 2838 and 2917 cm™" (CH stretch);
and for PMMANP at 1154 cm™" (CO stretch), 1192 em™" (CH;
rock), 1389 em™" (CH; bend), 1731 em ™' (C=O stretch), and
2950 and 2994 cm ™' (CH stretch), which are consistent with a
previous study.*!

Nanoplastic types differ in microglial absorption

Before investigating the effects of nanoplastics on microglia,
we first performed dynamic light scattering (DLS) analysis on
the three types of nanoplastics (PSNP, PPNP, and PMMANP) to
determine whether each particle type remained well-dispersed
and free from aggregation under our culture conditions. We
found that all three types of nanoplastics remained well dis-
persed and free from aggregation in both distilled water (DW)
and our culture medium (DMEM) for up to three days in vitro
(Fig. S27). To determine the optimal dosage for nanoplastic
uptake studies, we assessed cytotoxicity using the MTT assay at
various doses (0-200 pug ml™") after 24 hours of treatment.
Microglia exhibited decreased viability at doses of 100 ug ml™

30 30

20

Count
S

4 5 6 7 4 5 6
Size (x102 nm) Size (x102 nm)

3 4 5 6 2 3
Size (x102 nm)

Fig. 1 Characterization of nanoplastics. (A) SEM images and (B) size
distribution of three different types of nanoplastics (PSNP (PS), PPNP
(PP) and PMMANP (PMMA)).
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and above for PMMANP (Fig. S37). Based on these findings, we
treated microglia with 50 pg ml™ nanoplastics, the highest
non-toxic dosage, for our nanoplastic uptake analysis. Three
hours after treatment, we used optical diffraction tomography
(ODT) to examine the intracellular localization of the nano-
plastics. We found that all three types of nanoplastics were pre-
dominantly localized in the cytoplasm, with no detectable
presence in the nucleus (Fig. 2A and Fig. S4t). Our phase-con-

96 slice Z-stack
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Side view Top view
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Fig. 2 Nanoplastics exhibit distinct patterns of uptake and internaliz-
ation into microglia depending on the polymer type. (A) Fluorescence
and holotomographic images (both side and top views) of microglia
exposed to three different types of nanoplastics. The dotted circles in
the 96-slice Z-stack fluorescence images indicate the localization of
nuclei, while the holographic images were digitally stained based on the
refractive index (RI) values of the nanoplastics and the cytoplasm of the
microglial cells. (B) Graph showing the nanoplastic-positive area in
microglia treated with each type of nanoplastic. (C) Phase-contrast
images showing the morphologies of microglia treated with three
different types of nanoplastics. The fluorescence images show each type
of nanoplastic taken up by microglia. The merged images show that all
three types of nanoplastics were located only in the cytosol but not in
the nucleus (blue circles and blue arrows). Values denote the means +
SEMs. Two-tail unpaired t-test: ***p < 0.0005. Scale bars: (A) 20 pm and
(C) 50 pm.
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trast and fluorescence imaging data further confirmed that
fluorescence signals of dye-conjugated nanoplastics were
clearly distributed only in the cytoplasm and not in the
nucleus of microglia (Fig. 2C). We then compared the uptake
ratios of each type of nanoplastic based on our ODT data and
observed the highest uptake in microglia treated with
PMMANP, in comparison with those treated with PSNP and
PPNP (Fig. 2B). We also analyzed the nanoplastic uptake vel-
ocity by measuring the intensity of fluorescence signals of dye-
conjugated nanoplastics in microglia, positively stained with
the Iba-1 marker, at various time points (5-180 minutes).
Although the majority of the nanoplastic signals were detected
inside the microglia, a few fluorescent particles were not
absorbed and remained outside the cells up to 3 hours after
exposure to nanoplastics. The relative uptake velocity of each
nanoplastic is presented as normalized values, with the
highest intensity value (100%) at 180 minutes (Fig. 3A and B).
We found that PPNP had the highest uptake velocity at early
time points (30-60 minutes), despite its lower overall absorp-
tion ratio than that of other nanoplastics. These data may

180 (min)

