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Environmental pollution, including the annual resurgence of particulate matter derived from road dust, is
a serious issue worldwide. Typically, the size of road dust is less than 10 um; thus, road dust can
penetrate into human organs, including the brain, through inhalation and intake by mouth. Therefore,
the toxicity of road dust has been intensively studied in vitro and in vivo. However, in vitro systems,
including 2D cell cultures, cannot mimic complex human organs, and there are several discrepancies
between in vivo and human systems. Here, we used human colon cells and organoids to evaluate the
cytotoxicity of particulate matter derived from road dust. The toxicity of road dust collected in
industrialized and high traffic areas and NIST urban particulate matter reference samples were evaluated
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examined. Data suggest that the size and elemental compositions of road dust can correlate with colon

DO 10.1039/d2ra07500h organoid toxicity, and thus, a more careful assessment of the size and elemental compositions of road
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Introduction

Particulate matter toxicity derived from road dust has been
a great concern, as the amount of road dust in the air has
increased dramatically due to industrial and transport-induced
production of air pollutants.™* Previous studies have shown that
road dust consists of various chemicals, including carbona-
ceous materials, metals, organic matter and ions.>* Various
studies have reported road dust-induced toxicity in vitro and in
vivo as well as its impact on human health.>*

As road dust is also present in the air, the human respiratory
system, oral intake system and skin can be directly exposed to
road dust.”® In particular, due to its small size, particulate
matter derived from road dust can enter digestive system
through oral uptake.®'® Previous environmental monitoring
studies have reported that particulate matter can induce toxicity
in the human gastrointestinal (GI) tract and cause diseases,
including inflammatory bowel diseases."** An in vivo study also
suggested that particulate matter also triggers intestinal
inflammatory responses in the murine intestine.” Therefore,
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dust should be conducted to predict its effect on human health.

carefully analyzing the influence of road dust on the human GI
tract is necessary, and a tool for evaluating road dust-induced
toxicity in the human digestive system is needed.

Organoids are three-dimensional self-organizing cell
cultures derived from tissues or stem cells (embryonic or
induced pluripotent).’®” Organoids exhibit differentiation and
self-renewal abilities that allow them to closely mimic the
microanatomy of the complexity of an actual organ.'" Orga-
noids can be derived from both normal or disease tissues or
stem cells, allowing us to understand material-induced toxicity
and its mechanisms.”**" In vitro systems for evaluating cyto-
toxicity from toxic substances have evolved from normal flat cell
culture to 3D culture and organoids. 3D culture more closely
mimics 3D tissue nature, and organoids are capable of reca-
pitulating key features of organs, as they consist of multiple
organ-specific cell types depending on the type of differentia-
tion. When evaluating toxicity from substances, organoids
exhibit several advantages, such as 2D and 3D in vitro systems,
and even in vivo animal study results often do not correlate with
human responses. In addition, in vivo studies have been greatly
regulated recently due to increased concern about animal
rights. Therefore, systematic comparison studies that evaluate
road dust toxicity using 2D, 3D and human organoids are
necessary to develop an appropriate system. Road dust is not
homogeneous and has different sizes and compositions.
Although several careful studies have been reported regarding
road dust-induced cytotoxicity and its influence on human
health,”>**  relationships between road dust particle
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characteristics and toxicity are rarely reported and should be
carefully monitored.

Here, we conducted a systematic evaluation of road dust-
induced toxicity in 2D and 3D colon fibroblast and human
colon organoids and monitored road dust size- and constituent-
dependent toxicity. In addition, the road dust-induced inflam-
matory response in human colon organoids was carefully
examined. The purpose of our study was to reveal the relation-
ship between road dust characteristics and cytotoxicity and find
potential for using human organoids for toxicity evaluation
systems.

Results and discussion
Size and surface charge of road dust

The particle size, charge distribution of the road dust samples
including National Institute of Standards and Technology
(NIST) reference particulate matter (SRM 1648a) were examined.
According to particle size distribution analysis data, the average
diameters of the road dust samples we examined were in the
range between 9.37 and 115.88 pm, with the smallest SRM1648a
and the largest road dust 3 (Fig. 1A and B). Although we origi-
nally fractionated the road dust 1-4 samples and NIST reference
sample to have a 50% cut-off point of 2.5 pm in aerodynamic
diameter, the road dust samples may be aggregated and become
larger in size due to noncovalent interactions, probably during
the stirring period. The average zeta potential of road dust
ranged between —12.72 and —20.94 mV (Fig. 1C). Although
particle size and zeta potential are generally unrelated, Fig. 1B
and C indicate that the average particle size and average zeta
potential have a positive correlation. Because the zeta potentials
of the road dust were within the agglomerating range,** the road
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dust particle size distribution might have been affected by
surface charge. Due to this positive correlation, the particle size
and zeta potential may have a confounding effect on toxicity.
However, we need more road dust samples to generalize this
observation.

