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HIGHLIGHTS

e Microplastics (MPs) have negative
impact on human forebrain organoid
development.

e Short-term exposure promotes cell pro-
liferation and neural progenitor gene
expression.

e Long-term  exposure reduces cell
viability.
e Long-term exposure downregulates

mature neuronal marker and cortical
layer VI marker.
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ABSTRACT

Plastics have been part of our ecosystem for about a century and their degradation by different environmental
factors produce secondary microplastics (MPs). To date, the impact of MPs on human health has not been well
investigated. To understand the possible effects of polystyrene-MPs (PS-MPs) on the human brain, a 3D model of
human forebrain cortical spheroids has been derived, which mimics early development of human cerebral cortex.
The spheroids were exposed to 100, 50, and 5 ug/mL of 1 ym and 10 pm PS-MPs during day 4-10 and day 4-30.
The short-term MP exposure showed the promoted proliferation and high gene expression of Nestin, PAX6, ATF4,
HOXB4 and SOD2. For long-term exposure, reduced cell viability was observed. Moreover, changes in size and
concentration of PS-MPs altered the gene expression of DNA damage and neural tissue patterning. In particular,
p-tubulin III, Nestin, and TBR1/TBR2 gene expression decreased in PS-MP treated conditions compare to the
untreated control. The results of this study suggest that the size- and concentration-dependent exposure to PS-
MPs can adversely affect embryonic brain-like tissue development in forebrain cerebral spheroids. This study
has significance in assessing environmental factors in neurotoxicity and degeneration in human.

1. Introduction

mechanical and biological properties degrade these plastics into
microplastics (Corcoran, 2020; Yuan et al., 2020). These microplastic

The production of plastic increases each year by 300 million ton
(Mendes et al., 2021). Different environmental factors such as chemical,
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particles (MPs) can easily be transported through air and water to
become part of the ecosystem, affecting land as well as marine
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organisms (Rochman, 2018). These MPs enter the body of the living
organisms through inhalation and ingestion and can circulate to deposit
in various organs, such as brain (e.g., the degraded nanoscale plastics
have the possibility to cross blood brain barrier), lungs, stomach, liver,
and kidney (Abrahams, 2002; Dehghani et al., 2017; Priist et al., 2020;
Yin et al., 2018). Some polystyrene MPs are detected in fetal liver, lung,
brain and other organs, circulating from maternal lungs via the placenta
of pregnant rats (Fournier et al., 2020). To date, the effects of environ-
mental MPs (1-5 pg/mL) on human health have not been well under-
stood yet, but some studies have shown the presence of MPs in various
organs like lungs and placenta (Meyer et al., 2018; Ragusa et al., 2021).
Microplastic contamination has adverse effects on the environment and
can cause serious health problems in living organisms (Franzellitti et al.,
2019; Luo et al., 2019; Mammo et al., 2020; Priist et al., 2020), there-
fore, in-depth studies to investigate these effects and mechanism of
toxicity in human model systems are urgently needed.

Polystyrene MPs (PS-MPs) have been frequently observed in marine
and land organisms (Ding et al., 2018; Lei et al., 2018; Long et al., 2017;
Lu et al., 2018; Luo et al., 2019; Qu and Wang, 2020). It was observed
that epithelial cells of lungs exposed to PS-MPs showed disruption of
junction proteins and may lead to dysfunction of the pulmonary barrier
(Dong et al., 2020). At the organism level, people who work at the
manufacturing facilities that are close to the fumes of styrene suffered
from acute respiratory symptoms and bronchiolitis (Meyer et al., 2018).
The polystyrene plastic particles may enter the brain through the ol-
factory system (nose) or circulatory system (lungs and guts) (Priist et al.,
2020). Specifically, the polystyrene particles below 100 nm can trans-
port through axons of olfactory nerve (Mistry et al., 2009). They also can
enter trigeminal and olfactory nerve, and pass through the olfactory
tract into the brain (Ahmad et al., 2017). One of the proposed mecha-
nisms of PS-MPs cytotoxicity is the increased oxidative stress, cellular
stress, and activating p38 mitogen-activated protein kinase pathway
(Xie et al., 2020).

Reactive oxidative species (ROS) production is the most common
effect of toxicity when the cells are exposed to environmental pollutants
such as nanoparticles, microplastics, and UV radiations by disturbing the
balance of redox potential of the cells and producing more oxidative
chemicals (Fetoni et al., 2021; Liang et al., 2017; Sheng et al., 2015; Wu
et al.,, 2018). ROS mainly include peroxides, superoxides, hydroxyl
radicals, and some reactive nitrogen species (Singh et al., 2019). These
chemicals can do heavy damage not only to the brain but also to other
organs, altering the cell nucleic acid and other macromolecules, pro-
teins, lipids as well as causing mitochondrial malfunctioning (Chan-
drasekaran et al., 1994; Freeman and Keller, 2012; Maurer et al., 2000;
Nagy et al., 1999; Singh et al., 2019).

