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Effects of Polystyrene Microplastics on Human Kidney and Liver Cell
Morphology, Cellular Proliferation, and Metabolism
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ABSTRACT: Microplastics have gained much attention due to their prevalence and
abundance in our everyday lives. They have been detected in household items such as
sugar, salt, honey, seafood, tap water, water bottles, and food items wrapped in plastic. o
Once ingested, these tiny particles can travel to internal organs such as the kidney and liver 7 SN
and cause adverse effects on the cellular level. Here, human embryonic kidney (HEK 293) %
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cells and human hepatocellular (Hep G2) liver cells were used to examine the potential (——
toxicological effects of 1 ym polystyrene microplastics (PS-MPs). Exposing cells to PS- ::::::::.ﬂ.,:
MPs caused a major reduction in cellular proliferation but no significant decrease in cell 0N | .. i
viability as determined by the trypan blue assay in both cell lines. Cell viability remained at soesn

least 94% for both cell lines even at the highest concentration of 100 yg/mL of PS-MPs.
Phase-contrast imaging of both kidney and liver cells exposed to PS-MPs at 72 h showed
significant morphological changes and uptake of PS-MP particles. Confocal fluorescent
microscopy confirmed the uptake of 1 ym PS-MPs at 72 h for both cell lines. Additionally,
flow cytometry experiments verified that more than 70% of cells internalized 1 ym PS-MPs after 48 h of exposure for both kidney
and liver cells. Reactive oxygen species (ROS) studies revealed kidney and liver cells exposed to PS-MPs had increased levels of ROS
at each concentration and for every time point tested. Furthermore, quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis at 24 and 72 h revealed that both HEK 293 and Hep G2 cells exposed to PS-MPs lowered the gene expression
levels of the glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and antioxidant enzymes superoxide dismutase 2
(SOD2) and catalase (CAT), thus reducing the potential of SOD2 and CAT to detoxify ROS. These adverse effects of PS-MPs on
human kidney and liver cells suggest that ingesting microplastics may lead to toxicological problems on cell metabolism and cell—cell
interactions. Because exposing human kidney and liver cells to microplastics results in morphological, metabolic, proliferative
changes and cellular stress, these results indicate the potential undesirable effects of microplastics on human health.

Bl INTRODUCTION

Plastic pollution is one of the most dynamic issues affecting
climate, environment, and human health. As more single-use

mechanical forces from waves, and other physical and thermal
processes.” The degradation of these plastics leads to the
generation of even smaller plastics, called microplastics.

plastics are being produced and the global demand for these
plastics increases, our ability to deal with the inevitable plastic
waste becomes more problematic each year. The visibility of
plastic waste is increasing as more plastics are polluting oceans,
rivers, lakes, and air.'™ Multiple aspects of human lives are
affected by plastics. The global production of plastic reached
368 million tons in 2019, and single-use plastics make up
approximately 50% of all the plastics produced.”” Although
single-use plastics make up the majority of plastic waste, less
than 14% of plastics found in municipal solid waste gets
recycled each year.® Bags, water bottles, cutlery, and straws are
used in homes, businesses, theme parks, schools, and other
places people live, visit, and work each day. These single-use
plastics and other plastic waste are sent to landfills, incinerated,
and often improperly disposed of, contributing to even more
plastic waste in the environment.

Plastics can take many years to decompose, so they
accumulate and begin to break down once discarded. The
breakdown of plastics occurs through radiation from the sun,
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Microplastics (<S5 mm in size) significantly impact today’s
society with the increasing discovery that they are essentially
everywhere. Microplastics can be transported to multiple
places through wind, dust, atmospheric fallout, snow, and
various bodies of water (i.e., rivers, lakes, and oceans).g_13
Microplastics have been found in forests, cities, and even the
most remote places such as the Swiss Alps and the glaciers of
the Tibetan Plateau."*™"” Microplastics are ubiquitous in the
environment, and more studies have documented microplastics
in human consumables raising even more concern for human
health and exposure.
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Ingestion of microplastics is one of the major routes of
human exposure.'® It is estimated that Americans consume
39,000—52,000 microplastics annually in food and beverages.lg
Researchers reported that microplastics could enter the food
chain through plastic packaged goods (such as water bottles,
processed foods, meat, etc.), ingestion of microplastics via
seafood and groundwater contamination.'” Recent reports
have documented microplastics in human food, food-related
products, and the environment, raising more concern for
human health. Researchers have detected varying levels of
microplastics in various food items. A recent study collected
honey samples from Europe and reported an average of 9
fragments/kg of microplastics in honey and an average of 32
fragments/kg of microplastics in sugar.”’ For salt, researchers
reported an average of 9.77 item/kg of microplastics in a study
carried out in Taiwan, an average of 32 item/kg in a study
carried out in the U.S., an average of 46 item/kg in an
Australian study, and an average of 58 item/kg in a Croatian
study.”"*> These studies show that the difference in micro-
plastics found in salt varies from region to region. Although the
daily intake per person can vary, microplastics can be ingested
by salt intake.

In addition to food items, beverages and beverage products
provide another way humans could consume microplastics. A
recent study reported that a person brewing a tea bag at 95 °C
could release over 11 billion microplastics into a single cup.
Authors predicted that up to 4.6 tons of microplastics could be
released from tea bags during the steeping process.”
Additional studies found an average of 12—109 fragments/L
in German beer, an average of 182—496 fragments/L in
Ecuadorian industrial beer, and 50—920 fragments/L in
Ecuadorian craft beer.”””® Other studies reported that
microplastics were found in water. A study reported 3.4—6.3
X 10? item/L in drinking water in the Czech Republic, while
another study reported 9.3 X 10 item/L in drinking water
from China.”>*’ For tap water, a study reported 1.8 item/L in
Ireland, 7.8 item/L in Cuba, and 9.2 item/L in the U.S.*® Also,
sampled bottled water reported 2.6 X 10* item/L in Germany,
Italy reported 5.4 X 107 item/L, and Thailand reported 4.7 X
10% item/L.”*"*" Given that the consumption of water is 1.4
L/day for an adult, it is very likely that drinking water is the
most pervasive way that humans ingest microplastics.”

Another way that humans can consume microplastics is
through the consumption of seafood. In 2016, the United
Nations reported that of the 800 marine species that were
contaminated with microplastics, 220 of them ingested
microplastics from nature.”* In 2011, the estimated global
demand for seafood intended for humans to eat was 143.8
million tons, and the amount of seafood that humans consume
globally per capita is over 20 kg/year.”>*® In the United States,
the amount of seafood consumed per person increased from
16.1 pounds in 2018 to 19.2 pounds in 2019.%”** Furthermore,
it was reported in 2016 that over 90% of imported seafood
came from locations where there was a significant amount of
plastic pollution.” Different studies have reported micro-
plastics in seafood intended for human consumption. A
Singapore study that analyzed microplastics in commercial
shrimp reported an average of 13.4—7050 items, and another
study that sampled shrimp in the Arabian sea reported a
microplastic average of 1220 items.””*’ For studies carried out
on mussels, researchers found an average of 1.53 items/g in
green mussels sold in Thailand, an average of 0.9—4.6 items/g
in mussels found on the coastlines in China, and an average of

1.4 items/ g of supermarket-bought mussels in the United
Kingdom.”' ~*  Another study compared the amount of
microplastic in fish sold for human consumption. Fish from
Fiji had 0.86 pieces/fish, almost two times lower than the
average of 1.58 pieces per fish reported in an Australian
study." These studies show that microplastics are pervasive
even in seafood. Thus, human consumption of microplastics
via seafood is likely.