Elemental compositions of road dust

Elemental compositions of road dust were analysed (Table S17).
Previous studies®>*¢ have shown that road dust contains various
chemical compounds, including organic carbons, sulfur
compounds, metals and ions. These studies showed that metal
compositions and the relative abundance of hydrocarbons have
positive correlations with cytotoxicity and that the chemical
profile of road dust may be used as a proxy for assessing human
health impacts. Other studies also suggested that carbonaceous
compounds, which account for approximately 3-26% of road
dust, may have serious long-term impacts on human health.>”*®
Road dust also contains a significant amount of sulfur
compounds, which can be beneficial when encountered in food
but can cause reduced heart and lung diseases when present in
road dust.>” Chronic exposure to Pb in road dust can cause brain
and central nervous system malfunctions.®*" Based on the
findings regarding the toxic constituents of road dust, we
determined that carbon (C), sulfur (S) and lead (Pb) are the key
elements affecting human colon toxicity, and the C, S, and Pb
compositions of each road dust are summarized in Table 1. In
this study, we intended to investigate whether these elemental
compositions could also be related to the toxicities in human
colon cells and organoids. The C, S, and Pb compositions are
positively correlated with each other and with the particle size
or zeta potential. Therefore, it is impossible to single out the
influence of each component in road dust on the overall
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Fig.1 Characterization of road dust (A) SEM images, (B) particle size distribution and (C) zeta potential distribution of SRM1648a, road dust 1, 2, 3

and 4. Scale bars represent 5 pm.
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Table 1 The C, S and Pb compositions (wt%) of road dust

C (Wt%) S (Wt%) Pb (Wt%)
SRM 1648a 12.70 5.51 0.66
Road dust 1 6.33 1.05 0.15
Road dust 2 5.99 0.84 —
Road dust 3 4.72 0.58 0.06
Road dust 4 4.92 0.96 0.08

toxicity. Instead, a generalized linear mixed model could be
adopted to approximate a combined toxicity from various toxi-
cants present in road dust.*” Setting the computational details
aside, the model equation assumes that the mixture toxicity is
a linear combination of each toxic constituent's toxicity with
additional terms accounting for joint impacts from various
pairs of multitoxicants. We could qualitatively infer which
physico-chemical property is strongly correlated with road dust
toxicity based on the coefficients and R> obtained from the
dose-response graph.

Road dust induced toxicity in 2D colon fibroblasts

To investigate road dust-induced toxicity in human colon cells,
we exposed various road dust to CCD-18Co normal colon
fibroblast cells. Road dust induced concentration-dependent
toxicity, as the highest concentration we tested (2 mg mL™")
showed a 20.2% (road dust 3) to 60.1% (SRM 1648a) decrease in
CCD-18Co viability (Fig. 2A and B). Study by Feng et al. suggests
quantification of the interactions among metal mixtures in
toxicity with linear models.*® Road dust toxicity and S, Pb, C
contents showed generally positive correlations, which may
indicate relationship between the chemical contents and
fibroblastic cytotoxicity of road dust (Fig. 2C). Particle size
showed a strong linear relationship (y = 0.35x + 43.26 with an R>
value of 0.93) with cytotoxicity, as a smaller road dust induced
higher toxicity to cells (Fig. 2D). In previous studies, it was
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suggested that smaller particles tend to accumulate and easily
enter cells,**** and smaller road dust can be more easily endo-
cytosed or penetrate inside cells, causing cell damage and cell
death. Colon cell cytotoxicity also showed a strong relationship
with road dust surface charges, as road dust with stronger
surface charges induced more cell death (R value: 0.88, Fig. 2E).
Many studies have shown that the surface charge of nano-
particles has a strong relationship with cell entry and penetra-
tion.>***” Although not conclusive, our data suggest that
compared to the surface charge of the road dust, the size and
constituent of the road dust are more critical.