The human central nervous system is highly vulnerable to environ-
mental toxins during embryonic development (Rice and Barone, 2000).
Exposing neurons to MPs could result in the increased ROS production,
leading to cellular damage and the increased neuroinflammation in the
brain (Priist et al., 2020). Also, MP exposure could inhibit acetylcho-
linesterase and change the neurotransmitter levels, which would
contribute to the behavioral changes (Priist et al., 2020). The neuro-
toxicity of microplastics has been one of the crucial concerns recently
because of the possible neurotoxicity by PS and other MPs observed in
studies involving marine and land animals (Barboza et al., 2020, 2018;
Chen et al., 2017; Lei et al., 2018; Qu and Wang, 2020; Rafiee et al.,
2018).

Human induced pluripotent stem cells (hiPSCs)-derived brain orga-
noids (or spheroids) have emerged recently as a promising platform for
neurological disease modeling and drug screening studies (Chiaradia
and Lancaster, 2020; Del Dosso et al., 2020; Garreta et al., 2021; Kyrousi
and Cappello, 2020; Velasco et al., 2019). The novel brain organoid
models at least partially recapitulate the embryonic brain tissue devel-
opment and can carry genetic background of the parent donors
(Cederquist et al., 2019; Kyrousi and Cappello, 2020). To better un-
derstand the possible neurotoxicity of polystyrene microplastics in
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humans, this study has investigated an in vitro 3D model of human
forebrain cerebral spheroids/organoids derived from hiPSCs, which
have been characterized in our previous studies (Song et al., 2019a,
2019b; Yan et al., 2018a, 2018b). Our previous studies have also used
this hiPSC-derived 3D cortical spheroid model in evaluating the effects
of nanoscale iron oxides (Henderson et al., 2022), microglia function-
alization, and extracellular matrix alterations for neural degeneration
study (Bejoy et al., 2018a; Marzano et al., 2021; Song et al., 2019b).
These cerebral spheroids which were developed after 4 weeks of dif-
ferentiation, mainly consist of neuronal progenitor cells and neurons. In
this study, from day 4 to day 10 (short-term) or day 4 to day 30
(long-term), the cortical spheroids were exposed to 1 and 10 um PS-MPs
with various concentrations of 5, 50, and 100 pug/mlL. This range of
concentration was chosen based on the environmental relevance, our
previous study of MPs on lung cells with a range of MP concentrations
(Goodman et al., 2021), the need to complete the investigations with
limited experimental span (e.g., one month), as well as the range (up to
250 pug/mL) reported in current literature (Priist et al., 2020; Stock et al.,
2019). To investigate the effects of PS-MP exposure on the development
of the forebrain spheroid model, qualitative and quantitative analysis at
protein and molecular levels of the biomarkers for cell proliferation,
ROS enzyme, cell viability, cell death, neural progenitors, cortical layer,
and neuronal cells were performed. This study has significance in
neurotoxicity study and advances our understanding of the health
impact or threat of environmental microplastics in-vitro human models
(Miloradovic et al., 2021).

2. Materials and methods
2.1. Undifferentiated human iPSC culture

The iPSK3 cell line was obtained by transfecting human foreskin fi-
broblasts with plasmid DNA encoding reprogramming factors octamer-
binding transcription factor 4 (OCT4), NANOG, SRY-box transcription
factor 2 (SOX2), and LIN28 (kindly provided by Dr. Stephen Duncan,
Medical College of Wisconsin) (Si-Tayeb et al., 2010; Si-Tayeb et al.,
2010). The cells were cultured in mTeSR Plus serum free medium
(StemCell Technologies, Inc., Vancouver, Canada) on growth
factor-reduced Matrigel-coated surface (Life Technologies). They were
passage every seven days using Accumax and seeded at 1 x 10° cells per
well of 6-well plate. Rho-associated protein kinase (ROCK) inhibitor
Y27632 (10 pM, Sigma) was used for the first 24 h to promote higher
survival (Bejoy et al., 2018b; Song et al., 2016; Yan et al., 2015).

