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ABSTRACT 

 

Investigation of the effects of microplastics on human endometrial cells  

and cell-to-cell transfer 

 

Nara Kim 

 

Department of Medical Device Engineering and Management 

The Graduate School, Yonsei University 

 

(Directed by Professor SiHyun Cho) 

 

 

Nanoplastics (NPs) and microplastics (MPs) have recently emerged as a global 

concern. However, the effects of polystyrene (PS)-NPs and MPs on the female 

endometrium remain unclear. The aim of this study was to develop a suitable in 

vitro exposure protocol for PS-NPs and MPs, using different plastic dimensions and 

concentrations, and to investigate the potential toxic effects of PS-NPs and MPs on 

human endometrial stromal cells (ESCs), as well as the intercellular transfer of MPs. 

In particular, smaller plastic particles, such as 100 nm PS-NPs and 1 μm PS-MPs, 

showed a greater tendency for cellular uptake compared to larger 5 μm PS-MPs. 

These tiny plastic particles were found to induce significant changes in cell   
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morphology and cell death at concentrations greater than 100 μg/mL over a 24-hour 

period. In addition, using confocal microscopy and real-time imaging, we observed 

that MPs not only accumulate in the nucleus and cytoplasm of ESCs, but also 

migrate between cells via extracellular vesicles (EVs). EVs are small membrane-

bound particles surrounded by a lipid bilayer that are released by various cell types 

and play a critical role in inter- and intracellular communication by facilitating the 

exchange of proteins, nucleic acids, and lipids between cells. The study revealed a 

significantly higher rate of internalization, with a clear relationship between plastic 

particle size and the extent of penetration into the nucleus and cytoplasm. In 

addition, our research showed that exposure to 100 nm PS-NPs resulted in 

decreased cell proliferation and induced apoptosis. This study is groundbreaking in 

demonstrating that both 100 nm PS-NPs and 1 μm PS-MPs dynamically accumulate 

within ESCs, leading to either cell death or reduced proliferation at specific 

concentrations. These results suggest potential adverse effects on fertility and 

reproductive health and highlight the need for further research to elucidate the 

precise underlying molecular mechanisms. 

Key words: Microplastic, Nanoplastic, Polystyrene, Internalization, Endometrial stromal 

cells, Cytotoxicity, Extracellular vesicles, transfer 
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I. INTRODUCTION 

Plastics have become an increasingly important part of human life, with global production 

expected to reach approximately 367 million tons in 2020 and increase by 29% by 2028 1,2. 

This increase in use and disposal, and the fact that plastics do not break down easily, 

have resulted in significant releases of plastics into aquatic and terrestrial 

ecosystems, which have accumulated over the long term in the global oceans 3-5. 

Plastic waste takes more than a century to degrade and break down into microplastics (MP) 

and nanoplastics (NP), particles smaller than 5 mm and 1 μm in diameter, respectively, 

causing serious environmental concerns 6-8.  

The most common forms of MPs include polyethylene terephthalate (PET), polypropylene 

(PP), polyethylene (PE), polystyrene (PS), and polyvinyl chloride (PVC) 9. PS, a plastic 
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widely used in manufacturing, can generate polystyrene microplastics (PS-MPs) and 

nanoplastics (PS-NPs) 10. These particles are now ubiquitous in water, sea salt, seafood, 

industrial abrasives, and food crops, and enter organisms through consumption 11-13. Urgent 

research is needed to understand their full impact on health and the environment. 

While research has primarily focused on the accumulation of MPs in specific 

animal tissues and their potential to cause disease, there are limited studies on the 

cellular changes resulting from MP accumulation, particularly regarding their 

presence in the cytoplasm and nucleus, and the mechanisms of MP-induced 

cytotoxicity 14-16. 

Extracellular vesicles (EVs) are small membrane-bound particles released by various cell 

types 17-19. They play a crucial role in cellular communication by exchanging proteins, 

nucleic acids and lipids between cells 20-21. Recent evidence suggests that serum-derived 

EVs can transport polyethylene terephthalate (PET)-MP and alter EV miRNA content 22. 

Furthermore, exposure to plastics increases cellular EV release 23. Despite numerous 

reports on the detrimental effects of MP accumulation in cells, the mechanisms of their 

accumulation and intercellular movement remain unclear. 

Infertility remains a significant global reproductive problem 24, with female factors 

accounting for approximately half of all cases 25. The human endometrium is critical for 

embryo implantation and fertility 26. Although recent studies have identified various MPs 

in the human endometrium 27, more extensive clinical research is urgently needed to 
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understand the effects and mechanisms of NPs and MPs on endometrial health. 

In this study, we investigated the deposition and accumulation of fluorescence-stained PS-

NPs ((FL)PS-NPs) or MPs ((FL)PS-MPs) in ESCs. We also investigated the kinetics of PS-

NP or MP deposition and accumulation in live cells using the IncuCyte live- cell imaging 

system (Sartorius, Göttingen, Germany). In addition, we sought to determine how 

accumulated PS-MPs move out of cells and into other cells. We examined the presence of 

PS-MPs in EVs by isolating EVs from cells with (FL)PS-MP accumulation and analyzing 

them by flow cytometry. We also detected PS-MPs in cells treated with extracted EVs using 

confocal microscopy and observed PS-MPs entering cells from stained EVs using IncuCyte 

live-cell imaging. This research provides a foundation for understanding the impact of PS-

NPs or MPs on endometrial disease and infertility, as well as the potential cellular effects 

of MPs.
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II. MATERIALS AND METHODS 

1. Endometrium Stromal cell culture and Ishikawa cell culture 

ESCs were obtained from healthy human eutopic endometrial samples. The tissue was 

finely minced and digested in phosphate-buffered saline (PBS; Welgene, Gyeongsan, 

Korea) with 2.0 mg/mL collagenase type I (Gibco, Waltham, MA, USA) for 2 h at 37°C in 

a 5% CO₂ incubator. After digestion, the cells were filtered through a 40-μm filter (BD 

Biosciences, San Jose, CA, USA) and collected. After discarding the supernatant, cells 

were suspended in Dulbecco's modified Eagle's medium/F12 (DMEM/F12; Cytiva, 

Marlborough, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, 

Waltham, MA, USA) and 2% penicillin-streptomycin (P/S; Cytiva, Marlborough, MA, 

USA) in a humid 37°C, 5% CO₂ environment. For subculturing, cells at 80-90% confluence 

were treated with 2 mL of 0.25% trypsin-EDTA (Gibco, Waltham, MA, USA) for 5 min, 

and the process was stopped by adding 1 mL of culture medium. Cells from passages 3 to 

6 were used for subsequent experiments. 