PS
NPs

NPs/Iba-1

pmva | PP
NPs NPs/Ilba-1  NPs

NPs/Iba-1

e PS
— PP

w— PMMA

60

40

Nanoplastic uptake (%)
Z-stack imaging

N
3

0
0 5 15 30 60 120 180 200

Time (min)

Fig. 3 Nanoplastic uptake rate varies depending on the type of nano-
plastic and the duration of exposure. (A) Fluorescence images showing
the uptake of nanoplastics by Ibal + microglia over time. (B) Graph illus-
trating the rate of microglial nanoplastic uptake for each of the three
different types of nanoplastics. (C) Confocal microscopy images
showing orthogonal sections of Z-stack images, indicating that nano-
plastics are located in the microglia (Ibal + cells: upper panel, red; lower
panel, green). Values denote the means + SEMs. Scale bars: (A) 50 um
and (C) 10 um.
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suggest that PPNP could be involved in acute microglial acti-
vation at early time points because of its higher absorption vel-
ocity. Conversely, PMMANP exhibited the lowest uptake vel-
ocity, although it had the highest absorption ratio (Fig. 2B and
3B). When the uptake of these nanoplastics was examined
through z-stack imaging, it was confirmed that they are located
inside the microglia, rather than on the surface (Fig. 3C).
These results indicate that different types of nanoplastics
exhibit varying absorption rates in microglia.

Microglia exposed to PMMANP exhibit M1-phase phenotypes
and increased expression of genes related to chemotaxis

Since the highest uptake ratio was observed in microglia
treated with PMMANP (Fig. 2), we first investigated the pheno-
types of these microglia. We measured the mRNA expression
of markers for proinflammatory M1 microglia and anti-inflam-
matory/neural protective M2 microglia using qRT-PCR. We
found that M1 microglial markers, including TNF-a (1.49-fold
increase at 3 hours and 1.43-fold increase at 6 hours) and
CD86 (1.74-fold increase at 3 hours and 1.87-fold increase at
6 hours), were significantly elevated in microglia at 3 and
6 hours after PMMANP treatment (Fig. 4A). Although proin-
flammatory cytokines such as IL-1f and TNF-a were also
increased in microglia treated with PSNP (<1.5-fold) and PPNP
(around 1.8-fold) at 24 hours after treatment, the fold changes
were lower than those of the PMMANP group (2-3-fold)
(Fig. 4B). The mRNA expression of Ibal, a known marker of
microglia, was not altered by PMMANP (Fig. S51). In contrast,
the expression of M2 microglial markers, including ARG1,
IGF1, CD206, and TGFp, showed no significant changes at 3 to
6 hours after PMMANP treatment (Fig. 4A). To understand the
molecular mechanisms underlying PMMANP-induced micro-
glial activation, we analyzed the gene expression profile by
mRNA sequencing in microglia after PMMANP treatment. To
reduce potential errors, we performed two independent ana-
lyses and selected common genes. Our DEG analysis revealed
that 71 genes were up-regulated and 45 genes were down-regu-
lated (>1.7 fold change) in microglia following PMMANP treat-
ment (Fig. 4C and Table S37). Although PMMANP exposure
induced M1 microglial activation (Fig. 4A), the increase in
proinflammatory cytokines in PMMANP-treated microglia was
relatively modest (<1.3 fold change) compared to that in LPS-
treated microglia (Table S4%). Instead of cytokines, PMMANP
exposure notably elevated the expression of chemokines
associated with chemotaxis in microglia (Table S41). KEGG
pathway enrichment analysis indicated an enhancement of
CXCR2-mediated chemokine signaling in PMMANP-exposed
microglia (Fig. 4D). This was corroborated by qRT-PCR, which
confirmed increased CXCR2 mRNA expression in PMMANP-
exposed microglia. However, CXCL11—despite its elevation in
RNA sequencing data from the PMMANP group—and its recep-
tor, CXCR3, did not show changes in our qRT-PCR analysis
(Fig. 4E). In addition, we examined the microglial morphology
and surface marker expression following nanoplastic exposure
but observed no significant differences among the groups
(data not shown). However, functional changes varied depend-
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Fig. 4 PMMANPs induce M1 microglial activation and alter genes
involved in chemotaxis and cell migration. (A) gRT-PCR data showing
the increase in the expression of M1 microglial markers including Tnfa
and Cd86, with no change in the expression of M2 markers (Arg1, Igf1,
Cd206 and Tgfbl) following PMMANP treatment. (B) gRT-PCR analysis
data showing increased mRNA expression of proinflammatory cytokines
(IL-1p and TNF-o) in microglia treated with nanoplastics (50 pg mt™
PSNP, PPNP and PMMANP) for 24 hours. Cells treated with lipopolysac-
charide originated from E. coli (LPS.E; 100 ng ml™!) and thrombin (20 U
ml™?) were used as positive controls. (C) Heatmap showing the differen-
tial gene expression patterns resulting from PMMANP exposure. (D)
KEGG pathway enrichment scatterplots based on RNA sequencing data
showing upregulated signaling pathways in PMMANP-exposed microglia
compared to the control. (E) Validation of RNA sequencing data by
qRT-PCR confirming the increase of Cxcr2 in PMMANP-exposed micro-
glia compared to the control. Values denote the means + SEMs. One-
tailed unpaired t-test: *p < 0.05, **p < 0.005, and ***p < 0.0005. One-
way ANOVA with Dunnett’'s post-hoc test. ###p < 0.0001.