2.2. Differentiation of hiPSCs into forebrain cortical spheroids

Undifferentiated human iPSK3 cells were seeded into Ultra-Low
Attachment (ULA) 24-well plates (Corning Inc., Corning, NY) at
3 x 10° cells/well in differentiation medium composed of Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) plus 2%
B27 serum-free supplement (Life Technologies, Carlsbad, CA). iPSK3
cells were seeded in the presence of ROCK inhibitor Y27632 (10 pM).
After 24 h, Y27632 was removed and the formed embryoid bodies (EB)
were treated with dual SMAD signaling inhibitors of 10 pM SB431542
(Sigma-Aldrich, St. Louis, MO) and 100 nM LDN193189 (LDN, Sigma)
over 7 days. Then on day 8, the spheroids were treated with fibroblast
growth factor (FGF)— 2 (10 ng/mL, Life Technologies) and cyclopamine
(an Sonic hedgehog (Shh) inhibitor, 1 pM, Sigma) for cortical differen-
tiation for a total of 30 days (Song et al., 2019a; Yan et al., 2016, 2018b).
From day 4 of the culture, the media was supplemented with 2% B27
without antioxidants (Life Technologies). The day 10 or day 30 spher-
oids were replated on Matrigel for further analysis.
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2.3. MP characterization by Fourier Transform Infrared (FTIR)
spectroscopy

Different sizes (1 or 10 um, i.e., MP1 and MP10) of sterilized
microplastics (Degradex product) were obtained from Phosphorex, Inc.
(Hopkinton, MA). The MPs were prepared in 0.2 um filtered water. FTIR
analysis of MPs was performed to verify the functional group composi-
tion of 1 or 10 pm PS-MPs using JASCO 6800 FT-IR Spectrometer with
Transmittance ATR. Dichloromethane or toluene was added to the
microplastics that were suspended in water before mixing vigorously.
The organic layer that contained partially dissolved polystyrene was
separated and dried with MgSOj4 before analyzing with FTIR. The mid-IR
range with wavenumber between 250 and 6000 cm™! was chosen and
about 55-65 scans were taken to minimize the noise. The background
spectrum was measured before loading the sample, then 3 pL micro-
plastic suspension of 10 mg/mL was placed on the diamond crystal of
ATR. The spectra shown is processed after baseline correction, noise
elimination, and smoothing.

2.4. Dynamic light scattering (DLS) analysis of MPs

To find actual size and polydispersity index of and 1 and 10-micron
microplastics in the cell culture media (DMEM/F12), DLS analysis was
performed using the software with stokes-Einstein equation to measure
the hydrodynamic radius (Lim et al., 2013). Briefly, the sample was
loaded in the DLS tube, which was rinsed with toluene to minimize the
noise. The tube with the sample was placed in the ALV/CGS-3 compact
goniometer instrument that was connected to ALV-7004 correlator
software to run the sample and analyze the results. Before DLS was
measured, all the parameters were set for DMEM media such as the
refractive index (1.4150), Angle (90), and viscosity (0.89 cp). After
running the sample, the correlation function and the distribution func-
tion were regularized. The graph of distribution function obtained dis-
played actual hydrodynamic radius, while the polydispersity index (PDI)
was obtained after cumulant fit.

2.5. Cortical spheroid exposure to MPs and MP accumulation analysis

On day 4 of cortical spheroid differentiation, the culture was fed with
media containing 5, 50, and 100 pg/mL of MP1 or MP10. The control
condition was the parallel culture that did not expose to any MPs. The
MP-containing media were changed every 2-3 days up to day 10 or day
30 for further characterizations. For measuring the MP accumulation in
the cells, the spheroid culture was treated with fluorophorex, the fluo-
rescent microspheres of size 1 and 10 um from phosphorex Inc. After 10
days of microplastic exposure, the culture of spheroids was treated with
Accumax to obtain a single cell suspension. The dissociated cells were
fixed for flow cytometry. The flow cytometry was performed using BD
FACSCanto™ 1II flow cytometer (Becton Dickinson) instrument and
analyzed against the control (i.e., no MP exposure) using FlowJo
software.

The effects of PS-MP leachate were also investigated. Briefly, the
MP1 and MP10 were added to the DMEM/F12 media at 5, 50, and
100 pg/mL and incubated for 5 days at 37 °C. On day 5, the media were
separated from microplastics through high-speed centrifugation. These
media (i.e., leachate) were added to the day 10 developing cortical
spheroids and the cultures were maintained for another 4 days. Then,
the flow cytometry was performed on the dissociated cortical spheroids
to measure the expression of SOD2 and Ki67. The culture not exposed to
the leachate was used as the untreated control.

2.6. Aggregate size distribution
The images of cortical spheroids (both the MP-treated and the un-

treated control) were captured at day 28 by a phase contrast microscopy.
The captured images were converted to binary images using ImageJ
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software (http://rsb.info.nih.gov/ij) and analyzed with the “particle
analysis tool”. Through particle analysis in ImageJ software, the Feret’s
diameter of each aggregate in the images was calculated to provide the
size distribution of the aggregates.

2.7. Live/dead staining for flow cytometry

The cells were evaluated for viability using the Live/Dead™ staining
kit (Molecular Probes) according to the manufacturer’s protocol. After
treating with microplastics, the spheroids were trypsinized, washed with
phosphate-buffered saline (PBS) and then incubated in DMEM-F12
containing 3-10 pM calcein-AM (green) and 8 pM ethidium homo-
dimer I (red) for 20 min at room temperature and protected from light.
The cells were acquired by flow cytometry for quantification.