Ishikawa cells were grown in minimum essential medium (MEM)/Earle's balanced salt 

solution (EBSS; Cytiva, Marlborough, MA, USA) supplemented with 10% fetal bovine 

serum (FBS) and 2% penicillin-streptomycin (P/S; Cytiva, Marlborough, MA, USA). Cells 

were maintained in a humid 5% CO₂ atmosphere at 37°C. 

2. Cell treatment with plastics 

ESCs were plated at 3 × 10⁵ cells per well in 6-well plates and grown to approximately 
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60% confluence. The medium was then changed to DMEM/F12 containing 100 nm PS-

NPs, 1 μm or 5 μm PS-MPs (Merck, Darmstadt, Germany). The cells were then exposed to 

these particles for 24 h at 37°C in a 5% CO₂ incubator. 

3. Cell Proliferation assay  

ESCs were seeded at 6 × 10³ cells per well in 96-well plates. After 24 h of incubation, the 

culture medium was replaced with DMEM/F12 containing 100 nm PS-NPs or 1 μm and 5 

μm PS-MPs at concentrations ranging from 0 to 10,000 μg/mL. To evaluate cell 

proliferation, 20 μL Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was added 

to each well, followed by incubation at 37°C for 2 h. The absorbance of the supernatant 

was measured at 450 nm optical density (OD) using a VersaMax microplate reader 

(Molecular Devices, San Jose, CA, USA). 

4. PS particles characterization  

Green fluorescent unmodified nanoplastic beads (100 nm, (FL)PS-NPs) and microplastic 

beads (1 μm, (FL)PS-MPs) were purchased from CD Bioparticles - Drug Delivery 

Research (NY, USA) for live- cell imaging and confocal fluorescence microscopy. The 

dimensions, colors, and shapes of these polystyrene (PS) particles were examined using a 

scanning confocal microscope (LSM 980, Carl Zeiss, Oberkochen, Germany). 

5. Live-Cell Imaging analysis 

The IncuCyte Live-Cell Analysis System (Sartorius, Göttingen, Germany) was used to 

capture real-time images of cells at specific intervals over time. Endometrial stromal cells 
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(ESCs) were plated on poly-L-lysine-coated coverslips (Merck, Darmstadt, Germany). 

When cells reached approximately 60% confluence, they were treated with 100 μg/mL of 

100 nm (FL)PS-NPs or 1 μm (FL)PS-MPs. After treatment, cells were stained with 

NucSpot Live 650 nuclear stain (Biotium, San Francisco, USA) at a final concentration of 

1 μM for 10 min at 37°C in a 5% CO₂ incubator. The samples were then placed in the 

IncuCyte Live-Cell Analysis System for continuous live-cell imaging. 

6. Fixed cell imaging via confocal fluorescence microscopy 

Following live-cell imaging, culture medium was gently removed, and cells were fixed 

using 4% paraformaldehyde (Forbio, Seoul, Korea) on a shaker (Daihan Scientific, Wonju, 

Korea) at 40 rpm for 15 minutes at ambient temperature. Subsequently, cells were mounted 

using mounting medium (Dako, Seongnam, Korea) and examined using a confocal 

microscope (LSM 980, Carl Zeiss, Oberkochen, Germany) equipped with an oil immersion 

objective (Plan-Apochromat 40x/1.4 oil DIC M27; Carl Zeiss Microscopy, GmbH). 

7. Measurement of PS accumulation 

To measure intracellular plastic accumulation, fixed ESCs exposed to nano- and 

microplastics were nuclear stained with NucSpot Live 650 Nuclear Stain prior to mounting. 

The number of cells containing 1 μm PS-MPs (green) co-stained with NucSpot 650 (red) 

was tallied and averaged from four randomly selected microscopic fields at 100x 

magnification using a confocal microscope. For the smaller 100 nm PS-NPs, the number 

of green PS-NPs co-stained with red NucSpot 650 was averaged from eight randomly 
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selected fields at 630x magnification, also using a confocal microscope. 

8. EVs isolation after PS-MPs treatment of cells 

Cells were plated at 3 × 10⁵ cells per well in T25 flasks (SPL, Pochen, Korea) and grown 

to approximately 60% confluence. The medium was then replaced with MEM/EBSS 

containing 1% FBS and either 1 μm PS-MPs or 1 μm fluorescent PS-MPs ((FL)PS-MPs) 

at 1 mg/mL for 24 h at 37°C in a 5% CO₂ incubator. After 24 h, cells were washed three 

times with PBS, trypsinized, and reseeded into fresh T25 flasks for another 24 h under 

identical conditions to facilitate isolation of EVs. EVs were extracted using ExoQuick-TC 

(SBI, Palo Alto, CA, USA) according to the manufacturer's instructions. Briefly, culture 

medium was centrifuged at 1200 × g for 20 minutes, and 5 mL of the resulting supernatant 

was mixed with 1 mL of ExoQuick-TC reagent. This mixture was incubated at 4°C for 24 

h and then centrifuged at 1500 × g for 30 min. After removal of the supernatant, a final 

centrifugation at 1500 × g for 5 min yielded precipitated EVs pellets, which were used for 

subsequent cell treatment and flow cytometry analysis. The remaining cells were fixed with 

4% paraformaldehyde for flow cytometry analysis. 