ing on the type of nanoplastic, as indicated by nitric oxide
(NO) secretion, which was increased by PSNP and PMMANP,
but not by PPNP (Fig. S67). Collectively, these findings suggest
that PMMANP exposure may facilitate CXCR2-mediated micro-
glial chemotactic migration.

To measure the protein levels of cytokines and chemokines
secreted by microglia, we performed a cytokine/chemokine
array using culture supernatants from microglia exposed to
nanoplastics. Consistent with the mRNA sequencing results,
microglia treated with PMMANP exhibited substantial
increases in chemokine secretion compared to cytokine
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Fig. 5 The greatest increase of chemokine expression was observed in
microglia exposed to PMMANP. (A) Cytokine/chemokine array data
showing the highest increase of chemokine secretion (CXCL1, CXCL2,
CXCL10, CCL3 and CCL5) in microglia exposed to PMMANPs compared
to those exposed to other nanoplastics (PSNP and PPNPs).
Quantification results are shown as graphs. (B) Graph summarizing the
cytokine/chemokine results, showing the fold change in chemokine
expression in PMMANP (50 pg ml™)-treated microglia. Among the
various chemokines, CXCL1 and CXCL2 exhibit more than a 2-fold
increase in expression in PMMANP-treated microglia. (C) ELISA data
confirming the highest increase of secreted CXCL1 and CXCL2 in
PMMANP-treated microglia. (D) qRT-PCR data showing the mRNA
expression levels of Cxcll and Cxcl2 in microglia treated with three
different types of nanoplastics. Among these groups, the group with
PMMANP shows the highest increase in the mRNA expression of both
CXCL1 (Cxcl1) and CXCL2 (Cxcl2). Cells treated with lipopolysaccharide
originated from E. coli (LPS.E; 100 ng ml™) and thrombin (20 U ml™)
were used as positive controls. Values denote the means + SEMs. Two-
tailed unpaired t-test: *p < 0.05, **p < 0.01, and ***p < 0.001, compared
to the control, and @p < 0.05, compared to PMMA. One-way ANOVA
with Dunnett's post-hoc test: ###p < 0.0001.