Studies have shown that ingestion of microplastics in marine
organisms can cause oxidative stress, inflammatory responses,
decreased fertility, decreased eating habits, and other
toxicological effects.*” > With marine organisms being a
prominent food source for humans, it is no surprise that the
first microplastic studies documenting toxicological effects due
to microplastic exposure were carried out on these organisms.
These studies have been carried out on fish, oysters, shrimp,
mussels, and other marine organisms to better understand the
extent and impact microplastics have on marine wildlife and
their potential risks to human health. Other studies noted that
microplastics, once ingested, can accumulate in certain organs
in marine organisms. The liver and kidney are vital in ridding
systems of ingested toxins. However, prolonged accumulation
can lead to latent health risks. Several studies were carried out
to study the translocation and toxicological effects of
microplastics in marine organisms after ingestion. In a study
carried out on juvenile jacopever (a carnivorous fish), an
accumulation of polystyrene microplastics was found in the
liver and caused significant damage to the liver, induced a
stress response, and altered metabolism in the liver.”' The
researchers also noted that microplastics reduced growth in the
jacopever.*”*" In a study carried out on juvenile crabs,
researchers noted an accumulation of microplastics in the liver
that caused oxidative stress and an inflammatory response.’”
Furthermore, studies have shown that microplastic accumu-
lation in crabs inhibited growth and that microplastics
accumulated in the kidneys of mackerel and scallops.””™>*
Although research and studies have been carried out on marine
organisms about the effects of microplastics, there is still little
known about their impact on human health. These studies
showing that microplastics can travel to the liver and kidneys
further emphasized the potential dangers of microplastic
ingestion and the need for further research to assess the
potential health risks in humans.

Ingestion is a major way that microplastics can enter the
human body. Once ingested, microplastics can enter the
circulatory system, where they can be translocated to the liver
and kidney, two vital organs responsible for ridding the body of
toxins. Many studies reporting microplastics entering the body
through ingestion have studied the effects of microplastics on
colon and intestinal cells.*>™>” However, information about the
effects of microplastics on kidney and liver cells is limited.”*>”
Understanding the effects of microplastics on human kidney
and liver cells is of the utmost importance to better understand
the potential risks to human health. This study was conducted
using a human kidney cell line and a human liver cell line to
simultaneously study the effects of microplastics in vitro.
Microplastics at 1 ym in size were identified in drinking water,
bottled water, seafood, honey, and other human consumables,
which provide evidence of a realistic way these tiny plastics can
be ingested by humans; thus, we used this particle size for our
current study.’”°>®" Furthermore, 1 pm polystyrene micro-
plastic (PS-MP) particles were found in the environment and
are relevant to human exposure.”>~°® Therefore, to explore the
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effects of microplastics on human kidney and liver cells, the
human embryonic kidney 293 (HEK 293) cell line and the
human hepatocellular carcinoma (Hep G2) cell lines were
utilized to investigate the effect of microplastics. Both cell lines
have previously been employed in toxicological studies.”” "
Our current study shows that, when exposed to micro-
plastics, both HEK 293 and Hep G2 cells showed a significant
decrease in cell proliferation but no significant changes in
viability. After 72 h of exposure, the cell population uptook the
microplastic particles as high as 95% in HEK 293 cells and 74%
in Hep G2 cells. These particles surrounded the nucleus and
caused significant metabolic changes. The net mitochondrial
reductase activities were significantly reduced, but the activities
per cell were significantly increased when exposed to 100 ug/
mL. Additionally, reactive oxygen species (ROS) levels in both
HEK 293 and Hep G2 cells were found to increase for PS-MP-
exposed cells for all concentrations tested and at each time
point observed. Furthermore, quantitative reverse transcription
polymerase chain reaction (qQRT-PCR) analysis revealed that,
upon exposure to PS-MPs, both HEK 293 and Hep G2 cells
lowered glycolytic enzyme gene expression and reduced the
ability of antioxidant enzymes to cleanse ROS in both cell
lines. Our study elucidates the adverse effects that micro-
plastics have on cellular morphology, proliferation, stress,
metabolism, and internalization in both cell lines.

B MATERIALS AND METHODS

Microspheres. The plain and the green-fluorescent
polystyrene microspheres (PS-MPs) of size 1 um were
purchased from Degradex (Phosphorex). The size of the
particles was provided by the company (Supporting
Information, Table S1). In addition, one of our recent
publications also further characterized the plain particles
using Fourier-transform infrared spectroscopy for the poly-
styrene chemical bonds and using dynamic light scattering for
particle degradation.”*

Cell Culture and Microplastic Treatment. Human
embryonic kidney 293 cells (HEK 293; ATCC CRL-1573)
and human hepatocellular carcinoma cells (Hep G2 or
HEPG2; ATCC HB-8065) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) supple-
mented with 10% fetal bovine serum (FBS; Atlanta Bio-
logicals), penicillin, streptomycin, and Lr-glutamine (Sigma-
Aldrich) at 37 °C under $% CO,. The cell density per well was
6.4 x 10* cells for 6-well plates and 2.5 X 10* cells for 96-well
plates. The cells were passaged when they reached 80%
confluence using trypsin (Corning). After plating the cells for
12 h, they were treated with PS-MPs at various concentrations.

Phase Contrast Microscopy for Live Cell Imaging.
HEK 293 and Hep G2 cells were plated in six-well plates for 12
h before being treated with S pg/mL PS-MPs. The untreated
cells were used as a control. At 24, 48, and 72 h, live-cell
imaging was carried out using an Olympus OM-1 phase-
contrast microscope and the Olympus QColor 3 imaging
system at the FSU Institute of Molecular Biophysics Protein
Expression Facility. The images were taken at either 100X or
400X magnifications and analyzed using Image] (NIH).

Metabolic Assay. To measure changes in cellular
metabolic activity, we used the MTT (3-(4,5-dimethylth-
iazol-2-y1)-2,5-diphenyl tetrazolium bromide) assay.””’® The
mitochondrial NAD(P)H-dependent oxidoreductase enzymes/
dehydrogenases reduce the yellow MTT to purple forma-
zan.”>’® This MTT assay is widely used to detect cellular

metabolic activity as an indicator of cell proliferation, viability,
and cytotoxicity. After 12 h of replating the HEK 293 kidney
cells and Hep G2 liver cells in a 96-well plate, 1 ym PS-MPs
were added to the culture at 0.05, S, 10, 25, 50, 75, and 100
pug/mL concentrations. MTT assay was carried out for 24, 48,
and 72 h time points. Briefly, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) was added, and the cells
were incubated for 2 h. Then, sodium dodecyl sulfate (SDS;
Sigma-Aldrich) was used to dissolve formazan crystals that
gave a purple color. The solution absorbance was read at 570
nm using a SpectraMax iDS multimode microplate at the
Analytical Laboratory at the FSU Department of Biological
Science. Both the untreated and treated conditions were
repeated three times. The MTT assay was repeated as a
triplicate of independent experiments. The reading from the
cell-only condition was subtracted from the reading from just
the SDS and used as the blank. Also, the microplastic-treated
cell's reading was subtracted from the reading of the
microplastic-only condition. The untreated condition was
used to normalize the readings.

Cell Proliferation Assay and Trypan Blue Dye
Exclusion Assay. The cell proliferation assay was carried
out by treating the post-12 h replated HEK2 93 and Hep G2
cells in a six-well plate with 100 pg/mL PS-MPs. The cells
were harvested using trypsin at 24, 48, and 72 h time points.
Once harvested, they were counted using a Neubauer
hemocytometer (Electron Microscopy Sciences) under a
phase-contrast microscope. Each time point was counted
twice with a triplicate independent sampling for the cell
proliferation assay to establish a growth curve. For the trypan
blue assay, the trypan blue dye (Thermo Fischer) was added to
the cell suspension at a 1:4 ratio. Both live and dead cells were
counted using the hemocytometer. The clear cells were
counted as live cells, and the blue-stained cells were counted
as dead cells. This assay was carried out in triplicate as
independent experiments.

