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ABSTRACT: The environmental nanoscale iron magnetite may contribute to the risk of developing neurodegenerative diseases. In
addition, iron oxides can be used as the contrast agents in magnetic resonance imaging of neural tissues. The potential long-term
impact of nanoscale iron oxides on cellular stress and neuro-inflammation remains unknown. The objective of this study is to
evaluate the long-term effects of nanoscale iron oxide exposure on human pluripotent stem cell-derived cortical spheroids that mimic
human forebrain-like tissue development. In particular, the cortical spheroids were treated with 8 nm and 15—20 nm magnetite at
0.023, 2.3, and 23 pg/mL for 4—30 days. The cell viability did not show significant differences among different test groups. The
neuronal marker f-tubulin III, cell proliferation marker Ki67, and antioxidant enzyme SOD2 did not show significant changes either.
The molecular levels of cellular stress, inflammation, cell apoptosis, DNA damage and repair, and the reactive oxygen species (ROS)
response were measured. A negative effect (i.e., increased inflammation and ROS response genes) of 8 nm iron oxide exposure and a
positive effect (i.e., decreased inflammation, apoptosis, and ROS response and clean up genes) for 15—20 nm iron oxide exposure
were observed. It is postulated that the intracellular iron content and the aggregation of iron oxides contribute to the observed
differential response. Although our results demonstrate similar intracellular iron content for 8 nm and 15—20 nm groups, the
aggregation is more severe for the 8 nm group (~500 nm) than the 1S nm group (~220—250 nm). Therefore, our data indicate an
iron oxide aggregate size-dependent effects on cellular stress, inflammation, cell apoptosis, DNA damage, and the ROS response in
the developing human forebrain-like tissue.
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1. INTRODUCTION onset of anemia because of the prioritization of the red blood

Iron is the most abundant transition metal found in the brain and

. . . - . cells for iron during negative iron balance.> However, this
is essential for normal brain development. It participates in

myelination, neurotransmitter synthesis, nerve impulse trans-
duction, and energy metabolism." Iron deprivation during Received:  November 23, 2021
pregnancy and infancy can lead to long-term neuro-devel- Accepted: January 10, 2022
opmental abnormalities, despite iron supplementation.” Current Published: January 24, 2022
diagnosis and treatment methods depend solely on the detection

of anemia, which is the last stage in iron deficiency. Thus, the

developing brain suffers from an iron deficit long before the
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essential biometal, if in excess, can contribute to various
neurodegenerative diseases ranging from Alzheimer’s disease
(AD) to Parkinson’s disease, Huntington’s disease, and
Amyotrophic lateral sclerosis (ALS). The neurodegenerative
effect of iron overload in the brain is attributed to free radical
formation and subsequent oxidative damage to neuronal cells.”
So, it is imperative to maintain iron homeostasis in the brain to
ensure proper development of cognitive, motor, social, and
educational skills in children. In addition, iron oxides have been
used as the contrasting agents in the magnetic resonance
imaging of human brain tissue for cell therapy of neurological
diseases.”® This practice can introduce iron into brain
metabolism and its long-term effects on brain cell stress and
degeneration remain unknown.

Neurodegenerative diseases can arise from genetic predis-
position, environmental factors, or a combination of both.” Air
pollution is demonstrated to adversely affect the cognitive and
behavioral development in children and to impose cognitive
impairment and a higher risk of dementia in the elderly
(reviewed extensively by Bert et al.).® Epidemiological studies
support a link between exposure to air pollution and the
incidence of neurodegenerative diseases. A large population-
based study in Canada found an increase in dementia cases
among people residing close to major traffic roads.” Recently,
Crous-Bou et al. reported changes in specific regions of the brain
prone to AD in response to air pollutants.'’ In Mexican cities,
exposure to high doses of airborne fine particulate matter
resulted in gait and balance dysfunction in 75% of young
urbanites, increasing their susceptibility to developing AD later
in life."”