2.8. Immunocytochemistry

For biomarker detection, the cells were fixed using 5% para-
formaldehyde (PFA) and permeabilized using 0.2% Triton-X 100. The
samples were blocked with 5% FBS in PBS and stained with the primary
antibodies (Supplementary Table S1), followed by the corresponding
anti-species Alexa Fluoro antibodies, i.e., Alexa Fluor 488 goat anti-
mouse IgGl or Alexa Fluor 594 goat anti-Rabbit IgG (Life technolo-
gies). Both primary and secondary antibody dilutions were made based
on the manufacturer’s recommendations and prepared in staining buffer
(2% FBS in PBS). Then the nuclei were counterstained with Hoechst
33342 (blue), and pictures were taken for blue, green, and red colors to
detect the markers and their cellular locations.

2.9. Flow cytometry for cellular phenotyping

To quantify various markers, the cells were dissociated using Accu-
max and analyzed by flow cytometry. Briefly, 1 x 10° cells per sample
were fixed with 4% PFA and washed with PBS. The cells were per-
meabilized with 100% cold methanol, blocked with blocking buffer, and
then incubated with various primary antibodies (Supplementary
Table S1) followed by the corresponding secondary antibody Alexa
Fluor 488 goat anti-Mouse IgG; or Alexa Fluor 594 Goat Anti-rabbit or
Donkey Anti-Goat IgG. The cells were acquired with BD FACSCanto™ II
flow cytometer (Becton Dickinson) and analyzed against isotype con-
trols using FlowJo software.

2.10. Reverse transcription-polymerase chain reaction (RT-PCR) analysis

Total RNA was isolated from the neural cell samples exposed to MPs
using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the
manufacture’s protocol, followed by treatment with the DNA-Free RNA
Kit (Zymo, Irvine, CA). Reverse Transcription was carried out using 2 pg
of total RNA, anchored oligo-dT primers, and Superscript III (Invitrogen,
Carlsbad, CA, according to the manufacturer’s protocol). Primers were
specific to the targeted gene (Supplementary Table S2 and S3). The
primers were designed using the software Primer-BLAST (NIH Data-
base). The gene f-actin was used as an endogenous control for the
normalization of expression levels. RT-PCR reactions were performed on
an ABI7500 instrument (Applied Biosystems, Foster City, CA), using
SYBRI Green PCR Master Mix (Applied Biosystems). The amplification
reactions were performed as follows: 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 of the target genes were firstly normalized to the Ct values of the
endogenous control S-actin. The corrected Ct values were then compared
for the treatment conditions to the untreated control. Fold changes in
gene expression was calculated using the comparative Ct method:
2~ (AGtweamen—ACicnrt) to obtain the relative expression levels.
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2.11. Statistical analysis

Each experiment was carried out at least three times with more than
six replicates. The representative experiments were presented, and the
results were expressed as [mean =+ standard deviation]. To assess the
statistical significance, one-way or two-way ANOVA followed by
Fisher’s LSD post hoc tests were performed. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Effects of short-term microplastics exposure at cellular level

The morphology of microplastics of 1 um (MP1) and 10 pm (MP10) is
shown in Supplementary Fig. S1. FTIR analysis confirmed the poly-
styrene identity of the MPs (Supplementary Fig. S2). The major peak of
the aromatic ring (-C-H) was detected between 2700 and 2900 crn'l,
while the aliphatic (-C-H) is around 3000 cm’l. The aromatic C=C is
detected around 1550 cm™ (Vardhan and Shukla, 2018). DLS analysis
was performed to show that MPs do not aggregate in the culture (Sup-
plementary Fig. S3). However, the MP10 can degrade into smaller par-
ticles (less than 2 um) after more than 15 days in culture media.
Different samples of MP1 and MP10 at 5pug/mL, 50 pg/mL, and
100 pg/mL were also acquired using flow cytometry. Both sizes of MPs
show higher events at higher concentrations. (Supplementary Fig. S4).

In this study, the two MP sizes were chosen to illustrate different
interaction mechanisms with the cells. MP10 is in the similar size range
compared to the cells and should stay in the extracellular space among
the cells in the spheroids (Fig. 1A). MP1 can be uptaken by the cells as
shown in our previous study (Goodman et al., 2021). The MP accumu-
lation in the cells after 10 days was quantified by flow cytometry using
the fluorescent MPs (Supplementary Fig. S5). For MP1, the uptake by the
cells increased with the exposure concentration. At 5 pg/mL, only 3-4%
cells contained MPs, while the percentage increased to 30% at 50 ug/mL
and 77-81% at 100 pg/mL. For MP10, less than 5% of cells were positive
at 5, 50, or 100 ug/mL. From the fluorescent images, MP1s could form
an aggregate in the medium if the exposure time is long (Supplementary
Fig. S6), but the aggregate was not observed in culture as seen in Sup-
plementary Fig. S3 because the media were changed every 3-4 days
after vortexing the microplastics. MP10 showed the distinct single par-
ticles. The cortical spheroids exposed to MP1 and MP10 did not show
significant morphology alterations over the differentiation (Fig. 1B and
Supplementary Fig. S7). Upon replating, some MPs can be seen among
or inside the cells that migrated out of the spheroids (Fig. 1C).