9. Flow cytometry assay 

Flow cytometric analysis was conducted using a FACS Canto II system (BD Biosciences, 

San Jose, CA, USA) with FCSalyzer software (version 1.8.0) to detect intracellular PS-

MPs or PS-MPs within extracellular vesicles (EVs). Extracted EVs and fixed cells were 

analyzed for forward scattering (FSC) and side scattering (SSC) using a 488 nm blue laser, 



8 

 

while green fluorescent PS-MPs ((FL)PS-MPs) were excited with a 508 nm blue-green 

laser. Green fluorescence emissions were collected using a 530/30 nm filter. Flow 

cytometer settings were optimized to enhance the detection of small particles, and 

acquisition time was kept constants for all samples, with data collected on a logarithmic 

scale. Each experiment was performed in four replicates. 

10. Staining procedures for Extracted EVs 

A 500X stock solution of ExoBrite™ 560/585 cholera toxin subunit B (CTB) EV 

staining solution (Biotium, San Francisco, USA) was diluted to a final concentration of 

50X and added to the precipitated EVs pellet. The solution was gently mixed and 

incubated for 30 min in the dark at room temperature. 

11. Western Blotting 

Proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer (Thermo 

Scientific, Waltham, MA, USA) containing a protease inhibitor cocktail (Thermo Scientific, 

Waltham, MA, USA). Protein concentrations were determined using the bicinchoninic acid 

(BCA) assay kit (Thermo Scientific, Waltham, MA, USA). An equal amount of protein (20 

μg) was mixed with 5× sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) loading buffer (Biosesang, Seongnam, Korea) and heated at 95°C for 10 min. The 

samples were then separated on a 10% SDS-PAGE gel and transferred to polyvinylidene 

fluoride (PVDF) membranes (Merck, Darmstadt, Germany). Membranes were blocked 
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with 5% nonfat skim milk in Tris-buffered saline (10 mM Tris-HCl [pH 7.4] and 0.5 M 

NaCl) containing 0.1% Tween-20 for 1 h at room temperature. The membranes were then 

incubated overnight at 4°C with primary antibodies against phospho-p44/42 MAPK (P-

ERK) (1:500, Cell Signaling Technology, Danvers, MA, USA), p44/42 MAPK (ERK) (1: 

500, Cell Signaling Technology, Danvers, MA, USA), phospho-AKT (P-AKT) (1:500, Cell 

Signaling Technology, Danvers, MA, USA), AKT (1:500, Cell Signaling Technology, 

Danvers, MA, USA), and GAPDH (1:2000, Santa Cruz, Dallas, TX, USA). The membranes 

were then incubated with secondary antibodies, goat anti-mouse IgG (H+L) or anti-rabbit 

IgG (H+L) (1:2000, Thermo Scientific, Waltham, MA, USA), for 1 h at room temperature. 

Detection was performed using Super Signal West Pico Plus chemiluminescent substrate 

solution (Thermo Scientific, Waltham, MA, USA), and images were captured using a 

chemiluminescence imaging system (ImageQuant LAS 4000; General Electric, Chicago, 

IL, USA). Band intensities were quantified by densitometry using ImageJ software (NIH, 

Bethesda, Maryland, USA). 

12. Assessment of mitochondrial membrane potential 

Mitochondrial membrane potential was assessed by confocal microscopy using 

the fluorescent dye 5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazolyl 

carbocyanine iodide (JC-1) (Thermo Scientific, Waltham, MA, USA). For JC-1 

staining, 1 × 10⁶ cells were incubated with 5 μM JC-1 for 20 min at 37°C in the 

dark. The cells were then washed once with PBS and analyzed for JC-1 
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mitochondrial staining using an LSM 980 confocal microscope. Fluorescence 

intensity was measured at 529 nm (green) and 590 nm (red), and data were 

quantified and analyzed using ImageJ software. 

13. Statistical Analysis  

All graphs and statistical analyses were conducted using GraphPad Prism software 

(GraphPad Software, Inc., San Diego, CA, USA). Data from at least three independent 

replicates were analyzed and presented as the mean ± SEM. Differences between the 

control and PS-MPs-treated groups were assessed using one-way analysis of variance 

(ANOVA). Statistical significance was set at P < 0.05, with significance levels indicated as 

follows: *P < 0.05, **P < 0.01, and ***P < 0.001. 
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III.RESULTS 

1. Cell morphological changes induced by PS-NPs and MPs treatment  

To assess the impact of PS-NPs and PS-MPs on cellular structure, ESCs were subjected to 

100 nm PS-NPs, 1 μm PS-MPs, and 5 μm PS-MPs for a 24-hour period. The findings 

indicated that 100 nm PS-NPs and 1 μm PS-MPs led to cell death, while 5 μm PS-MPs did 

not cause notable structural changes (Figure. 1A). ESCs exposed to 100 nm PS-NPs or 1 

μm PS-MPs at 100 μg/mL concentration exhibited significant morphological alterations 

compared to the control group (Figure. 1B, 1C). In contrast, 5 μm PS-MPs at a higher 

concentration of 10 mg/mL did not substantially affect cell structure (Figure. 1D). 
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Figure 1. Effect of PS-NPs and MPs treatment concentrations on cellular morphology. 

(A) ESCs were treated with various concentrations (0 to 10,000 μg/mL) of 100 nm PS-NPs, 

1 μm PS-MPs, and 5 μm PS-MPs for 24 h. Scale bar: 50 μm. (B-D) Cell morphology of 

ESCs treated with 100 nm PS-NPs and 1 μm PS-MPs at a concentration of 100 μg/mL, and 

with 5 μm PS-MPs at a concentration of 10 mg/mL. Scale bars: 20 μm. PS-NPs, polystyrene 

nanoplastics; PS-MPs, polystyrene microplastics 
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2. Cell death induced by 100 nm PS-NPs or 1 μm PS-MPs at 1 mg/mL 

When ESCs were treated with PS-NPs or PS-MPs at a concentration of 1 mg/mL, 

significant changes in cell morphology and a reduction in cell density were observed, 

except in the case of 5 μm PS-MPs (Figure. 2A). Cell viability in response to different 

concentrations of PS-NPs and PS-MPs (0 to 10,000 μg/mL) was assessed using the CCK-

8 assay. A significant reduction in cell viability was observed after treatment with 100 nm 

PS-NPs or 1 μm PS-MPs at 1 mg/mL for 24 h, whereas treatment with 5 μm PS-MPs did 

not affect cell viability (Figure. 2B). These results suggest that the particle size of plastics 

significantly influences cellular responses, with smaller particles likely to induce greater 

cellular reactivity. 
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Figure 2. Investigation of cell death based on plastic size and treatment concentrations. 