Out of the airborne particulate matter, nanoparticles (NPs)
constitute the greatest hazard to human health. Their small
dimensions, high surface area, and variable composition render
them highly reactive and able to penetrate any organ, tissue, or
cell. Iron-bearing nanoparticles are of particular interest in
neurobiology, given the pervasive effect of iron on brain health
and disease. Iron NPs can cross the blood—brain barrier from
blood circulation, be directly injected into the brain for
therapeutic purposes, or be inhaled by the nose and taken up
into the brain via the olfactory bulb."” Initially, it was thought
that all iron NPs, specifically iron oxide or magnetite, found in
the brain originate endogenously by biological processes.
However, a recent study showed that magnetite nanoparticles
identified in the frontal cortex of human brains were spherical,
unlike their euhedral biogenic counterparts, indicating an
external pollution-derived source. These brain magnetites,
associated with nonendogenous metals, were externally
deposited from combustion reactions of iron-containing ma-
terial."”® Their morphologies precisely matched the magnetite
nanospheres available ubiquitously in airborne particulate
matter."> Given their nanoscale dimensions, neurotoxicity, and
environmental abundance, iron NPs may inflict serious
problems on society by affecting children’s development and
predisposing adolescents and adults to neurodegenerative
diseases.

In this study, an in vitro 3D model of the human brain'*'> was
used to gain a better understanding of its development in the
presence of iron oxide NPs. Human-induced pluripotent stem
cells (hiPSCs) have been used since 2013 as a promising tool to
model, at least, part of the features of the human brain in 3D
organoid cultures.'®™"® Our previous study evaluated the short-
term (2—3 days) effects of human cortical spheroids exposure to
nanoscale iron oxides.'” Going one step further, this study
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evaluated the effects of long-term iron oxide exposure (24—26
days) on human cortical spheroids, which can mimic the effects
of iron NPs on the developing brain. Following the neural
differentiation of hiPSCs, 8 nm and 15—20 nm magnetite iron
oxides (Fe;0,) were added to the human forebrain cortical
spheroid/organoid cultures established in our previous
studies.”®~** Cell viability, proliferation, and oxidative enzyme
expression were evaluated. In particular, the molecular levels of
iron oxide effects on cellular stress, inflammation, cell apoptosis,
DNA damage, DNA repair, and the reactive oxygen species
(ROS) response in developing human forebrain-like tissue were
investigated. To understand the mechanism of our observation,
we measured intracellular iron and iron oxide aggregation,
showing the dominating effects of iron oxide aggregation. The
significance of this study lies in identifying environmental factors
that may impact neurodegeneration, neurotoxicity, neural
imaging, and brain organoid-based disease modeling and drug
screening.

2. MATERIALS AND METHODS

2.1. Culture of hiPSCs. Human iPSK3 cells were derived from
human foreskin fibroblasts transfected with plasmid DNA encoding
reprogramming factors OCT4, NANOG, SOX2, and LIN28 (kindly
provided by Dr. Stephen Duncan, Medical College of Wisconsin).***
Human iPSK3 cells were maintained in mTeSR Plus serum-free
medium (StemCell Technologies, Inc., Vancouver, Canada) on growth
factor-reduced Geltrex-coated surface (Life Technologies) with daily
media change. The cells were passaged by Accutase every 7 days and
seeded at 1 X 10° cells per well of six-well plate in the presence of rho-
associated protein kinase (ROCK) inhibitor 27632 (10 uM, Sigma)
for the first 24 h.>>™>7

2.2. Preparation of Iron Oxide Nanoparticles. Two different
sizes of magnetite (Fe;O,) nanoparticles used were 8 nm (US
Nanotechnologies, US3208) and 15—20 nm (US Nanotechnologies,
US3230). A stock suspension of 2.3 mg/mL per nanoparticle size was
prepared by suspending the nanoparticles in ultrapure water. The stock
suspensions were then exposed to ultraviolet radiation overnight to
sterilize the materials. The stocks were sonicated in a water bath
sonicator at 40 °C for 20 min. Three dilutions were prepared by doing a
serial dilution of the original stock in DMEM plus 2% B27 and
antibiotics. The final concentrations of the magnetite were 0.023, 2.3,
and 23 pg/mL for each nanoparticle size used.” According to our
previous studies,”>*’ the intracellular labeling efficiency for microsized
particles of iron oxides (MPIO) can reach 50—80%. It was estimated
that the intracellular labeling efficiency for nanoscale iron oxides should
be similar or higher than that for MPIO.