The cortical spheroids were exposed to MP1 and MP10 at different
concentrations (5, 50, and 100 pg/mL) during day 4-10 (Fig. 2A). For
the untreated control, the day 6, 8 and 10 cells showed abundant pro-
liferation marker Ki67 expression, minimal neuronal marker $-tubulin
III expression, and abundant SOD2 (the enzyme involved in the ROS
clean up) expression (Supplementary Fig. S8). Quantification of Ki67
and SOD2 using flow cytometry indicates 48-49% Ki67+ cells and
62-76% SOD+ expression for cells at day 6-10 (Supplementary Fig. S9).
The replated cortical spheroids were evaluated by immunocytochem-
istry for neural progenitor markers Pax6 and Nestin expression (Fig. 2B).
All the conditions showed normal phenotypic Pax6 and Nestin
expression.

The Ki67 and SOD2 expression for cortical spheroids exposed to MP1
and MP2 at 5, 50, and 100 pg/mL was quantified by flow cytometry
(Fig. 3 and Supplementary Fig. S10). The Ki67 showed the elevated
expression of 78-86% for MP1 exposure and 65-79% expression for
MP10 exposure, compared to the untreated control. The SOD2 expres-
sion was comparable (67-72%) to the untreated control except for MP1
at 50 ug/mL (35.3%). For MP10 exposure, similar results were observed
with comparable SOD2 expression (60-81%) except for MP10 at 50 nug/
mL (54.6%). Taken together, cortical spheroid exposure to MPs during
day 4-10 showed normal neural differentiation, higher proliferation,
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and retained SOD2 expression.

3.2. Effects of short-term microplastics exposure at molecular level

To evaluate the microplastics effects at the molecular level, 10
different genes were measured by RT-PCR for cortical spheroids exposed
to MP1 and MP10 at different concentrations during day 4-10 (Fig. 4
and Supplementary Table S2-S3). ATF4 is a DNA binding protein that is
expressed in neural progenitors. All the MP1 and MP10 conditions
upregulated ATF4 expression (1.2-1.6 fold) compared to the untreated
control (Fig. 4A). Similarly, all the MP1 and MP10 (except for MP10 at
5 ug/mL) upregulated Nestin expression (1.2-1.6 fold) compared to the
untreated control. For PAX6, all the MP1 and MP10 conditions upre-
gulated the expression (~1.5 fold) compared to the untreated control
(Fig. 4B). For HOXB4 patterning, similar or higher (1.5-3.0 fold)
expression was observed for the MP conditions compare to the control.
SOD2 gene expression was upregulated (1.2-2.0 fold) for all the MP
conditions too (Fig. 4C). Another ROS-related gene CAT showed some
variations, MP1 conditions had similar or higher (1.1-1.3 fold) expres-
sion, while MP10 conditions had similar or lower (~0.25 fold) expres-
sion. CDKN1B encodes cyclin-dependent kinase inhibitor 1B (p27Kip1). It
had similar expression for most MP conditions except for the 5 pg/mL
exposure (1.6-2.0 fold) (Fig. 4D). Cell proliferation gene MKI67 had
similar or higher (1.2-1.7 fold) expression for MP conditions, and cell
death-related gene CAPS3 had similar expression in general (Fig. 4E).
For sub-ventricular region marker TBR2, however, the expression level
was similar for MP1 conditions or lower (0.1-0.4) for MP10 conditions.
Taken together, MP exposure during day 4-10 of cortical spheroids
promotes the expression of neural progenitor genes, elevated SOD2
expression, and may affect TBR2 expression.

3.3. Effects of long-term microplastics exposure at cellular level

The cortical spheroids were exposed to MP1 and MP10 at different
concentrations (5, 50, and 100 pg/mL) during day 4-30 (Fig. 5A). At day
30, immunocytochemistry of neuronal marker f-tubulin III, prolifera-
tion marker Ki67, and SOD2 was performed (Fig. 5B and Supplementary
Fig. S11-512). Abundant B-tubulin III+ cells with axons were observed
(much more than day 10 cells) and retained Ki67 as well as SOD2
expression were observed.