(A) Morphological changes in cells treated with 1 mg/mL of 100 nm PS-NPs, 1 μm PS-

MPs, and 5 μm PS-MPs. Scale bar: 10 μm. (B) Cell viability as measured by the CCK-8 

assay. Data are presented as mean ± SEM and analyzed by Student's t-test. n = 3; 

significance levels: *P < 0.05, **P < 0.01, ***P < 0.001; ns = not significant. 
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3. Live-cell imaging of PS-NPs or MPs into a cell 

To investigate the cellular entry of PS-NPs and PS-MPs, ESCs treated with 100 nm (FL)PS-

NPs or 1 μm (FL)PS-MPs at a concentration of 100 μg/mL were imaged over a 24-hour 

period using an IncuCyte live-cell imaging system. For ESCs treated with 100 nm (FL)PS-

NPs, plastic entry into the nucleus was indicated by an increase in green fluorescence 

around the nucleus, followed by the appearance of yellow fluorescence within the nucleus 

over time (Figure. 3A). Similarly, 1 μm (FL)PS-MPs initially exhibited green fluorescence, 

which transitioned to yellow as they entered the nucleus (Figure. 3B).
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Figure 3. Real-time kinetic data of PS-NPs and MPs nuclear entry using live-cell 

imaging. (A-B) ESCs were treated with 100 nm fluorescent polystyrene nanoplastics 

((FL)PS-NPs) and 1 μm fluorescent polystyrene microplastics ((FL)PS-MPs) for 24 h after 

nuclear staining with NucSpot 650 (red). Boxes and arrows indicate the entry of 100 nm 

(FL)PS-NPs and 1 μm (FL)PS-MPs into the nucleus, respectively, as imaged under live 

conditions using the IncuCyte live imaging system. Scale bar: 100 μm. (FL)PS-NPs, 

fluorescent polystyrene nanoplastics; (FL)PS-MPs, fluorescent polystyrene microplastics 
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4. 3D Z-stack imaging reveals nuclear internalization of 100 nm PS-NPs or 1 μm PS-

MPs in ESCs 

ESCs were treated with 100 nm (FL)PS-NPs or 1 μm (FL)PS-MPs for 24 h. 

NucSpot Live 650 Nuclear Stain was used to color the nucleus red. Z-stack imaging 

was employed to visualize the internalization of (FL)PS-NPs and (FL)PS-MPs 

(Figure. 4). The 3D positioning of particles within cells is illustrated by the ortho 

XZ plane (yellow box, beneath the 2D image) and the YZ plane (green box, right 

side of the image) (Figure. 4B & 4E). The 3D z-stack axis of the multiple image 

overlays (Figure. 4B & 4E) verifies the internalization of 100 nm (FL)PS-NPs and 

1 μm (FL)PS-MPs, respectively. The XYZ dimensions show the spatial orientation 

of (FL)PS-NPs and (FL)PS-MPs in relation to the nucleus. For optimal 

visualization, the XZ and YZ planes are displayed as vertical sections at the bottom 

and right of each main XY image in Figure. 4B & 4E. 
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Figure 4. Investigation of plastic cytoplasmic and nuclear accumulation of PS. (A) 

Representative confocal fluorescence microscopy images showing 100 nm (FL)PS-NPs 

(green) and 1 μm (FL)PS-MPs (green) in the nucleus (red) and cytoplasm of ESCs cultured 

under standard conditions. Yellow fluorescence, indicated by arrows, confirms the entry of 

PS-NPs or PS-MPs into the nucleus. (B-D) Images of ESCs treated with 100 nm (FL)PS-

NPs. (E-G) Images of ESCs treated with 1 μm (FL)PS-MPs. Internalization of 100 nm 

(FL)PS-NPs or 1 μm (FL)PS-MPs is visualized in the Z-axis stacks. Panels (B) and (E) 

show top-down composite images in a Z-stack. The ortho YZ plane (green box, right in B 

and E) and the XZ plane (yellow box, bottom in B and E) highlight the internalization of 

(FL)PS-NPs or PS-MPs within the cells. White arrows indicate the presence of (FL)PS-

NPs or PS-MPs. Panels (C) and (F) show 3D top view angles of (B) and (E), respectively, 

while panels (D) and (G) show 3D side view angles of (B) and (E), respectively. Scale bar: 

10 μm.
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5. Concentration-dependent distribution of PS-NPs and MPs in the nucleus and 

cytoplasm of ESCs 

The proportion of plastic particles in the cytoplasm and nucleus per cell was measured and 

depicted in a bar graph. At 1 μg/mL concentration, 100 nm (FL)PS-NPs were detected in 

67.8 ± 8.9% of the cytoplasm and 24.8 ± 7.4% of the nucleus. For 1 μm (FL)PS-NPs at 10 

μg/mL, 46.2 ± 2.8% were found in the cytoplasm and 6.7 ± 2.9% in the nucleus, while at 

100 μg/mL, nearly 97.0 ± 1.3% of particles were observed in the cytoplasm and 42.7 ± 5.2% 

in the nucleus. These results indicate a concentration-dependent increase in plastic particle 

entry into both cellular compartments. Notably, treatments exceeding 100 μg/mL resulted 

in plastic particles being present in almost all cell cytoplasms, with 79.1 ± 8.5% of 100 nm 

(FL)PS-NPs and 42.7 ± 5.2% of 1 μm (FL)PS-MPs detected in the nucleus compared to 

the control group (Figure. 5). 
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Figure. 5. Size- and concentration-dependent accumulation of plastics in the 

cytoplasm and nucleus. The number of PS-NPs and PS-MPs present in the cytoplasm and 

nucleus was quantified and presented as bar graphs. Data are expressed as mean ± SEM 

and analyzed by Student's t-test. Statistical significance is indicated as follows: *P < 0.05, 

**P < 0.01, ***P < 0.001; ns = not significant. 
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6. Release of accumulated PS-NPs and MPs from cells 

Using the IncuCyte live-cell imaging system, PS-NPs and PS-MPs that had accumulated 

in the nucleus were observed to exit the cells (Figure. 6). These findings suggest that 

plastics accumulated within cells can not only exit and potentially re-enter other cells but 

can also be transferred between cells by mechanisms involving extracellular vesicles. 
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Figure 6. Real-Time analysis of PS-NPs and MPs nuclear entry using live-cell imaging. 