Dynamic light scattering (DLS) of iron oxide magnetite was
performed to measure the actual diameter and polydispersity of
magnetite particles in the suspension. The 15 and 8 nm size magnetite
were suspended in deionized water and sonicated for 10 min at room
temperature. The suspension was further diluted and transferred to the
cuvette for DLS using a Brookhaven dynamic light scattering apparatus
(Brookhaven Instruments Corp, Holtsville, NY), and the results were
obtained from Particle Explorer software.

2.3. Differentiation of hiPSCs into Cortical Spheroids. Human
iPSK3 cells were seeded into ultralow attachment (ULA) 24-well plates
at 3 X 10° cells/well in Dulbecco’s modified Eagle medium/nutrient
mixture F-12 (DMEM/F-12) plus 2% B27 without antioxidant serum-
free supplement (Life Technologies). For the first 24 h, rho-associated
protein kinase (ROCK) inhibitor Y27632 (10 uM, Sigma) was added
to promote cell survival and the formation of embryoid bodies (EB).
On day 1, the EBs were treated with dual SMAD signaling inhibitors
SB431542 (10 uM, Sigma) and LDN193189 (10 uM, Sigma). The
media were changed every other day thereafter. From day 8 until day 30,
the spheroids were treated with fibroblast growth factor (FGF) 2 (10
ng/mL, Life Technologies) and Sonic hedgehog inhibitor cyclopamine
(1 uM, Sigma) for the cortical forebrain differentiation.”>*"*° In
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Figure 1. Cortical differentiation from human iPSCs. (A) Schematic illustration of the cortical spheroid differentiation. LDN: LDN193189. (B) Phase-
contrast images of the untreated and (C) the nanoparticle-treated cortical spheroids. The nanoparticles were added from day 4 until day 30 of culture.
(D) Representative spheroid size distribution during the differentiation (day 26) in the presence of nanoparticles. (E) Iron staining images of the
untreated and the nanoparticle-treated cortical spheroids (day 30) replated on a Matrigel-coated surface. Scale bar: 100 ym.

addition, for the tested conditions, the spent media were replaced by the
fresh media containing iron oxides nanoparticles (at different size and
concentrations) every two or three days during cortical spheroid
differentiation from day 4 to day 30. The spheroids were used for
various characterizations.

The images of cortical spheroids (exposed to iron oxides or the
untreated control) were captured during the differentiation by a phase
contrast microscopy. The captured images were converted to binary
images using Image] software (http://rsb.info.nih.gov/ij) and analyzed
with the “particle analysis tool”. Through particle analysis in Image]
software, the Feret’s diameter of each aggregate in the images was
calculated, which provides the size distribution of the aggregates.

2.4. Live/Dead Staining. The cells were evaluated for viability
using a Live/Dead staining kit (Molecular Probes) according to the
manufacturer’s protocol. After treating with nanoparticles, the replated
spheroids were washed with phosphate-buffered saline (PBS) and then
incubated in DMEM-F12 containing 2 #M calcein-AM (green) and 0.8
uM ethidium homodimer I (red) for 20—25 min at room temperature
and protected from light. The images were taken under a fluorescent
microscope (Olympus IX70, Melville, NY). For flow cytometry
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quantification, the spheroids were trypsinized and about 1 million
cells were aliquoted in one sample for incubation with calcein-AM
(green) and ethidium homodimer I (red),

2.5. Iron Staining Assay. The cells were evaluated for the
detection of iron oxide using an iron staining kit (Abcam). After 48 h,
the cells were incubated with the working solution for 3 min at room
temperature. After the cells were washed with PBS, the nuclear fast red
solution was added to the cells and incubated for 5 min at room
temperature. The cells were rinsed with PBS four times before images
were taken.

2.6. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. After treatment with nanoparticles, the
replated neural cells were incubated with a 0.5 mg/mL MTT (Sigma)
solution for an hour at 37 °C. The media and MTT were removed. The
formazan crystals were dissolved in dimethyl sulfoxide and centrifuged
at 800 g for S min. The absorbance of the supernatants was measured at
490 nm on a microplate reader (BioRad Laboratories, Hercules, CA).