The quantification of Ki67, SOD2, and cortical layer VI marker TBR1
was performed by flow cytometry (Fig. 6). MP1 exposure showed the
similar Ki67 expression (53.5-61.3%) compared to the untreated control
(49.0%). For MP10 exposure, lower Ki67 expression was observed for 5
and 50 pg/mL conditions (17.1% and 33.1% respectively) but not
100 pg/mL condition (51.5%) (Fig. 6A). For SOD2, similar or higher
expression (40.5%—74.0%) was observed for all MP conditions
compared to the untreated control (41.5%). In particular, the 50 ug/mL
MP1 and MP10 conditions showed the 65.8% and 74.0% of SOD2+ cells
(Fig. 6B). For TBR1, the untreated control had high expression of 79.7%,
while the MP1 exposure had 47.2-56.9% of TBR1+ cells and the MP10
exposure also had the lower percentage (17.0-36.6%) of TBR1+ cells
(Fig. 6C).

The day 30 cortical spheroids exposed to MP1 and MP10 at different
concentrations (5, 50, and 100 ug/mL) were analyzed using Live/Dead
cell quantification with flow cytometry (Fig. 7). Q3 (or Q2 +Q3) rep-
resents the live cells. For MP1 conditions, the concentration of 5, 50, and
100 pg/mL reduced the percentage of live cells (51.5%, 29.7%, and
39.6% respectively) compared to the untreated control (61.6%). For
MP10 conditions, a lower percentage of live cells (47.5% and 29.6%
respectively) was observed for 5 and 50 pyg/mL conditions, but the
100 pg/mL condition (64.2%) showed the comparable viability to the
untreated control (61.6%). Taken together, MP1 exposure reduced the
cell viability of day 30 cortical spheroids.
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Fig. 1. Morphology of microplastics and their interactions with forebrain cortical spheroids. (A) Schematic illustration of the study design; MP1: microplastic
particles of 1 pm (um) in size; MP10: microplastic particles of 10 pm (um) in size. (B) Phase contrast images of forebrain cortical spheroids exposed to microplastics
and the phase contrast images were taken with 4X objective to give the overview of the spheroids. Scale bar: 20 um. (C) Spheroids replated on Matrigel on day 30 for
another 10 days and phase contrast images were taken with 20X objective. Red circles show the presence of MPs in the culture. Scale bar: 100 pm.
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Fig. 2. Immunocytochemistry for the expres-
sion of Pax6 and Nestin in day 10 cortical
spheroids exposed to MPs. (A) Schematic illus-

tration of the spheroid exposure to 1 ym and
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3.4. Effects of long-term microplastics exposure at molecular level

To evaluate the microplastics effects at the molecular level for
cortical spheroids exposed to MP1 and MP10 at different concentrations
during day 4-30, RT-PCR analysis was performed (Fig. 8 and Supple-
mentary Table S2-S3). ATF4 and PAX6 were replaced by more mature
neural markers TUBB3 and TBR1. For CAT and SOD2, MP1 and MP10 at
5 pg/mL downregulated the expression (0.4-0.5 fold) while all the other
conditions had similar expression compared to the untreated control
(Fig. 8A). For CASP3, except that MP10 at 100 ug/mL upregulated the
expression (~1.5 fold), all the other MP conditions had comparable
expression compared to the control (Fig. 8B). Except for MP1 at 5 ug/mL
(~0.4 fold), all the other MP conditions had comparable CDKN1B
expression compared to the control. Similarly, MKI67 had comparable

Hoe

ages shown the individual as well as the merged
view of the expression of Pax6 and Nestin in the
cells exposed to 1 um and 10 um MPs. Blue:
Hoechst 33342. Scale bar: 100 pym.

expression for all the MP conditions to the control (Fig. 8C). Except for
MP10 at 100 pug/mL (~0.3 fold), all the other MP conditions had com-
parable TBR2 expression compared to the control. However, for Nestin
and TUBB3 (encoding p-tubulin III), MP1 conditions downregulated the
expression (0.5-0.7 and 0.3-0.5 respectively) (Fig. 8D). MP10 condi-
tions showed the similar or lower Nestin and TUBB3 expression. The
HOXB4 expression was comparable to the control except for MP1 at
50 pg/mL (~0.4 fold) (Fig. 8E). However, all the MP conditions down-
regulated TBR1 expression (0.3-0.7 fold) compared to the control.
Taken together, MP exposure may impair neural development indicated
by the downregulated TUBB3 and TBR1 expression, although the
downregulated Nestin expression may indicate neural maturation.