Confocal Fluorescence Microscopy for Fixed Cell
Imaging. After 12 h of replating in six-well plates, HEK 293
and Hep G2 cells were treated with 5 yg/mL 1 pm, green-
fluorescent PS-MPs. After 72 h, the media was removed, and
cells were washed three times with phosphate-buffered saline
(PBS; Thermo Fisher) before being fixed with 10% neutral
buffered formalin (VWR). The cells were stained with 4',6-
diamidino-2-phenylindole (DAPI; Biotium) for nuclear stain-
ing and the plasma membrane stain wheat germ agglutinin
conjugate 594 (WGA-594; Biotium). The images were taken
using the Nikon CSU-W1 spinning disk confocal microscope
at the Biological Science Imaging Resource at the FSU
Department of Biological Science, and they were analyzed
using NIS-Elements-Microscope Imaging software.

Flow Cytometry to Determine the PS-MP Uptaking
Ability of HEK 293 and Hep G2 Cells. After 12 h of
replating in six-well plates, HEK 293 and Hep G2 cells were
treated with 5 and 100 pg/mL 1 um green-fluorescent PS-
MPs. The cell’s ability to uptake the microplastics at time
points of 24, 48, and 72 h was determined using flow
cytometry by quantifying the green-fluorescent signals. After
harvesting the cells using trypsin, the samples were washed
with PBS three times. Then, 1.0 X 10° cells were acquired with
BD FACSCanto II flow cytometry (Beckton Dickinson) at the
Flow Cytometry Laboratory at the FSU College of Medicine.
Cells incubated with Alexa Fluor 488 Goat-Anti Mouse
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A-Unexposed HEK 293 (control)
— K@

B-1um PS-MP exposed HEK 293

(i)

Figure 1. HEK 293 kidney cell phase-contrast images for both (A) unexposed and (B) 1 ym PS-MP exposed cells were taken at 24, 48, and 72 h.
After plating, cells were exposed to S yg/mL microplastics. The white arrows point to the PS-MPs. At each time point, cells were imaged at (i)
100X and (ii) 400X magnification. Scale bar: 100 um for (i) and 25 um for (ii).

48h

Figure 2. Hep G2 liver cell phase-contrast images for both (A) unexposed and (B) 1 ym PS-MP exposed cells were taken at 24, 48, and 72 h. After
plating, cells were exposed to S pg/mL microplastics. The white arrows point to the PS-MPs. At each time point, cells were imaged at (i) 100X and

(ii) 400X magnification. Scale bar: 100 ym for (i) and 25 ym for (ii).

(Invitrogen) were used as isotype control. The data were
analyzed using FlowJo software.

ROS Assay. The Biovision ROS detection assay kit was
used to detect real time ROS levels in HEK 293 and Hep G2
live cells. After 12 h of replating in 96-well plates, the ROS
label was added to appropriate wells, 1 ym microplastics at
concentrations of 5, 50, and 100 pg/mL were added to
appropriate wells, and the hydrogen peroxide compound was
added to appropriate wells as a positive control. Cells with no
ROS label and no microplastics were used as the negative
control. ROS levels in live cells were measured at 0, 2, 4, 6, 12,
and 24 h time points, and fluorescence was measured using a
SpectraMax iDS multimode microplate at the Analytical
Laboratory at the FSU Department of Biological Science.

EdU Cell Proliferation Assay. The Click-It Plus EdU (S-
ethynyl-2'-deoxyuridine) imaging kit was used to detect cell
proliferation in HEK 293 and Hep G2 fixed cells. Cells were
grown for 12 h and plated in six-well plates. The EdU label was
then added to cells, 1 ym, green microplastics were added to
appropriate wells, and cells were incubated for 24 h. After 24 h,
media was removed and cells were fixed using 3.7%
formaldehyde in PBS. After fixing, cells were washed twice

with 3% BSA in PBS and then permeabilized using 0.5% Triton
X-100 in PBS. After permeabilization, cells were washed twice
with 3% BSA in PBS. Then, the Click-It Plus reaction cocktail
was added to wells incubated for appropriate time and then
removed. Following removal of the cocktail, cells were washed
once with 3% BSA in PBS. Then, cells were stained with
Hoechst 33342 solution and incubated for the appropriate
time. After staining with Hoechst 33342, solution was removed
from wells, and cells were washed once with PBS. Then, cells
were imaged using the Nikon Eclipse Ti Inverted Microscope
in the Spectroscopy Lab at FSU Department of Chemistry and
Biochemistry.

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR). After 24 and 72 h, HEK 293
and Hep G2 cells with or without the MP treatment were
collected to isolate the total RNA using an E.Z.N.A. Total
RNA Kit I (OMEGA Bio-Tek) and purified using an RNA
Clean & Concentrator-5 kit (Zymo Research). The reverse
transcription experiment was performed using 2 ug of the total
RNA, anchored to oligo-dT primers, and Superscript III
(Invitrogen) based on the manufacture’s protocol. The primer
pairs that targeted beta actin (ACTB, endogenous control),

34139 https://doi.org/10.1021/acsomega.2c03453
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(ii) 48h

Figure 3. HEK 293 kidney (A) and Hep G2 liver cells (B) show 1 yum PS-MPs surrounding the nucleus at 24 h [A(i)], 48 h [A(ii)] and [B(i)], and
72 h [B(ii)]. These images were taken at 400X magnification. Scale bar: 25 ym.

HEK 293 Kidney Cells
with 1um MP - Image 1

Control

2D View

3D Top
View

3D Side View

HEK 293 Kidney Cells
with 1pm MP — Image 2

<—YZ Plane
(Green)

XZ Plane
(Yellow)

Figure 4. Confocal microscopy images of [A(1)] untreated HEK293 culture and [B(1-3),C(1-3)] 1 um green-fluorescent polystyrene
microplastic particle-treated cultures. HEK 293 kidney cells were exposed to S pg/mL 1 um green-fluorescent PS-MPs for 72 h before fixation.
Then, the HEK 293 cells were stained with a wheat germ agglutinin 594 conjugate plasma membrane stain (red) and a nuclear stain DAPI (blue).
Panels [A(1)—C(1)] are top-down composites of images in a Z-stack. The internalization of the microplastic is shown in the ortho YZ plane {the
green box at the right edge of [A(1),B(1),C(1)]} and the XZ plane {the yellow box at the bottom of [A(1),B(1),C(1)]}. The white arrows indicate
microplastic particles inside the cells. White axes from the particle of interest are drawn to the XZ and YZ panels on the sides and point out the
dimension of the cell that is seen in the top-down view. Panels [B(2),C(2)] show 3-D top view angles of [B(1),C(1)] images, respectively. Panels
[B(3),C(3)] show the 3-D side view angles of [B(1),C(1)] images, respectively. These images were taken at 1000X magnification. Scale bar: 10

pm.

GAPDH (glycolysis), SOD2, and CAT (ROS cleanup)
(Supporting Information Table S2) were designed using
Primer-BLAST (NIH) and NetPrimers (PREMIER Biosoft).
The reaction was carried out using an ABI7500 instrument and
SYBRI Green PCR Master Mix (Applied Biosystems). The
RT-PCR amplification was 2 min at 50 °C; 10 min at 95 °C;
and 40 cycles of 95 °C for 15 s; 55 °C for 30 s; and 68 °C for
30 s. The Ct values were normalized with the expression of
ACTB before relatively analyzed against the untreated
conditions (Figure 12A,B) or the 24 h condition (Figure
12C) using the 2724¢ method.