secretion (Fig. 5A). Among the groups exposed to the three
types of nanoplastics, PMMANP-treated microglia showed the
highest increases in chemokine secretion, including CXCL1
(2.25-fold), CXCL2 (3.63-fold), CCL5 (1.23-fold), CXCL10 (1.51-
fold), and CCL3 (1.74-fold), compared to the control (Fig. 5A).
This increase in CXCL1, CXCL2, and CCL3 was also confirmed
in microglia treated with lower dosages of PMMANP (1-25 pg
ml™") (Fig. S71). In contrast, PSNP only caused a slight increase
in CCL3, while PPNP increased CXCL1, CXCL2, and CCL3 by
1.04-fold, 1.44-fold, and 1.81-fold, respectively. Among the
various chemokines that were increased in PMMANP-exposed
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microglia, CXCL1 and CXCL2 showed higher increases than
others (Fig. 5B). Our ELISA results showed a marked increase
in the secretion of CXCL1 and CXCL2 from microglia upon
exposure to PMMANPs, with CXCL1 levels increasing by 41.57
+ 17.59-fold and CXCL2 by 6.45 + 2.27-fold compared to the
control. In contrast, PSNP exposure did not induce significant
secretion changes (CXCL1: 4.88 + 0.08-fold; CXCL2: 1.18 =+ 0.8-
fold). PPNP exposure led to a notable increase in CXCL1
secretion (22.59 + 9.95-fold), but the elevation in CXCL2 (2.09
+ 1.05-fold) was not statistically significant (Fig. 5C).
Consistently, the mRNA expression levels of CXCL1 and CXCL2
were only modestly elevated in PSNP- and PPNP-treated micro-
glia, and remained substantially lower than those observed in
PMMANP-treated cells (Fig. 5D).

Similarly, using transparent nanoplastics that are not conju-
gated with a fluorescent dye, we also observed a significantly
greater increase in the mRNA expression of CXCL1 and CXCL2
following PMMANP exposure (Fig. S8t). These findings are
consistent with our mRNA sequencing results, which showed
that PMMANP induced increases in CXCL1, CXCL2 (Table S47)
and CXCR2 (Fig. 4D and E), the common receptor for both
CXCL1 and CXCL2.>

Exposure to PMMANPs induces chemotactic migration of
microglia mediated by CXCR2

Since both CXCL1 and CXCL2, which are increased by
PMMANP exposure, are chemokines that promote the recruit-
ment of CXCR2-expressing peripheral immune cells and
microglia,>*® we investigated whether the elevated secretion
levels of CXCL1 and CXCL2 enhance microglial migration. Our
migration assay data obtained using a transwell system
(Fig. 6A) clearly show that PPNP exposure induced a 2.1-fold
increase in the number of migrated cells, whereas PMMANP
exposure led to a relatively high 3.9-fold increase in microglial
migration. However, no increase in migration ability was
observed in microglia exposed to PSNPs (Fig. 6B). Although
there was a significant increase in CCL3 in microglia treated
with PPNP (Fig. 5A), this increase in PPNP-induced microglial
migration may not be mediated by CCL3. We did not observe
any change in the expression of CCR5, the receptor for CCL3,
following PPNP treatment (data not shown). Our migration
assay results are consistent with the data showing a higher
increase in secreted CXCL1 and CXCL2 in microglia exposed
to PMMANPs than those exposed to PPNP, and no increase in
microglia exposed to PSNPs (Fig. 4). To investigate the mecha-
nism underlying PMMANP-induced microglial migration, we
co-treated microglia with SB225002, a potent competitive
antagonist of CXCR2, a G-protein coupled receptor.’”*® we
found that SB225002 completely inhibited PMMANP-induced
microglial migration, indicating that this migration is
mediated by CXCL1/CXCL2-CXCR2 signaling pathways in
PMMANP-exposed microglia (Fig. 6B). Moreover, our in vivo
data also show that PMMANP increases the activation and che-
motactic attraction of immune cells in the mouse brain 4 days
after stereotaxic injection of PMMANPs (1 pg) into the stria-
tum. Our immunofluorescence staining data clearly show that