In order to identify the possible mechanism, the effects of the
leachate of PS-MPs were evaluated (Supplementary Fig. S13). The
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cortical spheroids exposed to the leachate of MP1 and MP10 at 5, 50,
and 100 pg/mL were examined for Ki67 (cell proliferation) and SOD2
(associated with ROS production) expression. Compared to the un-
treated control (78.8%), the expression of Ki67 was comparable for the
conditions of MP1 at 50 pg/mL and MP10 at 5 and 50 pg/mL (80-85%).
But the lower expression was observed for MP1 at 5 and 100 pg/mL
(62.8% and 57.2% respectively) and MP10 at 100 ug/mL (67.4%). For
SOD2, similar expression was observed for MP1 at 100 pug/mL and MP10
at 5 and 50 pg/mL (28-31%), but the lower expression was observed for
MP1 at 5 and 50 pg/mL (21.9% and 18.5% respectively) and MP10 at
100 pg/mL (11.7%). These results indicate that the PS-MP leachate may
contribute to the neurotoxicity of cortical spheroids.

4. Discussion

This study used hiPSC-derived forebrain cortical spheroids as a
model system to study the potential threat of MP accumulation during
early stages of human embryonic brain tissue development (Zarus et al.,
2021). In the present study, negatively charged polystyrene MPs of 1 pm
(demonstrating an intracellular mechanism) and 10 um (demonstrating
an extracellular mechanism) were evaluated for the short-term (day
4-10) and the long-term (day 4-30) exposure impacts. It is hypothesized
that MPs accumulated in the cortical spheroids (either intracellularly or
extracellularly) during long-time culture result in phenotypic changes in
neural differentiation. During the development of cortical spheroids,
MPs can get trapped between the small aggregates and later these MPs
become part of the big spheroids. The 10-micron MPs stay outside the
cells because of their large size, while 1-micron MPs may enter the cells
via endocytosis (up to 77-81% cells may contain MP1). Our results
demonstrated that the size- and concentration-dependent exposure to
PS-MPs can adversely affect embryonic brain-like tissue development.
To the best of our knowledge, this is the first study to assess the effects of

MPs on embryonic-like tissue development of hiPSC-derived forebrain
cortical spheroids.

4.1. Effects of short term (day 4-10) exposure to microplastics

Our results showed the apparent positive effects, i.e., higher
expression of proliferation marker Ki67 protein and gene MKI67, the
promoted expression of neural progenitor markers ATF4, Nestin, PAX6,
and HOXB4, and the elevated SOD2 gene expression (but not SOD2
protein), for MP exposure during day 4-10 of cortical spheroid differ-
entiation (Fig. 9). It was postulated that MP10 and the excess MP1
provide the surface for cell adhesion in the spheroids, resulting in higher
cell proliferation. The elevated SOD2 gene expression may indicate the
active ROS function. While the MP1s could be uptaken by the cells, the
effects of the induced cellular stress may be compensated by the effects
of the promoted cell adhesion.

The biochemical properties of the microparticles and their dimen-
sion/size should be the critical parameters to affect hPSC differentiation
in 3D culture. For example, poly(lactide-co-glycolide) copolymer
(PLGA) fiber microfilaments (about 250-500 ym in length and
10-20 um in diameter) have been used as a floating scaffold to generate
elongated embryoid bodies for brain organoid formation (Lancaster
et al., 2017). Gelatin microparticles (1-11 um in diameter) have been
incorporated with morphogens retinoic acid and BMP2 to promote PSC
aggregate differentiation (Bratt-Leal et al.,, 2013; Carpenedo et al.,
2010). These microparticles of different biochemistry and dimension
can be helpful as the scaffolds for PSC differentiation. In this study,
polystyrene is non-biodegradable and cannot be eliminated from the
spheroids. There are no growth factors and morphogens loaded onto
PS-MPs. Therefore, the main effects during the short-term exposure may
be mainly attributed to the cell-MP adhesion.
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Fig. 7. Flow cytometry analysis of live and dead cells of day 30 cortical spheroids exposed to microplastics (MPs). The derived cortical spheroids were exposed to
MPs during day 4-30. The cells were dissociated and stained for calcein AM and ethidium homodimer-1 as live and dead marker, respectively. These markers were
analyzed using flow cytometry. Q3 (or Q2+Q3) represents the live cells, and Q1 (or Q1 +Q4) represent the dead cells. Eth: ethidium homodimer-1.

4.2. Effects of long-term (day 4-30) exposure to microplastics

Our results showed the negative effects, i.e., lower cell viability
determined by Live/Dead assay, similar or lower Ki67 protein expres-
sion, down-regulation of more mature neuronal marker TUBB3 and
cortical layer VI marker TBR1/ subventricular zone (SVZ) marker TBR2
gene expression, for MP exposure during day 4-30 of cortical spheroid
differentiation (Fig. 9). Depending on the size of MPs, different mech-
anisms, intracellular or extracellular, were proposed for MP1 and MP10
exposure.