2.7. Immunocytochemistry. For biomarker detection, the cells
were fixed using 5% paraformaldehyde (PFA) and permeabilized using
0.2% Trixton-X 100. The samples were blocked with 5% FBS in PBS

https://doi.org/10.1021/acsbiomaterials.1c01487
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Figure 2. Live/Dead images of the control and the nanoparticle-treated cortical spheroids. The day 30 cortical spheroids were plated on a Matrigel-
coated surface for 2 days in the presence of the nanoparticles. Ethidium homodimer-1 and calcein-AM were used to stain dead and live cells,
respectively, for the control, 8 nm, and 15 nm nanoparticle-treated cortical spheroids. Scale bar: 25 um.

and stained with the primary antibodies (Table S1), followed by the
corresponding antispecies Alexa Fluoro antibodies, i.e., Alexa Fluor 488
goat antimouse IgG1 or Alexa Fluor 594 goat anti-Rabbit IgG (Life
technologies). Both primary and secondary antibody dilutions were
made based on the manufacturer’s recommendations and prepared in
staining buffer (2% FBS in PBS). The nuclei were then counterstained
with Hoechst 33342 (blue), and pictures were taken for blue, green, and
red colors to detect the markers and their cellular locations under a
fluorescent microscope (Olympus IX70, Melville, NY).

2.8. Flow Cytometry. Two-color flow cytometry was used to
analyze green fluorescence for calcein-AM (ex/em ~495 nm/~515
nm) and the red fluorescence for ethidium homodimer-1 (ex/em ~495
nm/~635 nm) for cells stained using Live/Dead assay. The cells were
acquired with the BD FACSCanto II flow cytometer (Becton
Dickinson, Franklin Lakes, NJ) and analyzed using FlowJo software.
For immunophenotyping, flow cytometry analysis of f-tubulin III,
Ki67, and SOD2 was performed. Briefly, trypsinized cells were fixed
with 5% PFA for about 15 min and permeabilized with 100% cold
methanol for 15—30 min. The samples were blocked with 5% FBS in
PBS and then stained with the corresponding marker antibody
overnight. After washing, the samples were incubated with the
secondary Alexa Fluor 488 or 594 antibody for 1 h. After washing,
the samples were taken for flow cytometry measurement. The cells were
acquired with a BD FACSCanto II flow cytometer and analyzed against
isotype control using FlowJo software.

2.9. Measurement of Reactive Oxygen Species (ROS). An
Image-iT LIVE green reactive oxygen species detection kit (Molecular
Probes 136007) was used to detect reactive oxygen species after
exposure of spheroids to the magnetite nanoparticles. Briefly, a 25 yuM
carboxy-H2DCFDA working solution was prepared from a 10 mM
solution and used to label single-cell suspensions after spheroid
trypsinization. The cells were incubated in the dark for 30 min and then
measured immediately using flow cytometry. Alternatively, the cells
were counterstained with Hoechst 33342 and imaged under a
fluorescent microscope.

2.10. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR) analysis. Total RNA was isolated from the neural cell samples
exposed to iron oxides 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 ug of total RNA, anchored oligo-dT primers,
and Superscript 11T (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. Primers were specific to the targeted genes:
COMT, BDNF, MAPK11/14, ATM, NFkB1/2, TP53, XPC, CAT,
CAPS3/6, and SOD1. The primers were designed using the software
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Primer-BLAST (NIH Database) (Table S2). The gene f-actin was used
as an endogenous control for 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 30s; and 68 °C for 30 s. The Ct values of the target genes were
first normalized to the Ct values of the endogenous control f-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~ ( = AGem) to obtain the
relative expression levels.

2.11. Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). To measure the intracellular iron content, we performed ICP-MS.
The standard solutions with concentration 0, 0.5, 1, 2.5, S, and 10 ppb
were first prepared by dissolving Fe(III) chloride in 2% w/v nitric acid
(trace metal grade from Fisher Sci, Cat#AS09—500) prepared with
ultrapure water (HPLC grade). The samples were prepared by washing
spheroids five times with PBS and once with 0.66 g/L oxalic acid at 50
°C for 10 min to remove magnetite present outside spheroids. The cells
were then lysed in radioimmunoprecipitation assay buffer (RIPA) and
centrifuged at 15 000 rpm for 10 min to make sure everything settled.
The supernatant was removed and the samples were dissolved in 0.66
g/L oxalic acid at 50 °C for 30 min to dissolve intracellular iron content.
Two percent nitric acid was then added to the samples to make a total
volume of 5 mL. The samples were then analyzed using an iCAP RQ_
ICP-MS instrument and software.