Cells were treated with 100 nm (FL)PS-NPs or 1 μm (FL)PS-MPs for 24 h, followed by 

nuclear staining with NucSpot 650 (red). Arrows indicate 100 nm PS-NPs or 1 μm PS-MPs 

exiting the nucleus after internalization, as observed by live-cell imaging using the 

IncuCyte Live-Cell Imaging System. Scale bar: 100 μm. 
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7. Flow cytometry detection of PS-MPs in ESCs 

The morphology of subcultured ESCs after treatment with 1 μm PS-MPs and 1 μm 

(FL)PS-MPs at a concentration of 1 mg/mL is shown in Figure. 7A. Flow 

cytometric analysis of fluorescence intensity in (FL)PS-MPs-treated cells showed 

that 47.2 ± 6.8% of the cells in the (FL)PS-MPs treatment group exhibited 

fluorescence (Figure. 7B & 7C), suggesting internalization of (FL)PS-MPs by the 

cells. 
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Figure. 7. Detection of intracellular PS-MPs in (FL)PS-MPs-treated ESCs. ESCs were 

treated with no plastic (control), non-fluorescent 1 μm PS-MPs, or fluorescent (FL)PS-MPs 

for 24 h followed by passaging. (A) Cell morphology observed 24 h after subculture in 

response to each treatment. (B) High fluorescence observed in cells treated with (FL)PS-

MPs and their subcultured progeny, indicating plastic retention within the cells. The M1 

region shows green fluorescence. (C) Percentage of intracellular fluorescence quantified 

by flow cytometry. Data are presented as mean ± SEM with four biological replicates. 

Statistically significant difference from control is indicated as ***P < 0.001. 
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8. Identification of PS-MPs in ESC-derived EVs 

To investigate the potential presence of PS-MPs in ESC-derived EVs, extracellular vesicles 

were extracted from the growth medium of cells exposed to PS-MPs or (FL)PS-MPs and 

examined for fluorescence using flow cytometry. The findings revealed green fluorescence 

in EVs from ESCs treated with (FL)PS-MPs (Figure. 8A & 8B), with the fluorescence 

intensity reaching 51.5 ± 6.5% in (FL)PS-MPs-treated EVs compared to the control group 

(Figure. 8C). These observations indicate that EVs might contain microplastics and 

potentially facilitate their transfer between cells. 
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Figure 8. Identification of PS-MPs in ESC-derived EVs. EVs were isolated from the 

medium of subcultured cells. (A) Flow cytometry plots showing fluorescein isothiocyanate 

(FITC) versus SSC for EVs. Representative images show changes in dot patterns for PS-

MP-treated EVs (PS-MPs_EVs) and green fluorescence in (FL)PS-MPs-treated EVs 

((FL)PS-MPs_EVs) compared to the control group. (B) Histogram of EVs with green 

fluorescence shown and gated in the M1 region, indicating the presence of plastic in 

(FL)PS-MPs_EVs. (C) Percentage of fluorescence in cell-derived EVs as determined by 

flow cytometry. Data are presented as mean ± SEM of four biological replicates. A 

statistically significant difference from the control is indicated as **P < 0.01. 
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9. Flow cytometric detection of PS-MPs in Ishikawa cells  

The morphology of subcultured Ishikawa cells after treatment with 1 μm PS-MPs and 1 

μm (FL)PS-MPs at a concentration of 1 mg/mL is shown in Figure. 9A. Flow cytometric 

analysis of fluorescence intensity in (FL)PS-MPs-treated cells revealed that 46.3 ± 8.4% of 

cells in the (FL)PS-MPs treatment group exhibited fluorescence (Figure. 9B & 9C). These 

results are consistent with the ESC experiments, indicating that (FL)PS-MPs are 

internalized by the cells36. 

 



28 

 

 

Figure 9. Detection of intracellular PS-MPs in (FL)PS-MPs-treated Ishikawa cells. 

Ishikawa cells were treated with no plastic (control), non-fluorescent 1 μm PS-MPs, or 

fluorescent (FL)PS-MPs for 24 h followed by passaging. (A) Cell morphology observed 

24 h after subculture in response to each treatment. (B) High fluorescence observed in cells 

treated with (FL)PS-MPs and their subcultured progeny, indicating plastic retention within 

the cells. The M2 region shows green fluorescence. (C) Percentage of intracellular 

fluorescence quantified by flow cytometry. Data are presented as mean ± SEM with four 

biological replicates. A statistically significant difference from the control group is 

indicated as **P < 0.01.
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10. Identification of PS-MPs in Ishikawa cell-derived EVs 

To evaluate the presence of PS-MPs in EVs derived from Ishikawa cells, EVs were 

isolated from the culture medium of cells treated with PS-MPs or (FL)PS-MPs and 

analyzed for fluorescence by flow cytometry. The results showed green 

fluorescence in EVs from (FL)PS-MPs-treated Ishikawa cells (Figure. 10A & 10B), 

with the fluorescence intensity reaching 51.6 ± 6.2% in (FL)PS-MPs_EVs 

compared to the control group (Figure. 10C). These results suggest that EVs can 

deliver MPs and facilitate cell-to-cell migration, which is consistent with the results 

from ESCs experiments 36. 
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Figure. 10. Detection of PS-MPs in EVs derived from Ishikawa cells. (A) Flow 

cytometry plots of fluorescein isothiocyanate (FITC) versus SSC for EVs, showing 

representative images of dot pattern changes in PS-MPs_EVs and green fluorescence in 

(FL)PS-MPs_EVs compared to the control group. (B) Histogram of EVs with green 

fluorescence shown and gated in the M2 region, indicating the presence of plastic in 

(FL)PS-MPs_EVs. (C) Percentage of fluorescence in cell-derived EVs as determined by 

flow cytometry. Data are presented as mean ± SEM of four biological replicates. 