Statistical Analysis. Flow cytometry, MTT assay, and RT-
PCR were performed as triplicates. The results were
represented as [mean + standard deviation]. When comparing
two conditions (Figures 6 and 12C), Student’s t-test was

performed to determine the significance (p-value < 0.05). On
the other hand, when comparing more than two conditions
(Figures 7—9 and 12A,B), the statistical analysis was
performed using analysis of variance (ANOVA), followed by
Tukey post hoc test. The significance was determined when
the p-value < 0.0S.

B RESULTS

Morphological Changes and PS-MPs Internalized in
HEK 293 Kidney and Hep G2 Liver Cells after Exposure
to PS-MPs. PS-MPs of 1 um size were introduced to the
cultures of HEK 293 kidney and Hep G2 liver cells. Phase-
contrast microscopy showed morphological differences be-
tween exposed and unexposed cultures at 24, 48, and 72 h
(Figures 1 and 2). The treated HEK 293 cells altered their
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Figure S. Confocal microscopy images of [A(1)] untreated Hep G2 culture and [B(1-3),C(1-3)] 1 um green-fluorescent polystyrene
microplastic particle-treated cultures. The internalization of the 1 ym microplastics can be visualized in Z-axis stacks. Hep G2 cells were exposed to
S ug/mL 1 um green-fluorescent PS-MPs for 72 h before fixation. Then, the cells were stained with a wheat germ agglutinin 594 conjugate plasma
membrane stain (shown in red) and a nuclear stain DAPI (shown in blue). Panels [A(1)—C(1)] are top-down composites of images in a Z-stack.
Internalization of the microplastic is shown in the ortho YZ plane {the green-boxed edge right panel of [A(1),B(1),C(1)]} and the XZ plane {the
yellow-boxed bottom panel of [A(1),B(1),C(1)]}. The white arrows indicate microplastic particles inside the cells. White axes from the particle of
interest are drawn to the XZ and YZ panels on the sides and point out the dimension of the cell that is seen in the top-down view. Panels
[B(2),C(2)] show 3-D top view angles of [B(1),C(1)] images, respectively. Panels [B(3),C(3)] show the 3-D side view angles of [B(1),C(1)]

images, respectively. These images were taken at 1000X magnification. Scale bar: 10 ym.

morphologies in multiple clusters (Figure 1). Images with a
higher magnification focusing on a single-cell cluster are shown
in Figure 1A(ii),B(ii).

At 24 h, unexposed HEK 293 kidney cells grew in tight
clusters. Along the edges of these clusters, very short
pseudopodia projecting from these cells are shown (Figure
1A). The 24 h exposed HEK 293 cells showed similar
morphology to 24 h unexposed cells, except 1 ym PS-MPs
were observed within the cells (Figure 1B). By 48 h, unexposed
cells continued to grow as normal, but exposed cells began to
show initial signs of blebbing (Figure 1A,B) As time increased
to 72 h, the unexposed culture of HEK 293 kidney cells
continued to show large clusters of cells with short
pseudopodia projected from the cluster’s edges (Figure 1A).
However, 72 h exposed HEK 293 cells resulted in severe
blebbing in many of the cells, fewer clusters of cells observed
and a slight increase in the number of singlets (Figure 1B).
This is a stark contrast from the typical morphology
demonstrated in unexposed HEK 293 cells. By 72 h of PS-
MP treatment, HEK 293 kidney cells had a significant
alteration in morphology and a higher uptake of PS-MPs.

At 24 h, the Hep G2 unexposed liver cells grew in tight
clusters and are closely packed (Figure 2A). At 24 h, Hep G2
exposed cells still showed similar morphology to unexposed
cells, but with the internalization of 1 ym PS-MPs (Figure 2B).
At 48 h, 1 um exposed cells had begun to decluster, while 48 h
unexposed cells grew normally (Figure 2A,B). As time
increased to 72 h, Hep G2 unexposed cells began to form

larger, tightly packed clusters of cells (Figure 2A). However, by
72 h, the exposed culture showed more declustering and more
single cells and adapted a morespread-like morphology (Figure
2B). By 72 h, exposed Hep G2 cells had a completely different
morphology, had uptaken more PS-MPs, and no longer
resembled their unexposed counterparts.

The 1 um PS-MPs could be observed in both HEK 293 cells
and Hep G2 cells as early as 24 h (Figures 1B and 2B). In
addition, more microplastic particles were accumulated inside
the cells at later time points of 48 and 72 h (Figures 1B and
2B). These particles organized themselves around the nucleus
in either a ring-like pattern or in groups in the single cells
(Figure 3A,B). Although more particles are internalized in cells
over time, particles clustering around the nucleus occur in both
early and later time points in both HEK 293 kidney cells and
Hep G2 liver cells (Figure 3A,B). This is a similar observation
from our previous publication.®”

Three-Dimensional Z-Stack Images of HEK 293
Kidney and Hep G2 Liver Cells Show the Internalization
of 1 um PS-MPs. HEK 293 kidney and Hep G2 liver cells
were exposed to green-fluorescent 1 ym polystyrene micro-
plastics. At 72 h, cells were washed with PBS, fixed, stained,
and then imaged using confocal microscopy. The cell
membrane was stained red using the wheat germ agglutinin-
594 conjugate, and the nucleus was stained blue using DAPL
The particle internalization was shown in z-stack images for
both HEK 293 (Figure 4) and Hep G2 (Figure ).
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Figure 6. HEK 293 kidney cells (A) and Hep G2 liver cells (B) were characterized for cellular proliferation (i) and cell viability (ii) at time points
0, 24, 48, and 72 h. HEK 293 and Hep G2 cells were exposed to 1 ym polystyrene microplastics (MP) at 100 yg/mL (1 gm MP). The negative
control was the unexposed cells (No MP). Student’s t-test was carried out to determine the significant. *: p-value < 0.05.

The ortho XZ plane is the yellow box at the bottom side of
the 2-D image, and the YZ plane is the green box on the right
side of the image in the first row of images [Figures SA(1)—
C(1) and 6A(1)—C(1)]. The 3-D Z-stack axis of multiple
image overlays in B(1),C(1) shows the internalization of the
PS-MPs. The green-fluorescent MPs’ position relative to the
red cell membrane and the blue nucleus can be determined as
XYZ coordinates. For images B(1) and C(1), XZ and YZ
planes are are vertical sections seen on the paper for the best
viewing and are shown at the bottom and right edges of each of
the main XY images. The intersection of the XYZ axes was
placed on the microplastic particle, and tracing the axes back to
the planes shows the internalized particles with white arrows
indicating their position inside the cells. Close-up images
showing the internalization of particles shown in A(1)—C(1)
in Figures S and 6 can be found in Supporting Information,
Figures S1—S3 and S5—S7. Each image’s separate fluorescent
channels are shown in Supporting Information, Figures S4 and
Ss.

Cellular Proliferation Decreased in Both HEK 293
Kidney and Hep G2 Liver Cells after Exposure to PS-MP.
Cellular proliferation was measured using a hemocytometer
and a phase-contrast microscope for both HEK 293 kidney and
Hep G2 liver cells. HEK 293 kidney cells and Hep G2 liver
cells exposed to 1 ym PS-MPs at a 100 ug/mL concentration
were counted at time points of 24, 48, and 72 h compared to
unexposed cells.