2.12. Statistical Analysis. The representative experiments are
presented, and the results are expressed as [mean + standard
deviation]. To assess the statistical significance, we performed one-
way ANOVA followed by Fisher’s LSD post hoc tests. A p-value <0.05
was considered statistically significant.

C treatment

3. RESULTS

3.1. Cortical Spheroid Differentiation and Magnetite
Uptake. At the initial stage of differentiation, a ROCK inhibitor
was added to the iPSK3 cells to increase cell survival and the EB
formation. Sequentially, dual SMAD inhibitor treatment of
SB431542 and LDN193189 was used to promote neural
ectodermal commitment. Then, sonic hedgehog antagonists
cyclopamine and FGF2 were used to promote neural progenitor
and cortical differentiation of the spheroids (Figure 14, B). Two
sizes of magnetite (8 and 15 nm) at three different

https://doi.org/10.1021/acsbiomaterials.1c01487
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Figure 3. Two-color flow-cytometry analysis for Live/Dead assay of the 8 and 15 nm magpnetite treated cortical spheroids (day 30). (A) Untreated, (B)

treated with 8 nm magnetite, and (C) treated with 15 nm magnetite.

concentrations (0.023, 2.3, and 23 ug/mL) were added to the
culture from day 4 until day 30 (Figure 1C). The cortical
spheroid size ranged from 500 ym to 1.2 mm, and its
development did not seem to be affected by the incorporation
of the nanoparticles (Figure 1D and Figure S1). However, more
single cells were released from the spheroids as the particle
concentration increased along with the differentiation.

To observe iron oxide-cell interaction, the day 30 cortical
spheroids were replated on Matrigel, and iron staining was
performed to detect iron oxides that might have been taken
inside the cells. The nucleus showed a red color due to nuclear
fast red solution, whereas the iron oxides were represented as
dark blue because of Prussian blue. As expected, the higher the
concentration of magnetite, the more iron oxides were taken up
by the cells regardless of the particle size (Figure 1E).

3.2. Effect of Magnetite on Cell Viability. The cell
viability was evaluated using the Live/Dead assay. Live cells
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stained with calcein AM appeared in green fluorescence,
whereas dead cells were stained with ethidium homodimer-1
and colored in red. The presence of dead cells was observed in all
groups without consistent differences (Figure 2). The cell
viability of the treated cortical spheroids was further quantified
using two-color flow cytometry after dissociation (Figure 3).
The proper color compensation was shown in Figure S2. The
percentage of dead cells was shown in Q1 gate and ranged from
19.0 to 35.5% for all the nanoparticle treated groups, in
comparison to 32.2% of the control group (untreated). For 8 nm
treatments, flow cytometry results from another two experi-
ments (Figure S2) also showed similar viability at different
concentrations, which was not lower than untreated control
despite experiment to experiment variations. MTT assay for cell
metabolic activity did not show consistent concentration-
dependent trends either (Figure S3). Within the 8 nm groups,
the 23 ug/mL treatment showed a significantly higher level of
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the normalized MTT activity than the 0.023 and 2.3 ug/mL
groups. On the other hand, the 23 pg/mL treatment of the 15
nm group showed a significantly lower level of the normalized
MTT activity than the 0.023 and 2.3 yg/mL treatment groups. It
was thought that the spheroid culture variations may confound
the observation of MTT assay. Taken altogether, treatment of
cortical spheroids with 8 or 15 nm magnetite at different
concentrations did not induce significant cell death compared to
the untreated control.

3.3. Effects of Magnetite on Neuronal Cell Prolifer-
ation and Antioxidant Enzyme Expression. To further
evaluate the biological effects of nanoscale magnetite, we
evaluated the colocalization of the neuronal marker f-tubulin IIT
with the cell proliferation marker Ki67 and the antioxidant
enzyme SOD2 using immunocytochemistry (Figure 4). On day
30, cortical spheroids treated with 8 nm particles showed a high
amount of S-tubulin III- and SOD2-positive cells with axonal
morphology (Figure 4A, B), whereas Ki67 expression was low in
cells at day 30 due to the prevalence of differentiation. The 15
nm particle treated cortical spheroids showed a similar
expression of SOD2 and fS-tubulin III, with little Ki67" cells at
day 30 (Figure 4C, D).