Road dust induced cytotoxicity in 3D colon fibroblasts

Cells in human organs occur in the 3-dimensional type. We
formed 3D spheroids with colon normal fibroblast CCD18-Co
and exposed them to road dust. The cytotoxicity of road dust
in 3D spheroids was less than that in 2D cultures, as 2 mg mL ™
road dust samples induced 43.1 (SRM 1648a) - 23.2 (road dust
3) % cell death (Fig. 3A and B). This is probably because road
dust exposure to colon cells is limited in 3D spheroids
compared to 2D cultures, as the total exposed surface area of
cells was smaller than that of flat 2D cultures when the same
number of cells were present. Similar to 2D culture, S-, Pb- and
C-dependent toxicity was observed (Fig. 3C), as increasing the %
composition of these three elements in road dust was positively
related to 3D colon spheroid toxicity. The size and charge of the
road dust were also major factors of spheroid cytotoxicity, as
a smaller road dust with a more negative surface charge
induced greater cytotoxicity (R> values: 0.78 and 0.90, respec-
tively, Fig. 3D and E). Overall, we observed a similar tendency
between 2D and 3D colon fibroblast cytotoxicity in the presence
of road dust.

Influence of road dust in colon organoids

Next, we monitored the influence of road dust in colon orga-
noids. Colon organoids derived from induced pluripotent stem
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Fig.2 Road dust-induced toxicity in 2D colon fibroblasts. (A) Bright field (BF) images of 2D colon fibroblasts upon addition of road dust. (B) Road
dust concentration. (C) Elemental composition. (D) Particle size. (E) Zeta potential vs. 2D cell viability. Error bars represent the standard deviation

from three independent experiments. Scale bars represent 20 pm.
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Fig. 3 Road dust-induced toxicity in 3D colon fibroblasts. (A) BF images of 3D colon fibroblast spheroids upon addition of road dust. (B) Road
dust concentration. (C) Elemental composition. (D) Particle size. (E) Zeta potential vs. 3D colon fibroblast viability. Error bars represent the
standard deviation from three independent experiments. Scale bars represent 20 um.

cells (iPSCs) were cultured in the presence of Matrigel for 9 days. repeat-containing G-protein coupled receptor 5 (LGRS5),
Differentiated colon organoids expressed specific colon mucin-2 (MUC2), homeobox protein CDX-2 (CDX2), villin, Ki67,
markers resembling the actual human colon {leucine-rich Fig. S17}. SRM 1648a and road dust 1-4 (2 mg mL ') were
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Fig. 4 Road dust-induced toxicity in human colon organoids. (A) BF images of human colon organoids upon addition of road dust. (B) Road dust
concentration vs. colon organoid viability. (C) Colon organoid live/dead assay. (D) Fluorescence images of colon organoid oxidative stress
responses. Error bars represent the standard deviation from three independent experiments.
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incubated with human colon organoids, and their effect on
organoid viability was recorded (Fig. S21). Among the 5 road
dust we tested, three road dust inducing more cytotoxicity in 2D
and 3D human colon fibroblasts (SRM 1648a, 1 and 2) were
selected, and various concentrations of those road dust were
exposed to colon organoids, and the impact on human colon
organoids was monitored (Fig. 4A and B). Similar to human
colon fibroblasts, road dust size- and constituent-dependent
cytotoxicity were observed in colon organoids (Fig. S37).
Smaller road dust particles with higher % compositions of C, S
and Pb were observed in colon organoids. Smaller road dust
particles may easily penetrate colon organoids, and the C, S and
Pb contained in road dust may induce colon organoid toxicity.
Accumulation of some road dust outside of Matrigel was also
observed, and larger road dust particles may not be able to
penetrate Matrigel, thus these particles induce less cytotoxicity.
In addition, although colon organoids consisted of many
diverse cell types that resemble actual human organs, their
cytotoxicity pattern with road dust showed similar results as
those of CCD18-Co. This may suggest that road dust's size and
constituent are key factors of road dust-induced cytotoxicity
regardless of colon cell types. To confirm the effect of road dust
size and composition on the cytotoxicity of colon organoids,
a live/dead (LD) assay was conducted. The data suggest that the
addition of SRM 1648a and road dust 1 and 2 induced the death
of human colon organoids (2 mg mL™", Fig. 4C). It has been
suggested that road dust induces oxidative stress in cells and
tissues by modulating the oxidation-reduction (redox) cycle.***
Oxidative stress through the production of reactive oxygen
species (ROS), which is induced by the presence of road dust,
leads to inflammatory responses and eventual cell death. Our
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data confirm that in the presence of 2 mg mL ™' SRM 1648a,
road dust 1 and 2, ROS are generated in human colon organoids
(Fig. 4D). Taken together, these results confirmed that road dust
induces ROS generation in human colon organoids, resulting in
oxidative stress, which may lead to an inflammatory response
and inflammatory bowel diseases (IBDs) in the human colon.