A growth curve was established for both unexposed and
exposed HEK 293 kidney cells. The unexposed cells grew as
expected from 24 to 72 h, with an initial lag phase, followed by
a logarithmic growth phase which is normal for this cell line.

34142

Unexposed cells increased more than 3.5-fold from 0 to 24 h
and more than 2-fold from 24 to 48 h and from 48 to 72 h.
However, microplastic-exposed cells did not follow the same
growth trend as unexposed cells, growing much more slowly.
Even though it was not statistically significantly different from
the unexposed, from 0 to 24 h, microplastic-exposed cells only
grew 2.5-fold. Furthermore, from 24 to 48 h, exposed cells
barely increased onefold. By 72 h, the final number of cells
grown for exposed cells was only approximately 9% of their
unexposed counterparts [Figure 6A(i)]. These results reveal
that at 48 h, the proliferation of HEK 293 kidney cells was
significantly affected by PS-MPs, although they continued to
grow after exposure.

For Hep G2 liver cells, a growth curve was also established
for both unexposed and exposed cells. The unexposed cells
grew normally from 24 to 72 h by exhibiting first a lag phase,
followed by a logarithmic growth phase. Unexposed cells
increased a little over 1-fold from 0 to 24 h and from 24 to 48
h but did grow over 1.5-fold from 48 to 72 h. From 0 to 72 h,
microplastic-exposed cells showed a very consistent onefold
growth from 0 to 24 h, 24 to 48 h, and 48 to 72 h. After 48 h,
there was a statistically significant difference between the
treated and the exposed culture’s cell proliferation. The final
number of exposed cells grown at 72 h was only approximately
39% of their unexposed counterparts [Figure 6B(i)]. Hep G2
cells exposed to microplastics were inhibited in growth around
48 h. They did not catch up with their unexposed counterparts,
and their growth remained stunted at the subsequent time
point of 72 h.

Growth curves were established for both unexposed and
exposed HEK 293 kidney and Hep G2 liver cells. The result
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Figure 7. Flow cytometry histograms for trial 1 shown for each condition tested for (A) HEK 293 cells and (B) Hep G2 cells. The bar graph
displays the mean percentage of three trials of (C) HEK 293 kidney cells and (D) Hep G2 liver cells that uptook green, fluorescent, 1 ym
polystyrene microplastics. Cells were exposed to either S ug/mL or 100 ug/mL concentrations of microplastics. At 24, 48, and 72 h, cells were
trypsinized, washed with PBS buffer, and then analyzed using flow cytometry. ANOVA followed by Tukey post hoc test was performed to

determine the significant. *: p-value < 0.05.

indicated that for both cell lines, exposed cells were unable to
keep up with their unexposed counterparts in both growth rate
and cell number within the time frame tested after 48 h. 1 um
PS-MPs significantly retarded cell proliferation in both HEK
293 kidney and Hep G2 liver cells.

Cell Viability Remained High in PS-MP-Exposed HEK
293 Kidney and Hep G2 Liver Cells. The trypan blue assay
is a dye exclusion assay used to measure the viability of cells.
Cells with an intact membrane will not uptake the dye.
However, cells with a damaged membrane uptake the dye and
appear blue. Unexposed and exposed cells were counted, cells
that appeared blue were counted as dead cells, and cells that
did not uptake the dye were counted as living cells. Living and
dead cells were counted for both exposed and unexposed HEK
293 kidney cells and Hep G2 liver cells. The percentage of live
cells for exposed cell cultures of HEK 293 kidney and Hep G2
liver cells remained at least 94% at the highest microplastic
concentration of 100 ug/mL tested through 72 h [Figure
6A(ii),B(ii)]. In addition, the statistical significance was not
different between the unexposed and the exposed cell

viabilities. These results indicate that microplastics did not
cause significant cellular death in either HEK 293 kidney or
Hep G2 liver cells for each time point tested.

Flow Cytometry of 1 um Polystyrene Microplastics
Shows Uptake in HEK 293 Kidney and Hep G2 Liver
Cells. A primary goal of this study was to quantify the
percentage of cells that uptook the 1 um polystyrene
microplastics. The cells were grown in six-well plates. Post
12 h, 1 um green-fluorescent polystyrene microplastics were
added to each well. Cell samples were taken at time points of
24, 48, and 72 h, and S and 100 pg/mL concentrations were
added to designated wells. At each time point, cells were
trypsinized, washed with PBS buffer, and then analyzed using
flow cytometry (Figure 7). Dot plots for cell population gating
and histograms of triplicate for both cell lines for each sample
analyzed using flow cytometry are shown in Supporting
Information Figures S9—S12. Flow cytometry histograms for
Trial 1 are shown below along with the bar graph displaying
the mean percentage of HEK 293 kidney cells and Hep G2
liver cells that uptook green, fluorescent, 1 um polystyrene
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Figure 8. Metabolic activity for HEK 293 kidney and Hep G2 liver
cells using MTT. The relative absorbance was analyzed against the no
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for all MP-exposed samples were significantly different from untreated
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Figure 9. Metabolic activity for HEK 293 and Hep G2 per cell from
MTT assay. The MTT readings from Figures 6 and 8 were
normalized against the number of live cells and the unexposed
activity for both the unexposed and the 100 yg/mL treated cells. The
relative MTT activity per cell was analyzed against the no MP
controls (0 yg/mL) at each time point. *: p-value < 0.0S.

h and only slightly uptook more particles at subsequent time
points of 48 and 72 h.

Hep G2 liver cells were also exposed to 1 um polystyrene
microplastics for 24, 48, and 72 h at a low concentration of §
pug/mL and a high concentration of 100 pg/mL. At 24 h, for
cells exposed to S pug/mL, a mean of 24% of the cells were
positive for microplastics. By 48, the mean percentage of cells
positive for microplastics increased to a mean of 62% and a
mean of 65% by 72 h. In contrast, cells exposed to the 100 ug/
mL concentration had a mean of 50% of the cells positive for
internalized microplastics. This percentage increased to a mean
of 75% at 48 h and went down slightly to 74% by 72 h.

Overall, both cell lines showed differences in the percentage
of cells internalizing microplastics over time. HEK 293 kidney
cells at a lower concentration of 5 ytg/mL had a steady increase
in the percentage of cells internalizing microplastics at 24, 48,
and 72 h time points. However, the Hep G2 liver cells at the
same concentration had an initial increase from 24 to 48 h, but
by 72 h, it had only shown a slight increase in the percentage of
cells positive for microplastics. For the higher concentration
tested, HEK 293 kidney cells showed a high initial percentage
of cells positive at 24 h. By 48 and 72 h, the percentage of cells
positive for microplastics was slightly higher than the
percentage at 24 h. In contrast, at 24 h, the Hep G2 liver
cells tested at the same concentration were lower for the
percentage of cells positive for microplastics than HEK 293
kidney cells. Furthermore, Hep G2 liver cells positive for
microplastics at 48 and 72 h time points remained consistent,
showing only a 1% difference. In this study, we found that both
concentration and time affected the internalization of micro-
plastics in both HEK 293 kidney and Hep G2 liver cells.

Metabolic Activity Decreased in HEK 293 Kidney and
Hep G2 Liver Cells following PS-MP Exposure. To
measure metabolic activity, we used the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay, which detects intracellular changes in NADH/
NADPH-dependent oxidoreductase/dehydrogenase activ-
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Figure 10. Relative fluorescence units of ROS induced by different concentrations of PS-MPs in HEK 293 cells. The cells were treated with PS-MP
before being characterized for the ROS level at different time points including (A) 0, (B) 2, (C) 4, (D) 6, (E) 12, and (F) 24 h. In each time point,
the fluorescence units of each concentration were analyzed relatively against the untreated condition of 0 yg/mL, meaning that the relative
fluorescence units for 0 pg/mL = 1. ANOVA followed by Tukey post hoc test was performed to determine the significant. *: p-value < 0.0S.

ity.”>’® HEK 293 kidney and Hep G2 liver cells were exposed
to 1 um polystyrene microplastics at concentrations ranging
from 0.05 to 100 pg/mL at 24, 48, and 72 h time points and
assayed using MTT.