The quantification of f-tubulin III, SOD2, and Ki67 was
performed by flow cytometry (Figure 5). On day 30, cells of
cortical spheroids treated with 8 nm nanoparticles had 55.6—
65.9% f-tubulin III" cells comparable to the untreated group
(64.8%) (Figure SA). For 15 nm nanoparticle treatment, the
middle concentration group had 69.1%, whereas the low and
high concentration groups had lower expression (45.4 and
42.5%, respectively). Although exposure to 8 nm nanoparticles
did not affect SOD2 expression (94.0—94.2%) compared to

806

untreated control (92.5%), cells treated with 15 nm nano-
particles had SOD2 expressed in a similar trend to S-tubulin III
with the middle concentration group at 91.7%. The low and high
concentration groups showed lower expression of 85.3 and
83.0%, respectively (Figure SB). Consistent with immunocy-
tochemistry, flow cytometry revealed only 3—14% of Ki67" cells
on day 30 (Figure S4).

The levels of ROS in the cells for different conditions were
quantified by flow cytometry (Figure 6A) and the localization
was shown in the images (Figure 6B). The 8 and 15 nm 0.023
pug/mL groups showed comparable expression to the untreated
control. For the 8 nm groups, higher concentrations of 2.3 and
23 pg/mL showed about 11—14% decrease in ROS expression.
For the 15 nm groups, higher concentrations of 2.3 and 23 ug/
mL showed about a 9—10% increase in ROS expression. These
results indicate that high concentrations of iron oxides may alter
the ROS balance or redox levels.”’

3.4. Expression of Genes Involved in Different Signal-
ing Pathways in Cortical Spheroids. RT-PCR was used to
determine the expression of genes (mRNA levels) that are
involved in different cellular pathways, including cellular stress
(BDNF, COMT), inflammation (NFKBI, NFKB2), cell
apoptosis (CASP3, CASP6), DNA damage (TPS3), DNA repair
(XPC), ROS response (MAPK11, MAPK14, ATM), and ROS
clean up (SODI, CAT). The expression of the ROS response
genes, MAPKI11, MAPKI14, and ATM, increased in a
concentration-dependent manner (~1.5 fold) (Figure 7A).
This increase in ROS levels and the consequent increase in
oxidative stress might be responsible for the higher cellular stress
and inflammation observed in treated cells. As for the ROS
cleanup genes, SODI showed little increase with particle
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concentration, whereas CAT expression exhibited large
variations. Only the 2.3 pug/mL group showed a significant 3-
fold increase. In comparison to the untreated control, 8 nm
exposed cells showed concentration-dependent increase in
COMT, BDNF, NFKBI, and NFKBI expression (~1.5 fold)
(Figure 7B). The cell apoptosis-related genes CASP3 and
CASP6 remained at similar levels for the treated group
compared to the untreated control (Figure 7C). However, the
DNA damage gene, TPS3, showed a minor increase for the 2.3
ug/mL group (1.2 fold) but not the 23 yig/mL group. The DNA
repair gene XPC expression showed a concentration-dependent
increase (1.2—1.4 fold).

Comparing the ROS response genes in 15 nm treated cells to
the untreated control, ATM and MAPKI14 were expressed at
similar levels under all conditions (Figure 8A), whereas
MAPKI11 showed a significant decrease up to 0.4 fold (i,
60%). For ROS clean up, CAT showed the most significant
decrease up to 0.2 fold (i.e., 80%), whereas SOD1 expression was
comparable to that of the untreated control. Cellular stress genes
COMT and BDNF and inflammation gene NFKB2 were
expressed at comparable levels to the untreated group (Figure
8B), whereas the NFKBI (another inflammation gene)
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expression was decreased by 30% (~0.7 fold) for the 2.3 and
23 pg/mL groups. CASP3 and CASP6 (apoptosis-related genes)
also showed a decrease of 40% (~0.6 fold) for 2.3 ug/mL and 23
ug/mL groups (Figure 8C). TP53 (DNA damage) exhibited
similar expression compared to the control, except for the 2.3
ug/mL group (~0.4 fold). XPC (DNA repair) expression did
not change regardless of the conditions. Taken together,
different sizes of magnetite could induce different gene
expression profiles in the long-term-treated cortical spheroids.