Statistically significant difference from control is indicated as ***P < 0.001.
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11. Identification of PS-MPs in stained EVs derived from Ishikawa cells 

To further confirm the presence of plastics in EVs, extracted EVs membranes were stained, 

and fluorescence intensity was analyzed by flow cytometry. The results showed that EVs 

membranes from the control group showed only red fluorescence (Figure. 11A-1 & A-2), 

whereas EVs membranes from the (FL)PS-MPs treatment group showed both green and 

red fluorescence (Figure. 11B-1 & B-2). These results suggest the presence of MPs in EVs36.
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Figure. 11. Visualization of PS-MPs in EVs stained and derived from Ishikawa cells. 

Control EVs showed a shift in the dot pattern when stained (A2) compared to the unstained 

condition (A1), confirming the staining of the EVs. Similarly, (FL)PS-MPs_EVs showed a 

change in dot pattern when stained (B2) compared to unstained (B1), indicating the 

presence of microplastics within the stained EVs.
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12. Visualization of PS-MPs intracellular accumulation after EVs treatment 

To study the entry of EV-derived PS-MPs into cells, cells were treated with stained 

(FL)PS-MPs_EVs and imaged over 24 h using the IncuCyte live-cell imaging 

system. After treatment, vesicles containing PS-MPs, visible as yellow signals, 

gradually fused with the cells at approximately 6 h and 50 min, with microplastics 

ultimately observed inside the cells (Figure. 12). These results suggest that EVs 

facilitate cell-to-cell transfer of PS-MPs36. 
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Figure. 12. Live-Cell Imaging of PS-MPs entry into cells mediated by cell-derived EVs 

in real-time. (FL)PS-MPs_EVs stained with ExoBrite solution (red) were applied to 

Ishikawa cells with nuclei stained with NucSpot 650 (red) for 24 h. Yellow fluorescence 

(indicated by arrows) indicates the presence of (FL)PS-MPs (green) within the EVs. 

(FL)PS-MPs contained in EVs entering cells (indicated by boxes) were observed in live-

cell imaging using the IncuCyte system. Scale bar = 30 μm.
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13. Analysis of PS-MPs intracellular accumulation after EVs treatment 

To examine the cellular uptake of PS-MPs delivered by EVs, researchers exposed 

cells to EVs for 24 hours and utilized confocal microscopy to detect PS-MPs. The 

findings revealed that cells treated with EVs from PS-MP-exposed cells contained 

detectable PS-MPs (Figure. 13A). Z-stack imaging confirmed the presence of PS-

MPs inside the cells (Figure. 13B). A yellow box at the top of the 2D image 

highlights the ortho XZ plane, while a green box on the right shows the YZ plane 

(Figure. 13B-1). The 3D Z-stack axis in Figure. 13B-1 displays internalized PS-

MPs, with their location relative to the red-stained nucleus determined from XYZ 

dimensions. In Figure. 13B-1, vertical sections of the XZ and YZ planes are 

presented at the bottom and right of each main XY image for optimal visualization. 

These observations suggest that MPs can be transported intracellularly via EVs 36.
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Figure. 13. Analysis of PS-MPs intracellular accumulation after exposure to cell-

derived EVs. (A) Confocal microscopy images depict Ishikawa cells cultured under 

normal conditions after 24-hour treatment with cell-derived EVs. Scale bars = 20 μm. (B) 

Images of (FL)PS-MP_EV-treated cultures demonstrate internalization of 1 μm PS-MPs 

within the z-stack axis. (B1) Top-down merge of the Z-stack image. PS-MP internalization 

is visible in the ortho YZ plane (green border, right panel of B1) and XZ plane (yellow 

border, upper panel of B1). White arrows indicate MPs within cells. (B2) 3D top view of 

(B1). (B3) 3D side view of (B1). Scale bars = 10 μm. 
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14. PS-NPs decrease ESCs proliferation and induce apoptosis 

To investigate cell proliferation in ESCs treated with 100 nm PS-NPs or 1 μm PS-

MPs, we examined the expression of P-AKT, AKT, P-ERK, and ERK by Western 

blot. A reduction in proliferation was observed in cells treated with 100 μg/mL of 

100 nm PS-NPs, as indicated by a decreased P-AKT/AKT and P-ERK/ERK ratio 

compared to the control. In contrast, treatment with 1 μm PS-MPs showed no 

significant effect (Figure. 5A & 5B). 

To assess cell apoptosis, we performed JC-1 staining to evaluate mitochondrial 

membrane potential. JC-1, a potentiometric dye, shifts fluorescence emission from 

red to green as JC-1 aggregates (indicating polarized mitochondria) transition to 

monomers (depolarized mitochondria), with mitochondrial depolarization 

represented by a decrease in the aggregate/monomer fluorescence intensity ratio. 

JC-1 mitochondrial staining patterns in all experimental groups were visualized by 

confocal microscopy (Figure. 5C), showing a decrease in the aggregate/monomer 

ratio in both 100 nm PS-NP and 1 μm PS-MPs treatments compared to the control. 

However, only the 100 nm PS-NP treatment induced significant apoptosis (Figure. 