At all time points, HEK 293 exposed cells showed
significantly lower absorbance readings from formazan solution
as compared to the unexposed control at every condition
tested. HEK 293 exposed cells showed approximately a 40%
drop in metabolic activity at 24 h, approximately 56% drop by
48 h, and a significant 61% drop by 72 h compared to
unexposed cells (Figure 8A). Although there was a slight
variation between doses at each time point, these findings

34145

indicate that 1 pm PS-MPs can drastically impact the
metabolic activity of HEK 293 kidney cells after prolonged
exposure.

For Hep G2 exposed cells, all doses caused a similar effect
across all time points tested compared to the control.
Metabolic activity dropped approximately 30—35% for all
time points tested (Figure 8B). Unlike the HEK 293 exposed
cells, which showed an initial metabolic decline at 24 h and
decreased more over time, the HEP G2 exposed cells showed
an initial drop at 24 h. However, the metabolic activity at 48
and 72 h remained consistent with the earliest time point.
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Figure 11. Relative fluorescence units of ROS induced by different concentrations of PS-MPs in Hep G2 cells. The cells were treated with PS-MP
before being characterized for the ROS level at different time points including (A) 0, (B) 2, (C) 4, (D) 6, (E) 12, and (F) 24 h. In each time point,
the fluorescence units of each concentration were analyzed relatively against the untreated condition of 0 yg/mL, meaning that the relative
fluorescence units for 0 pg/mL = 1. ANOVA followed by Tukey post hoc test was performed to determine the significant. *: p-value < 0.0S.

Overall cultures of HEK 293 kidney cells and Hep G2 liver
cells exposed to 1 um polystyrene microplastics showed a net
effect of lowering levels of metabolic activity as compared to
their unexposed counterparts. This net decrease in the
metabolic activities was mainly due to PS-MP exposure taken
from the cell population as a whole. When you observe per cell
metabolic activity, MTT increased in both cell lines (Figure 9).
At 72 h, the metabolic activity of both the treated HEK 293
and Hep G2 cells was higher than that of the unexposed cells
(416 and 192%, respectively), which is expected when you
observe per cell metabolism compared to the entire cell

population.
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PS-MP Increased ROS Levels in Both HEK 293 and
Hep G2 Cell Lines. HEK 293 and Hep G2 cells were grown
in 96-well plates. An ROS fluorescent detection label was
added to all cells except for the negative control. Cells treated
with PS-MPs were exposed to 5, 50, or 100 pg/mL
concentrations. ROS levels in live cells were measured at 0,
2, 4, 6, 12, and 24 h time points, and fluorescence was read
using a plate reader. For every concentration tested and over
the time course of 0—24 h, we observed a steady increase in
ROS levels in both HEK 293 cells and Hep G2 cells shown in
Supporting Information, Figures S13 and S15. Shown above,
we observe how ROS levels at each concentration change with
each time point (Figure 10 and 11). In HEK 293, the
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Figure 12. Relative gene expression for glycolysis and ROS cleanup markers for HEK 293 and Hep G2 cells. Both (A) HEK 293 and (B) Hep G2
relative gene expression of the untreated and MP-treated were measured at (i) 24 and (ii) 72 h. The relative gene expression was analyzed against
the untreated condition (Unt) for each marker. ANOVA followed by Tukey post hoc test was performed to determine the significant. *: p-value <
0.05. (C) Relative gene expression was reanalyzed to demonstrate the effect of time on each condition for (i) HEK 293 and (ii) Hep G2. ACTB was
used as an endogenous control. The relative gene expression was analyzed against the 24 h condition for each condition. Student’s ¢-test was carried
out to determine the significant. *: p-value < 0.05. CAT: catalase, SOD2: mitochondrial superoxide dismutase 2, GAPDH: glyceraldehyde-3-

phosphate dehydrogenase, and ACTB: f-actin.

treatment of PS-MP at 5 and 50 pg/mL induced high levels of
ROS as early as 2 h of treatment (Figure 10B). Overtime, there
was a slight decrease in ROS induced by the 5 pg/mL
compared with SO pg/mL (Figure 10C—F). Also, 100 ug/mL
did not generate as much ROS as 5 and 50 pg/mL for the first
6 h of treatment (Figure 10A—D). However, the ROS induced
by 100 pig/mL was comparable to 5 pig/mL after 12 h and even

34147

higher after 24 h (Figure 10EF). Furthermore, at high
concentrations (50 and 100 ug/mL), the ROS increased over
the first 24 h of treatment (Figure 10B,C). Hydrogen peroxide
treatment was used as the positive control, and cells with no
MP treatment and no ROS label were used as the negative

control (Supporting Information, Figures S14 and S16).
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Figure 13. EdU labeling to characterize the cells in the S-phase. Both (A) HEK 293 and (B) Hep G2 cells were stained with S-ethynyl-2'-
deoxyuridine and counted for the total EdU+ (red and purple) and EdU— (blue) cells. Immunocytochemistry was carried out for the (i) untreated
condition and (ii) 1 yg/mL PS-MP-treated. (iii) Cells in each image were counted and represented as a percentage. All cell images are shown in
Supporting Information, Figures S17 and S18. Student’s t-test was carried out to determine the significant. *: p-value < 0.0S.

On the other hand, in Hep G2, 5 pg/mL induced the
highest levels of ROS at all time points (Figure 11). The
treatment of PS-MP at 100 ug/mL generated the least relative
level of ROS and started to be comparable to 50 pg/mL after
12 h (Figure 11). Hydrogen peroxide treatment was used as
the positive control, and cells with no MP treatment and no
ROS label were used as the negative control (Supporting
Information, Figure S15).

Microplastic Treatment Lowers Glycolytic Activity
and Decreases the Gene Expression of ROS Cleanup
Markers. Relative gene expression for antioxidant markers
superoxide dismutase 2 (SOD2) and catalase (CAT) and the
glycolysis marker glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was measured in unexposed and exposed HEK 293
and Hep G2 cells using quantitative real-time polymerase chain
reaction (QRT-PCR) at 24 and 72 h time points. Unexposed
cells had no microplastic treatment, and exposed cells were
treated with 5 and 100 pug/mL PS-MPs. At 24 and 72 h, the
MP treatment at 5 and 100 pug/mL decreased the gene
expression of SOD2 and CAT by at least 50% when compared
with the untreated HEK 293 cells at 24 and 72 h. The MP
treatment also decreased the GAPDH marker, but it was more
significant at 72 h (Figure 12A). Similarly, the MP treatment at
S and 100 pg/mL also decreased GAPDH, SOD2, and CAT
makers in Hep G2 cells. However, the high concentration 100
pug/mL showed lower average relative gene expression for all
markers at both time points except CAT at 24 h (Figure 12B).
Overall, the HEK 293 cells showed a decrease in expression of
SOD2 and CAT at both 24 h and even further at 72 h at 5 and
100 pg/mL MP exposure which indicates a lower expression of
ROS cleanup markers. Additionally, GAPDH showed a
decrease in expression at 24 and 72 h after MP exposure
which suggests lower glycolytic activity in cells.