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 PMMANP enhances chemotaxis through CXCR2-associated sig-
naling pathways in vitro and in vivo. (A) Experimental design for cell
migration assay illustrated graphically (created with BioRender.com). (B)
Crystal violet staining results showing the greatest increase in microglial
migration following PMMANP treatment (PMMA). This PMMANP-
induced increase of microglial migration was completely inhibited by
co-treatment with SB225002, a CXCR2 inhibitor. Quantification of
microglial migration is shown as a graph. (C) Immunofluorescence stain-
ing data showing the increase of CD68-immunopositive signals (green)
in PMMANP (red)-injected brain tissues. (D) Quantification results of
relative intensity for Ibal- and CD68-positive signals shown as graphs. n
= 4 per each group. (E) Experimental design for stereotaxic injection of
PMMANP (PMMA) and vehicle (Veh) shown as an illustration. Values
denote the mean + SEMs. *p < 0.05 and ***p < 0.001, compared to the
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CD68 signals, a marker for activated microglia and macro-
phages, were significantly higher in the PMMANP-injected
group than in the PBS-treated control (Fig. 6C-E). Although
Iba-1-positive signals were not significantly increased, the
PMMANP group showed a strong increasing tendency com-
pared to the control (Fig. 6C-E). To examine whether these
immune cell activation and migration induced by PMMANPs
affect neurons, tissues were stained with a marker for M- and
H-type neurofilaments. We found a decrease in neurofilament
signals in the PMMANP group compared to the control
(Fig. 6C-E). It should be noted that the decrease of the neurofi-
lament observed in the PMMANP group could, in part, be due
to the direct effects of the nanoplastic particles, rather than
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immune cell activation alone. Collectively, these data demon-
strate that PMMANPs have a greater impact on M1 microglial
activation and chemokine expression than PSNPs and PPNPs,
resulting in the highest increase in chemotactic migration of
microglia.

Discussion

In this study, we systematically compared the biological effects
of three distinct nanoplastics—PSNP, PPNP, and PMMANP—
on brain microglia. We found that each type of nanoplastic
exhibited a unique uptake pattern in microglia and induced
differential alterations in microglial functions, including M1-
phase activation, chemokine secretion, and migration. These
findings suggest that the polymer composition of nanoplastics
plays a critical role in shaping their biological effects. Indeed,
previous studies have reported differential biological outcomes
depending on the type of plastic from which nanoplastics are
derived. For example, PSNP has been shown to impair learning
and memory,>® and to induce anxiety- and depression-like
behaviors,® whereas PENPs have been associated with social
deficits and repetitive behaviors, potentially linking them to
autism spectrum disorders.” Such type-specific nanoplastic
effects have also been observed in peripheral organs, including
the liver’>*® and the lungs.*' Consistent with these previous
studies, our data support the idea that nanoplastics of
different polymer types elicit distinct microglial neuroinflam-
matory responses through divergent molecular mechanisms in
the brain.

In our study, PMMANP showed the highest biological
effects on microglia although the environmental prevalence is
relatively low compared to the other types of nanoplastics. In
this regard, investigating the potential harmfulness of
PMMANP is crucial for human health. In this study, we have
used spherical particles rather than fibers, fragments, or
pellets, even though spherical nanoplastics are less abundant
than other shapes in the environment. It is well known that
non-spherical nanoplastics exhibit varying cytotoxicity due to
differences in their surface roughness,"*® and their shapes
can vary from one instance to another. This suggests that even
when other forms of nanoplastics are synthesized using the
same method, they may differ in length and thickness. Taken
together, the use of spherical nanoplastics, which have a
uniform surface and consistent size, appears to be an ideal
choice for maintaining experimental consistency. Our data
clearly indicate that PMMANP can induce immune cell recruit-
ment, which may lead to exacerbation of brain inflammation
and, consequently, brain damage. We observed distinct bio-
logical effects of different types of nanoparticles on brain
microglial function. These findings are consistent with pre-
vious reports, which suggest that the biological effects and
underlying mechanisms of nanoparticles can vary depending
on their type and surface modifications and that these vari-
ations can influence their effects within cells and
organisms.**™*” Our results show the greatest upregulation of
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CXCL1/2-induced chemotaxis in microglia exposed to
PMMANP. This upregulation might be due to the high capa-
bility of PMMANP to infiltrate microglia. In addition, from a
physicochemical perspective, PMMANP includes ester bonds
and a fibrous molecular structure, which could contribute to
increased duration, resistance to abrasion, and mechanical
strength.