5D). 
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Figure. 14 Analysis of proliferation marker and apoptosis cells treated with 

PS-NPs or MPs. (A) Representative Western blot bands showing protein expression of 

proliferation markers (P-AKT, AKT, P-ERK, ERK) in ESCs treated with 100 nm PS-NPs 

or 1 μm PS-MPs. (B) P-AKT/AKT and P-ERK/ERK ratios were calculated using GAPDH 

as an internal control. Data are expressed as mean ± SEM; n = 7 for 100 nm PS-NPs, n = 4 

for 1 μm PS-MPs. P < 0.05 vs. control; ns = not significant. (C) ESCs were exposed to 100 

nm PS-NPs, 1 μm PS-MPs or CCCP (positive control) for 24 h and depolarization of 

mitochondrial membrane potential was observed. Scale bar: 100 μm. (D) Quantitative 

analysis of aggregate/monomer fluorescence intensity ratio. Red and green fluorescence 

results are superimposed and expressed as mean ± SEM of triplicate samples. Data were 

analyzed by Student's t-test (n = 3); significance indicated as *P < 0.05, **P < 0.01 vs. 

control; ns = not significant. 
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IV. DISCUSSION 

This research employed real-time imaging to observe PS-NP and MP entry into 

cells. Both 100 nm PS-NPs and 1 μm PS-MPs caused notable changes in cell 

morphology and viability, effects not seen with 5 μm PS-MPs. Confocal 

microscopy was used to closely examine intracellular accumulation of PS-NPs and 

MPs, particularly in the nuclei. The researchers quantitatively assessed the ratios of 

PS-NP and MP accumulation in the nucleus and cytoplasm, correlating these with 

particle size and concentration. Additionally, they investigated cell-to-cell transfer 

of PS-MPs via EVs. To verify PS-MP presence within EVs, fluorescently labeled 

(FL)PS-MPs and EV staining were used, with double staining confirmed by flow 

cytometry. The double-stained (FL)PS-MPs_EVs were then introduced to cells, 

enabling real-time tracking of PS-MP entry via EVs. 

Earlier studies have demonstrated that plastics can penetrate cell membranes and 

induce morphological changes. In vitro research on human liver and kidney cells 

indicated that MPs form clusters in a ring-like pattern around nuclei after 

cytoplasmic penetration, affecting cell morphology, metabolism, proliferation, and 

cellular stress 30. Moreover, treatment of human gastric cells with NPs or MPs has 

been shown to increase cellular stress and trigger apoptosis-necrosis 31. This study 

builds upon these findings by investigating plastic particle accumulation in the 
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cytoplasm and nucleus of ESCs, with a focus on particle size and concentration. 

Furthermore, the researchers examined proliferation markers and apoptotic changes 

in cells treated with 100 nm PS-NPs or 1 μm PS-MPs. 

The significance of ESCs stems from the crucial role the human endometrium 

plays in embryo implantation and fertility. Animal studies using rodents have 

demonstrated that MPs can cause ovarian fibrosis and apoptosis in granulosa cells 

32. Furthermore, both NPs and MPs have been found to elevate ROS and 

inflammation in oocytes, resulting in diminished oocyte quality, thinning of the 

endometrium, and ovarian inflammation, all of which could impact pregnancy 

outcomes 20,27. Despite these findings, research on plastic accumulation in the 

human endometrium and its effects on ESCs remains limited. Our research revealed 

that 100 nm PS-NPs accumulated more effectively in ESCs compared to 1 μm PS-

MPs, even at lower concentrations, and caused a more significant decrease in cell 

proliferation and increase in apoptosis. These findings align with other studies 

suggesting that smaller plastic particles are more easily internalized by cells or 

organisms. The impact of these particles on cellular function appears to be 

influenced by their size, dose, and characteristics, as well as the specific cell line 

exposed 30,33-34. 

A key advantage of this study is the utilization of real-time imaging with 



41 

 

fluorescently labeled plastics, enabling kinetic analysis of plastic accumulation in 

ESCs. By employing confocal microscopy and the IncuCyte system, we were able 

to differentiate between plastic internalization and surface deposition by monitoring 

the temporal progression of fluorescence. The transition from green fluorescence 

surrounding the nucleus to yellow fluorescence within the nucleus confirmed 

internalization. This approach offers valuable insights into the molecular 

interactions between endometrial cells and plastic particles. 

The small size of 100 nm PS-NPs made direct visualization of their entry into 

cells challenging. However, high-magnification confocal microscopy and 3D z-

stack analysis allowed for precise observation of plastic accumulation in the 

cytoplasm and nucleus. XYZ spatial analysis revealed distinct internalization 

patterns (Figure. 4B-G), while quantitative bar graph analysis (Figure. 5) confirmed 

size- and concentration-dependent accumulation within cellular compartments. 

These results indicate that plastic particles penetrate the cell membrane and 

accumulate in the nucleus, potentially inducing molecular changes. Notably, 

previous studies have shown that smaller plastic particles exert stronger effects on 

cells, and our results support this finding, as 100 nm PS-NPs induced a more 

pronounced decrease in cell proliferation and increased apoptosis compared to 1 

μm PS-NPs (Figure. 14). These findings suggest that NPs may have a more 
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detrimental effect on endometrial stromal cells than MPs, potentially contributing 

to endometrial-related diseases. 

Recent research indicates that MPs are involved in the production and 

transformation of EVs in cells. Wang et al. observed a 4.3-fold increase in EVs 

production in cells treated with PS-MPs compared to untreated cells 26. Additionally, 

the size of EVs varied according to the concentration of MPs, suggesting that MPs 

not only stimulate increased EVs production but also influence variations in EVs 

size. Studies have reported that miRNAs within EVs, whose expression is altered 

by exposure to MPs, are associated with the development of metabolic syndrome 

and diabetes25,27. While recent research has highlighted the effects of altered EV 

expression, there remains a limited understanding of the mechanisms by which 

accumulated MPs are transferred to other organs. 

Mierzejewski et al. demonstrated that PET-MPs are transported in serum-derived 

EVs in an immature gilt model, with results indicating that PET-MPs negatively 

impact physical function through differentially regulated miRNAs. This study 

suggests that MPs are not only transported by EVs but may also migrate to other 

organs. In our study, we observed the migration of intracellularly accumulated PS-

MPs out of the cell (Figure. 6), suggesting that EVs facilitate the transfer of MPs to 

other cells and tissues. These results provide clear evidence for the mechanism of 
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cell-to-cell transfer of PS-MPs via EVs. 