On the other hand, exposing Hep G2 cells to MP over time
(24 vs 72 h) decreased the gene expression of SOD2 and CAT.

For the 72 h treatment, there was a decrease in GAPDH even
at low S pg/mL concentration of MP treatment. Only a high
concentration of 100 pg/mL of MP decreased the SOD2 and
CAT in the 72 h culture [Figure 12C(ii)]. Therefore, the Hep
G2 cells showed a decrease in expression of SOD2 and CAT at
both 24 and 72 h at § and 50 pug/mL MP exposure which
indicates a lower expression of ROS cleanup markers. Also,
GAPDH showed a decrease in expression at 24 h and even
more at 72 h after MP exposure, suggesting lower glycolytic
activity in long-term exposure.

Cell Proliferation Detection by EdU in HEK 293 and
Hep G2 Cells. As a thymidine analogue, S-ethynyl-2'-
deoxyuridine (EdU) can be used to detect the cells in the S
phase in which the cell's DNA is being synthesized.”” Using
the Click-it reaction, a red fluorescent azide dye attaches itself
to the EdU alkyne group in the newly synthesized DNA. Cells
that have synthesized DNA have a bright red fluorescent signal,
cells that are in the process of DNA synthesis are purple, and
cells that are not in the process of DNA synthesis are blue (due
to the nuclear stain Hoescht). Using this assay and taking
fluorescent images, the red, purple, and blue cells were counted
in each image and we were able to determine how many cells
(a) synthesized DNA, (b) were in the process of DNA
synthesis, and (c) were not in the process of DNA synthesis.
The EdU label was added to cells, 1 ym green microplastics
were added to appropriate wells, and cells were incubated for
24 h. For the graphs [shown in A(iii) and B(iii)] of Figure 13
at the 24 h time point, EdU-positive and partially EdU-positive
cells were counted and combined to give the total relative
percentage of EdU-positive cells. HEK 293 and Hep G2
unexposed cells had more total EdU-positive cells than
microplastic-exposed cells. Furthermore, statistics shown in
the graphs below show that PS-MP treatment of Hep G2
significantly decreased the cell percentage in the S-phase as
compared to HEK 293 cells which did not show significant
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changes between the percentage of cells in the S phase and not
in the S phase. All EdU images are shown in Supporting
Information, Figures S17 and S18.

B DISCUSSION

In this work, we have identified 1 ym polystyrene microplastics
inside HEK 293 kidney and Hep G2 liver cells in three
different ways. We first noticed the internalization of PS-MPs
in live cells by phase-contrast images at times points up to 72 h
(Figures 1 and 2). Then, we used confocal microscopy to show
the internalization of 1 ym, green-fluorescent, PS-MPs in both
cell lines (Figures 4 and S and Supporting Information, Figures
S1—S8). Finally, we used flow cytometry to confirm the
percentage of HEK 293 kidney and Hep G2 liver cells positive
for internalized microplastics (Figure 7 and Supporting
Information Figures S9—S12). The observations of this study
are C?Znsistent with our previous work using A459 human lung
cells.”

Our work modeled what would happen when human kidney
and liver cells are exposed to 1 pum polystyrene microspheres
using environmentally relevant concentrations.”® In this work,
we uncovered several significant and noteworthy findings.
First, we noted a decline in the net metabolic activity for HEK
293 and Hep G2 cells exposed to microplastics (Figure 8). At
24 h, exposed HEK 293 cultures experienced an initial 41%
decline in the net metabolic activity, and by 72 h, the decline
had reached 61%. The metabolic activity for exposed HEK 293
cultures was significantly lower than the unexposed cultures.
This change signified the adverse impacts of microplastics on
these cells within a 24—72 h time frame. Unlike HEK 293
exposed cultures that continued to see a decline in the net
metabolic activity over time, Hep G2 exposed cultures
experienced an initial decline at 24 h. This decline remained
constant throughout the subsequent time points of 48 and 72
h. A noted metabolic decline in cellular activity was observed
for both HEK 293 and Hep G2 exposed cultures. The
metabolic effect was more severe for HEK 293 exposed
cultures than Hep G2 exposed cultures, suggesting that
microplastics can affect cells differently.

Second, we noted a difference in the proliferative rate for
HEK 293 kidney and Hep G2 liver exposed cultures (Figure
6). 1 pum polystyrene microplastics did cause a slowdown in
cell proliferation in both cell lines. For HEK 293 kidney cells,
unexposed cultures grew as expected. At 24 h, both unexposed
and exposed cultures grew similarly. However, by 48 h,
exposed cultures began to show a significant decline in cell
proliferation. By 72 h, the final cell number for exposed HEK
293 cells was less than 10% of its unexposed counterparts. Hep
G2 unexposed cells also grew normally and exhibited a normal
growth rate. Like HEK 293 exposed cultures, Hep G2 exposed
cultures began to show a significant decline by 48 h in cell
proliferation. By 72 h, the final cell number for exposed Hep
G2 cells was less than 40% of its unexposed counterparts. HEK
293 kidney and Hep G2 liver cell cultures experienced
significant declines in cellular proliferation rates due to
microplastic exposure. This marked a change and a decline
in the net metabolic activity, which is an indicator of
alterations occurring within the cells. Although viability
remained high for both cell lines exposed to microplastics, it
is possible that prolonged exposure could lead to delayed
effects. Our results were consistent with a previous
investigation of the effect of MP on HEK 293 cells. At

microplastic concentrations less than 25 ug/mL, the cell
viability was more than 85%.”

Additionally, EdU results support our proliferation studies.
Both HEK 293 and Hep G2 unexposed cells had more total
EdU positive cells than microplastic-exposed cells at 24 h
(Figure 13). Looking at the cell proliferation graphs shown in
Figure 6, it is clear that these results correlate with the
information at 24 h, where the unexposed cells are proliferating
more than the MP-exposed cells in both cell lines. Overall, we
were able to show that proliferation results are consistent in
both our cell proliferation and EdU studies.

Third, we found a marked change in cellular morphology of
HEK 293 kidney and Hep G2 liver cells exposed to 1 pm
polystyrene microplastics Figures 1 and 2. HEK 293 kidney
cells normally grow in clusters with long fingerlike projections
protruding from cells. At 24 h, no significant differences were
observed between unexposed and exposed cultures. By 48 h,
cells exposed to microplastics began to show blebbing in some
clusters of cells, and more single cells were observed. However,
by 72 h, for exposed cells, severe blebbing was noted in many
clusters, more singlets were observed, and cells in clusters did
not show long, fingerlike projections trying to connect to
nearby neighbors like in unexposed cells. The blebbing effect
in our work is similar to results in HEK 293 kidney cells that
were permeabilized with streptolysin O.*" Similar to HEK 293
cells, exposed Hep G2 cells at 24 h showed little difference
compared to their unexposed cells. At 48 h, Hep G2 exposed
cells began to decluster, and more singlet cells were observed.
By 72 h, there was severe declustering of cells, cells no longer
formed tightly packed groups, and cells were becoming more
spread-like in form. The declustering effect in our work is
similar to results in Hep G2 cells exposed to gold
nanoparticles.”’ These results showed that microplastics
induced morphological changes in HEK 293 kidney and Hep
G2 liver cells.