3.5. Intracellular Iron Content. It was postulated that the
iron content per cell might be different for the cells exposed to 8
nm (more excessive) than to 15—20 nm (less excessive) iron
oxide particles. Therefore, ICP-MS was performed for the
various conditions (Figure 9 and Figure SS). The intracellular
iron content increased nonlinearly with the exposure concen-
tration from 0.18 + 0.03 ng (per cell) to 0.73 + 0.03 and 2.67 +
0.01 ng for 0.023, 2.3, and 23 pug/mL of 8 nm groups,
respectively. Similarly, it increased from 0.11 + 0.02 to 0.67 +
0.02 and 2.54 + 0.10 ng for 15 nm groups corresponding to
different concentrations. These results showed size and
concentration-dependent internalization of iron oxide nano-
particles.
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It was postulated that the aggregation of iron oxides might
confound their cellular effects. Therefore, DLS of 8 and 15 nm
iron oxides was performed (Figure S6). The results confirm the
presence of the aggregation of iron oxide nanoparticles. The
aggregation is more severe for 8 nm group (~500 nm) than the
15 nm group (~220—250 nm). Therefore, the size of iron oxide
aggregates may be attributed to the observed differential cellular
response for the 8 and 15 nm groups.

4. DISCUSSION

The objective of this study is to evaluate the long-term effects of
nanoscale iron oxide particles of different sizes and concen-
trations on human forebrain organoids that mimic human brain-
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like tissue development. The viability of the neural cells did not
show significant differences among different test groups.
However, the results indicate a negative effect on neural cells
(i.e., increased inflammation and ROS response genes) from
exposure to 8 nm iron oxides but a positive effect (i.e., decreased
inflammation, apoptosis, ROS response, and clean up genes)
from exposure to 15—20 nm iron oxides. It was postulated that
the intracellular iron content per cell and the aggregation of the
iron oxides may alter iron metabolism equilibrium in the cells
and the associated cellular responses. Our results of intracellular
iron content characterization showed a dose-dependent increase
in intracellular iron, although the difference between the 8 nm
and 15—20 nm groups was small. However, the aggregation is
more severe for the 8 nm group (~500 nm) than for the 15 nm
group (~220-250 nm), although the exact molecular
mechanism for this aggregation process remains to be revealed.
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Therefore, the size of aggregated nanoparticles may be
attributed to the observed differential cellular response rather
than intrinsic nanoparticle size.

Nanoscale iron oxides have been reported to have negative
effects, inducing oxidative stress, DNA damage, and caspase
activation.”* A study has shown that nanogarticles less than 35
nm can penetrate the blood—brain barrier.” Although transition
metals (iron) are essential in many biological reactions,
alterations in their homeostasis result in increased free radical
production.” Iron and copper transfer single electrons as they
cycle between their reduced (Fe**, Cu'*) and oxidized (Fe*”,
Cu®") states, and this redox cycling can catalyze the production
of reactive oxygen species.” Iron accumulation could be an
important contributor to the oxidative damage of Alzheimer’s
disease (AD),* leaning to neurodegeneration. " The high metal
content of the central nervous system makes it particularly
susceptible to metal-catalyzed oxidative damage, protein
aggregation, neurotoxicity, and neurodegeneration. Metals
promote both precipitation and deposition of amyloid-beta
(Ap) and oxidative stress, which is associated with the neuritic
plaques.”*™** Oxidative stress has been identified to increase
levels of lipid peroxidation,™ protein carbonyl,”® and DNA
damage.”” A few studies, performed on human and mice
exposed to air-containing particulate matter, showed a potential
correlation of this exposure to AD.***’ The mechanism of direct
interaction of magnetite with DNA has not been investigated
yet, but the size- and concentration-dependent toxicity has been
observed to cause genetic mutations and DNA damage.’® Our
study observed mild cellular stress and inflammation on neural
cells after 26-day exposure to 8 nm iron oxide particles, which is
avery short period compared to the duration (years) of exposure
to environmental iron magnetite in an individual’s life.