To minimize residual PS-MPs when extracting EVs from MPs-treated cells, cells 

were treated with PS-MPs for 24 h, washed three times, and then EVs were isolated 

from the medium of the passaged cells. The experiments were first verified using 

ESCs as primary cells (Figure. 7 & 8) and then repeated using Ishikawa cells as a 

cell line (Figure. 9 & 10). To confirm whether PS-MPs were present within cell-

derived EVs or merely aggregated, EVs were stained and observed using the 

IncuCyte live cell imaging system to detect color-merged vesicles. The temporal 

sequence of images showed yellow vesicles surrounding and gradually fusing with 

the cell, resulting in intracellular accumulation of microplastics, indicating that PS-

MPs within the EVs were internalized by the cell (Figure. 12). Although the low 

magnification of the IncuCyte system limited close observation of PS-MPs 

internalization, the 3D z-stack capability of confocal microscopy allowed precise 

visualization of PS-MPs internalization within cells (Figure. 13). 

Studies have shown that MPs affect the size of EVs, suggesting that accumulation 

of MPs in EVs may contribute to size variation. Our findings highlight the need for 

further research to assess the cytotoxicity of MPs at the cellular level and to explore 

the effects of EV-delivered MPs on cells, particularly in relation to the potential 

development of endometrial-related diseases. 
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V. CONCLUSION 

Our investigation revealed that the size and concentration of plastic particles are 

critical factors in determining the cellular response of ESCs. This study is the first 

to visualize plastic entry into ESCs using real-time imaging, providing a 

comprehensive understanding of the dynamic interactions between plastics and 

cells. In addition, we examined proliferation pathways and apoptotic changes in 

cells exposed to 100 nm PS-NPs or 1 μm PS-MPs, demonstrating that PS-NPs may 

negatively impact human endometrial health. Furthermore, our results showed that 

PS-MPs can be transferred between cells via cell-derived EVs. Supported by real-

time imaging and detailed analysis, these findings contribute to the understanding 

of the dynamics of EV-derived PS-MPs internalization into cells. 

Our findings highlight the need for further research into the potential effects of 

plastics on human endometrial stromal cells and the broader health implications of 

plastic-containing EVs in humans. These findings advance our knowledge of the 

mechanisms underlying the adverse effects of plastics on reproductive health, 

particularly with regard to endometrial disease and infertility. 
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ABSTRACT (IN KOREAN) 

 

논문제목 

 

미세 플라스틱이 인간 자궁 내막 세포에 미치는 영향 조사 및 

세포 간 이동 

 

<지도교수 조 시 현> 

 

연세대학교 대학원 의료기기산업학과 

 

 

김나라 

 

 최근 몇 년 동안 나노플라스틱(Nanoplastics: NPs)과 미세플라스틱(MPs)은 

전 세계적인 관심사가 되었습니다. 그러나 폴리스티렌(PS)-NPs와 MPs가 여성

의 자궁내막에 미치는 영향은 아직 명확히 밝혀지지 않았습니다. 따라서 본 

연구에서는 인간 자궁내막 기질세포(ESCs)에 다양한 플라스틱 크기와 농도를 

사용하여 PS-NPs와 MPs에 대한 적절한 시험관 내 노출 프로토콜을 확립하고, 

ESCs에 대한 PS-NP와 MPs의 세포 독성 영향과 MPs의 세포 간 전이 가능성을 

조사하고자 했습니다. 특히 100 nm PS-NPs와 1μm PS-MPs와 같은 작은 플라스

틱은 5μm PS-MPs와 같은 큰 플라스틱에 비해 세포 흡수 경향이 더 높은 것으

로 나타났습니다. 이러한 작은 플라스틱 입자는 24시간 동안 100μg/mL를 초

과하는 농도에서 눈에 띄는 세포의 형태학적 변화를 유도하고, 세포 사멸을 

유발하는 것을 보였습니다. 또한, 공초점 현미경과 실시간 이미징 장치를 사

용하여 플라스틱 입자가 ESCs의 핵과 세포질에 축적될 뿐만 아니라 다양한 세
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포 유형에 의해 환경으로 방출되고, 세포 간 단백질, 핵산 및 지질의 교환을 

통해 세포 간 및 세포 내 통신에 크게 관여하는 지질 이중층으로 둘러싸인 작

은 막 입자인 세포 외 소포체(EVs)를 통해 MPs가 세포간 이동한다는 사실도 

확인했습니다. 더 나아가 플라스틱의 크기와, 핵과 세포질에 침투하는 정도 

사이에 뚜렷한 상관관계가 있는 것을 확인한 결과 플라스틱의 크기가 작을수

록 세포내 플라스틱의 내재화 비율이 상당히 높은 것으로 나타났습니다. 또

한, 100nm PS-NPs로 세포를 처리했을 때, 1μm PS-MPs를 처리했을 때와 달리 

ESCs의 증식이 감소하고 세포 사멸이 유도되는 것을 확인함으로써 플라스틱의 

사이즈가 작을수록 ESCs에 더 부정적인 영향을 끼칠 수 있음을 확인하였습니

다. 결론적으로, 이 연구는 100nm PS-NPs와 1μm PS-MPs에 노출되면 ESCs 내

에 이러한 입자가 동적으로 축적되어 특정 농도에서 세포 사멸 또는 증식 감

소로 이어진다는 사실을 입증한 최초의 연구입니다. 이번 연구 결과는 이러한 

입자가 생식 능력과 생식 건강에 잠재적으로 악영향을 미칠 수 있음을 시사하

며, 정확한 분자 메커니즘을 밝히기 위한 추가 연구의 필요성을 강조합니다. 

핵심 되는 말: 미세 플라스틱, 나노 플라스틱, 폴리스티렌, 내재화, 자궁 내막 기질 

세포, 세포 독성, 세포 외 소포체, 전이      
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