Fourth, we noted an increase in cellular stress in the HEK
293 and Hep G2 cell lines using an ROS live cell assay. Our
most significant findings of this study revealed that HEK 293
and Hep G2 cells exposed to polystyrene microplastics had a
steady increase in ROS levels over time for each concentration.
This trend is shown in Supporting Information, Figures S13
and S15. We also show how the concentration of PS-MPs
affects ROS levels at each time point (Figures 10 and 11). By 2
h, the HEK 293 50 pg/mL exposed cells had the highest ROS
levels and maintained the highest throughout the observed
time points of 4, 6, 12, and 24 h (Figure 10). However, for
Hep G2 cells, results show that the lowest concentration of §
ug/mL produces the greatest ROS response in liver cells at all
time points compared with the higher concentrations, 50 and
100 pug/mL (Figure 11). These results show that depending on
the cell line, concentration, and time, 1 pm polystyrene
microplastics will induce a different cellular stress response.

Additionally, RT-PCR analysis was carried out to observe
the relative gene expression of antioxidant markers superoxide
dismutase 2 (SOD2) and catalase (CAT) and the glycolysis
marker glyceraldehyde 3-phosphate dehydrogenase (GAPDH) at
time points of 24 and 72 h in HEK 293 and Hep G2 cells.
HEK 293 cells showed lower expression of SOD2 and CAT for
S and 100 pg/mL exposed cells at 24 and 72 h, while Hep G2
cells showed lower expression of SOD2 and CAT for S and 50
ug/mL exposed cells at 24 and 72 h (Figure 12). Furthermore,
GAPDH showed a decrease in expression at 24 and 72 h after
MP exposure. These results indicate that PS-MPs lower
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glycolytic activity and inhibit the ability of antioxidant enzymes
to cleanse ROS in both cell lines. These findings are very
significant in that 1 ym PS-MPs cause the cells to not only be
under severe stress but also limit the cell’s ability to reduce or
rid itself of harmful ROS. These results combined demonstrate
the remarkable ability of PS-MPs to cause extenuating damage
to cells that could lead to long-term adverse effects.

In addition to cellular stress changes, we observed that both
HEK 293 kidney and Hep G2 liver cells internalized 1 pm
polystyrene microspheres without adding functional groups to
aid in internalization. Both cell lines internalized many
particles, and single-cell phase-contrast images showed
particles accumulating around the nuclei in clusters and in a
ring-like pattern (Figure 3). Moreover, confocal fluorescent
images at 72 h showed internalization of 1 um green-
fluorescent particles (Figures 4 and $). Finally, flow cytometry
experiments quantified the percentage of cells that internalized
green-fluorescent microplastic particles. Both cell lines exposed
to a lower concentration of 5 g/mL showed a time-dependent
increase in cells taking up PS-MP particles over time, and cells
exposed to a higher concentration of 100 pg/mL took up more
PS-MP particles, showing a similar amount of PS-MP uptake at
48 and 72 h (Figure 7).

As early as 24 h, the effects of microplastic exposure were
initiated, although the full processes took much longer. By 48
h, distinct morphological differences were observed in exposed
cells, and by 72 h, morphological changes were so severe that
exposed cells were completely different from unexposed cells.
Additionally, there was a noticeable net metabolic decline in
exposed cells for all time points tested compared to unexposed
cells. Furthermore, cellular proliferation was significantly
inhibited for later time points tested, making it impossible to
catch back up with their unexposed counterparts. Each
experiment showed that microplastics significantly impacted
cellular morphology, metabolism, proliferation, cellular stress,
and internalization in HEK 293 kidney and Hep G2 liver cells.

The effect of MP may be due to both the nonspecific effects
(size) and/or the specific effect (plastic material). In the
Schirinzi et al. study, Hela cells exposed to 10 ym polystyrene
microplastics caused significant ROS effects, but Hela cells
exposed to 3—16 pm polyethylene microplastics caused no
ROS effects.*” In our previous work, we noted that the size
caused a significant difference in effect, although both sizes
tested were polystyrene microplastics and the studies were
conducted in the same A549 human lung cell line.”” Such
studies demonstrate that both the type of material (plastic)
and size affect cell lines differently. It should also be noted that
many studies choose sizes that are not found in our natural
environment. For our previous study, we chose 1 and 10 ym
MPs because these were normal sizes detected in the air.> For
this study, we chose the 1 um size because it is commonly
found in human foods and beverages that are highly
consumed.*”**®" In this way, we are studying the effects of
plastic particles that our body has more than likely been
exposed to. In the future, glass beads and other materials will
be used as control conditions to further evaluate the effect of
microplastics on both HEK 293 and Hep G2 cells.

Although microplastics may not have immediate effects, they
could cause delayed effects. A recent study published found
polystyrene microplastics in human blood samples.”” Once in
the blood, it is possible for microplastics to translocate to
different organs in the body, such as the kidney or liver. The
liver, which has a specific role in filtering toxins from the blood,
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is one of the first potential deposit sites for microplastics. The
kidney, whose primary function is to rid the body of wastes, is
another important organ for accumulation of microplastics.
Microplastics that evade filtration by the liver and kidneys can
collect in these organs and possibly cause severe health issues
over time. In vivo studies in mice have shown the adverse
effects of microplastics on both the liver and kidneys.
Microplastic accumulation in the liver of mice led to adverse
effects such as oxidative stress, inflammation, altered energy
metabolism, and damage to the liver.**®> Moreover, in another
study, accumulation of microplastics in the kidney of mice led
to histopathological damage, increased levels of endoplasmic
reticulum stress markers, inflammatory markers, and neph-
rotoxicity.”® Finally, our work shows that inhibition in cell
proliferation, altered metabolism, cellular stress, and morpho-
logical changes all together can cause various alterations in
cellular activity and affect the overall function of the cells,
preventing cells from performing their normal functions. This
may lead to long-term complications such as abnormal
development of organs, tissue degeneration, and even organ
failure. Thus, long-term ingestion of microplastics could cause
chronic health conditions mediated by altered cellular
functions, making disease susceptibility more likely.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c03453.

Characteristics of 1 ym polystyrene microplastic spheres
(PS-MPs) from material data sheet; primer pairs for the
markers of interest; confocal HEK 293 kidney cell
images taken at 72 h; confocal HEK 293 kidney cell
images taken at 72 h; confocal HEK 293 kidney cell
images taken at 72 h; confocal microscopy images
showing the separate fluorescent channels of HEK 293
kidney cells unexposed and exposed to 1 pm green-
fluorescent PS-MPs; confocal Hep G2 liver cell images
taken at 72 h; confocal Hep G2 liver cell images taken at
72 h; confocal Hep G2 liver cell images taken at 72 h;
confocal microscopy images showing the separate
fluorescent channels of Hep G2 liver cells unexposed
and exposed cells to 1 um green-fluorescent PS-MPs;
dot plot of HEK 293 kidney cell flow cytometry gating
population that internalized 1 pm polystyrene micro-
plastics at 24, 48, and 72 h time points; flow cytometry
histograms of the percentage of HEK 293 kidney cells
that internalized 1 pm polystyrene microplastics at 24,
48, and 72 h time points; dot plot of Hep G2 liver cell
flow cytometry gating population that internalized 1 ym
polystyrene microplastics at 24, 48, and 72 h time
points; flow cytometry histograms of the percentage of
Hep G2 liver cells that internalized 1 um polystyrene
microplastics at 24, 48, and 72 h time points; relative
fluorescence units of ROS induced by PS-MPs at
different time points in HEK 293 kidney cells; positive
and negative control treatment for ROS assay for HEK
293 kidney cells at 0, 2, 4, 6, 12, and 24 h time points;
relative fluorescence units of ROS induced by PS-MPs at
different time points in Hep G2 liver cells; positive and
negative control treatment for ROS assay for Hep G2
liver cells at 0, 2, 4, 6, 12, and 24 h time points; EdU
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staining images for HEK 293 kidney cells; and EdU
staining images for Hep G2 liver cells (PDF)
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