Although microglia exposed to PMMANP show increased
expression of M1 microglial markers, the majority of upregu-
lated genes in these microglia are chemokines and chemo-
taxis-related genes. These gene expression patterns in
PMMANP-exposed microglia differ significantly from those
exposed to infectious pathogens, such as bacteria, LPS, a bac-
terial cell wall component, and virus, where a substantial
increase of inflammatory cytokines is generally observed.*®™>°
The differences in the responses between microglia treated
with nanoplastics and those exposed to pathogens may arise
from distinct mechanisms of microglial activation. In fact, bac-
terial infection increases the expression of various receptors
on microglia, such as toll-like receptors (TLRs), which can
recognize specific peptidoglycans and proteins like flagellin
found on bacterial cell walls.>*> Similarly, viral infection also
induces the expression of the purinergic receptor P2RY12,
which senses adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) released from virus-infected neurons.*®?
In addition, several receptors in the TLR family also induce
microglial activation by recognizing viral single-stranded and
double-stranded RNA, which ultimately results in anti-viral
effects.”®”° However, nanoplastics are composed of various
polymers that do not possess specific binding affinity for any
receptors on the surface of immune cells. Instead of receptor-
mediated signaling, nanoplastics may bind to the plasma
membrane through adsorption and influence microglial func-
tions through mechanisms that do not involve surface recep-
tors on microglia. In addition, unlike general pathogen-
induced microglial activation, PMMANP-induced microglial
activation was not accompanied by an increase in Ibal
expression. These findings are consistent with previous studies
showing microglial activation without an increase in Ibal
expression in Alzheimer’s disease.>*

While previous studies have primarily focused on the
uptake of nanoplastics, inflammatory cytokine secretion, and
apoptosis of microglia,">'** the current study identifies the
critical impact of nanoplastics on chemotactic attraction
induced by brain microglia, which plays a key role in immune
cell recruitment. Although the increase in the expression of
inflammatory cytokines was not very pronounced in PMMANP-
exposed microglia, the upregulation of CXCL1/2 induced by
PMMANP could still contribute to brain damage by enhancing
the recruitment of CXCR2-expressing immune cells, which
may accelerate inflammation in the brain. In fact, previous
reports have shown that the CXCL1/2-CXCR2 axis plays a
crucial role in the recruitment of peripheral leukocytes, includ-
ing neutrophils, macrophages, and monocytes, into the brain
parenchyma under various disease conditions, such as viral
encephalitis, Alzheimer’s disease, and brain tumors.**¢7>8
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Considering these previous data, our current study demon-
strates the potential mechanisms by which inflammation and
resulting damage could occur in the brain exposed to
PMMANPs. This is supported by a series of experiments
showing the upregulation of CXCL1/2-CXCR2 signaling and
enhanced microglial migration following PMMANP treatment.

In addition to CXCR2-mediated migration, the observed
increase in microglia following PMMANP injection may also
result from local proliferation in response to inflammatory
signals. Indeed, studies in disease models—such as status epi-
lepticus—have shown that resident microglia proliferate
locally via CSF-1R signaling, contributing significantly to
microgliosis.>® Moreover, repeated peripheral LPS exposure
induces hypertrophic microglial states and transient prolifer-
ation across brain regions, supporting the role of inflammatory
stimuli in driving microglial expansion.®® These data suggest
that microglial proliferation, potentially induced by microglio-
sis, may partially contribute to the PMMANP-induced increase
in brain microglia.

Conclusions

This study demonstrates that PMMANP exposure induces
M1 microglial activation, ultimately leading to CXCL1/2-
CXCR2 pathway-mediated chemotactic migration of brain
microglia. Given that the CXCL1/2-CXCR2 signaling axis also
plays a role in the recruitment of peripheral immune cells that
may exacerbate neuroinflammation, our findings offer impor-
tant insights for future investigations into the biosafety of
PMMA-derived biomaterials and consumer products. Although
the biological effects of PSNPs and PPNPs on microglia were
lower than those of PMMANPs, their substantially higher
environmental prevalence suggests that they may still pose a
potential risk to brain health. These results underscore the
importance of considering both the toxic potential and real-
world abundance of different nanoplastic types. Collectively,
this study raises broader concerns regarding the neuroinflam-
matory risks posed by nanoplastics.
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