Mechanism of MP1 exposure (intracellular): From our previous study,
the MP1 are very likely to be uptaken (e.g., phagocytosis or endocytosis)
and internalized by the neural progenitor cells (Goodman et al., 2021).
Micro-sized particles of iron oxides (MPIO) can be internalized inside
the neural stem cells (>70% labeling efficiency) for in vivo tracking by
magnetic resonance imaging (Sart et al., 2015; Yuan et al., 2019). The
dextran coating can be degraded and the released iron can go through
cell metabolism to be eliminated from the cells. By contrast, the poly-
styrene MPs are not biodegradable and remain inside the cells after
internalization. They can cause cellular stress and induce cytotoxicity,
especially in long-term culture (Bhaduri et al., 2020). The MP1s did not
cause significant cell death in hiPSCs but may exert toxic effects espe-
cially in long-term culture due to their efficient endocytosis (Goodman
et al., 2021; Jeong et al., 2022). The intimate cell-cell interactions in
cortical spheroids may not allow intracellular transport of MP1ls
throughout the spheroids. It was postulated that caveolae-mediated
internalization may occur for MP1 uptake by the cells (Rejman et al.,
2004). Accumulation of MP1s in the cells can cause gradual loss in
lysosomal membrane integrity, and finally, cell death (Borkowska et al.,
2020). In addition, MP1s can block essential cellular functions,
including cytoskeleton formation, cellular movement, and exocytosis
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(Huang et al., 2010). Size-dependent (100 nm and 500 nm) effects of
nanoplastics have been observed for autophagy initiation and auto-
phagosome formation of human umbilical vein endothelial cells for
100 nm particles, whereas 500 nm particles increased lactate dehydro-
genase secretion of the cells (Lu et al., 2021).

Mechanism of MP10 exposure (extracellular): From our results, MP10
exposure downregulated TUBB3 and TBR1/TBR2 expression. The dose-
dependent response was only observed for MP10-treated day 30 cortical
spheroids TBR1 and TBR2 gene expression. While MP10 cannot be
uptaken by the cells, they are not biodegradable and remain inside the
cortical spheroids in the extracellular spaces, affecting cell-cell adhesion
and migration. It is also possible that the merging of two cortical
spheroids may wrap MP10s inside the spheroids. After the initial pro-
motion effect of cell adhesion, the non-biodegradable MP10s may
interfere with the neuronal maturation and the cortical layer formation
(i.e., “inside-out” embryonic brain tissue development pattern) (Bhaduri
etal., 2020; Suzuki and Vanderhaeghen, 2015). The PS-MPs of 4 um and
10 um have also been reported to disrupt the blood-testis barrier
integrity through ROS-mediated imbalance of mTORC1 and mTORC2,
which may be due to the altered expression profile of actin-binding
protein (Wei et al., 2021).

However, the mechanism of MP10 exposure may become compli-
cated due to the potential breakdown of MP10s into the small particles
with a size about 1 ym or nanoscale particles. While the DLS analysis
showed that no MP aggregation occurs in the culture media, the long-
term culture of MP10s showed the three different size of particles less
than 2 um. This process may be random and the size of broken particles
may be variable (A.-U.-B. et al., 2021). Then the mechanism may shift
from extracellular to the intracellular effects. In addition, the nanoscale
particles may be able to pass through the blood brain barrier (BBB) and
exert the detrimental effects on the brain cells. The potential effects of
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Fig. 8. The effect of MPs on the expression of various genes in day 30 cortical spheroids. RT-PCR of mRNA was performed to quantify the relative gene expression for
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nanoscale plastics and their permeability in an in vitro BBB model
should be further investigated in future.

Moreover, the toxicity of leachate from PS-MPs has been recognized.
As the example of the identified 26 compounds in the leachate consisting
of organic contaminants (PAHs) and additives, higher levels of phtha-
lates have been detected in leachates of new plastics and the accumu-
lation of these released hazardous chemicals over time could be one of
the major contributors to the observed toxicity. (Gardon et al., 2020). In
this study, the results indicate that the leachate of PS-MPs may
contribute to the neurotoxicity of cortical spheroids, i.e., reduced cell
proliferation and lower SOD2 expression, especially for the leachate of
high amounts of PS-MPs. The leachate was prepared from the 5-day
PS-MP exposure. The high concentration PS-MP group may mimic the
effect of leachate accumulation over the years from the environmental
level of MP exposure. The specific types of chemicals and their con-
centrations in the leachate need further investigations in future.

5. Conclusion

The results of quantitative and qualitative measurements in this
study suggest that the size and concentration-dependent effects of PS-
MPs on developing forebrain cerebral spheroids may induce high
intercellular/intracellular stress and adversely affect cortical layer dif-
ferentiation. While short-term MP exposure promotes cell proliferation
and neural progenitor gene expression, the long-term MP exposure re-
duces cell viability and downregulates more mature neuronal marker
and cortical layer VI marker expression. This study has significance in
assessing environmental factors in neurotoxicity and degeneration and
provides important insights on the health impact of environmental
microplastic materials.
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