Nanoscale iron oxides have also been reported to have
positive effects on the cells that uptake them.”®' The
internalization of iron oxides (12 nm or 20—30 nm) by
mesenchymal stem cells stimulated various growth factors,
including angiopoietin-1 (ANG-1), FGF2, hepatocyte growth
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factor, vascular endothelial growth factor, platelet-derived
growth factor, transforming growth factor, neurotrophin-3,
and brain-derived neurotrophic factor (BDNF), or abrineurin,
exerting the antiapoptotic, anti-inflammation, and neurotrophic
effects for stroke therapy and cardiac repair.””" Iron is also
required as a cofactor in the central nervous system metabolic
processes, including oxidative phosphorylation, neurotransmit-
ter production, nitric oxide metabolism, and oxygen transport.>*
It was suggested that the stimulated phosphorylation of JNK and
c-Jun signaling molecules may contribute to the positive effects
of the iron oxides.”"" The results from the current study indicate
mild effects on neuro-inflammation, apoptosis, and redox
regulation at a molecular level in the cells treated with 15 nm
particles. Therefore, the right size of iron oxides needs to be
carefully designed to exploit their beneficial effects as the
contrast agent in magnetic resonance imaging for in vivo cell
tracking.

Day 30 cortical spheroid exposure to 8 nm iron oxides did not
seem to have effects on f-tubulin III and SOD2 expression,
whereas exposure to 15 nm iron oxides resulted in similar or
lower expression of f-tubulin III and SOD2. As the lower
expression was not concentration-dependent, it was thought
that the culture variations might contribute to the observed
expression levels. The current suspension culture system of
cortical spheroids was used because it is simple, scalable, and
easy to operate. State-of-the-art organ-on-a-chip systems
featuring combination of perfusable vasculature and brain
organoids may be used in the future.

Our results show that the CAT gene increases in a
concentration-dependent manner, whereas the SOD1 gene
does not change with iron oxide concentration. SOD deals with
ROS first by converting superoxide to H,0O,, which breaks into
water by CAT. At the time cells were analyzed, SOD might
already have produced H,0,, triggering higher expression of
CAT gene.>”" The presence of oxidative species and the
resultant oxidative stress has been observed through flow
cytometry analysis of ROS generation. Although the ROS
response and clean up genes decreased with exposure to 15 nm
iron oxides, a slight increase in ROS levels quantified by flow
cytometry was observed. Instead of simply increasing the
oxidative stress, the presence of iron oxides was thought to alter
the ROS balance or redox level compared to that of the
untreated culture. The slight increase in the ROS expression may
be beneficial to neural differentiation.”"

For some gene expression such as CAT in Figure 7, large
variations were observed, which could be attributed to the
variability of cortical spheroids. Brain organoids derived from
human pluripotent stem cells are useful for disease modeling in
order to evaluate neurodegenerative diseases.>® However, one of
the challenges with organoid engineering is the organoid
reproducibility***” and cell diversity within the organoids.***’
Our study used the low attachment 24-well plates and the initial
size of cortical spheroids was not controlled. Controlling the
initial cell number for cortical spheroid formation,” single
spheroid formation in 96-well plate or microfluidic system®’
may improve the reproducibility of 3D spheroid models.
Moreover, the cortical spheroid model used in this study lack
the microglia component and the blood—brain barrier. The
neural cell—iron oxide interactions and the immune response
could be better represented in the presence of microglia and
other cell types.””
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5. CONCLUSION

This study evaluated the potential role of nanoscale iron
magnetite on the tissue development of human forebrain
spheroids/organoids. A negative effect (i.e., increased inflam-
mation and ROS response genes) from exposure to 8 nm iron
oxides and a positive effect (i.e., decreased inflammation,
apoptosis, and ROS response) from exposure to 15—20 nm iron
oxides were observed. These results indicate iron oxide
aggregate size-dependent effects of iron oxides on cellular stress,
inflammation, cell apoptosis, DNA damage, DNA repair, and the
reactive oxygen species response in the developing human
forebrain-like tissue. As a potential environmental factor for
neurodegeneration, depletion of small iron magnetite in the
environment might be important. As a contrasting agent in
magnetic resonance imaging, the properties of iron oxides need
to be carefully designed and administered to promote the
therapeutic potential for cellular uptake by neural cells.
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