Road dust induced an inflammatory response in human colon
organoids

As previous data showed potential inflammatory responses in
human colon organoids in the presence of road dust, IBD-
focused polymerase chain reaction (PCR) array analysis of
road dust-exposed human colon organoids was conducted. PCR
array experimental data showed that colon organoids exposed
to road dust induced changes (>2-fold changes according to the
manufacturer's suggestion) in 13 inflammatory-related genes
among 84 genes (Table S21). Among those 13 genes, the
expression levels of 12 genes were increased. We further con-
ducted a quantitative PCR (qQPCR) experiment to confirm the
PCR array results. The data suggested that upon addition of
2 mg mL~" SRM 1648a and road dust 1, the expression levels of
12 inflammatory-related genes from PCR array analysis were all
in the qPCR results (Fig. 5). Among those
inflammation-related genes in which the expression levels were
increased upon addition of road dust, the complement
component 3 (C3) gene is related to activation of the comple-
ment system, which is part of the immune system.** Chemokine
(C-C motif) ligand 20 (CCL20) is a strong chemoattractant for
lymphocytes and attracts neutrophils and is thus associated
with inflammatory activation. Chemokine (C-X-C motif) ligand

increased
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Fig. 5 gPCR validation of inflammatory response-related genes from human colon organoids upon addition of road dust. Error bars represent
the standard deviation from three independent experiments. P value is #: p < 0.05, ##: p < 0.01, ###: p < 0.001L
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(CXCL)1, CXCL2, CXCL3 and CXCL8 are strong neutrophil
chemoattractants and are associated with immune
responses.*»** Lipocalin-2 (LCN2) is expressed in neutrophils,
and binding to NGAL is important in immune responses*
Lymphotoxin beta (LTB) is an inducer of the inflammatory
response****, and an increased level of serum amyloid A1 (SAA1)
is associated with inflammatory amyloidosis.***” Increased
levels of these genes are all related to an increase in the immune
response. As seen in animal studies, road dust also induces an
increase in inflammatory responses. In addition, the data
suggest that exposure to a very high concentration of road dust
may not induce instant significant cytotoxicity in human
organs; however, this is not an indication that exposure to
aroad dust is not serious, as chronic exposure to a road dust can
deteriorate human health and induce my inflammatory
response in human organs.

Conclusions

In summary, our data suggest that a smaller size with high
concentrations of C, S and Pb induced higher cytotoxicity in
human colon fibroblast and human colon organoids. In addi-
tion, road dust-induced inflammatory responses occurred in
human colon organoids, as we observed after chronic exposure
in vivo. The uniformity of organoids needs to be experimentally
improved to serve as a material toxicity evaluation system. In
addition, in-depth studies on human organoids are needed to
more closely mimic actual human organs; however, our
research shows that human colon organoids provide a prom-
ising tool for assessing human toxicity induced by various
materials, including road dust, as an alternative in vivo toxicity
evaluation.

Experimental section
Preparation of road dust

The urban particulate matter NIST reference sample (SRM
1648a) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Road dust 1-4 were collected from various sites located in the
Republic of Korea as described in previous work.” The road
dust samples from each site were collected using a vacuum
cleaner (GAS 14.4 V-Li, Robert Bosch, Gerlingen, Germany). The
collected road dust were homogenized in a polyethylene bag.
Within 24 h of sampling, collected road dust samples were
filtered through a 100 pm screen and dried for 24 h in a desic-
cator at ambient temperature. The dried road dust samples
were stored at 2 °C before further treatment.

Characterization of road dust

C and S elemental analysis of road dust was described in
previous work by Koh and Kim.?® Briefly, elemental analysis of
sieved (<100 pm) road dust samples was conducted with Flash
2000 analyzers (Thermo Fisher Scientific, Waltham, MA, USA).
Each sample was analyzed three times, and the relative stan-
dard deviation of each triplicate’s carbon concentration
measurement ranged between 1.4 and 16.7%. Pb composition
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(wWt%) of the road dust was determined with a wavelength
dispersive X-ray fluorescence (WD-XRF) analyzer (ZSX Primus II,
Rigaku, Tokyo, Japan) in triplicate. Scanned electron micro-
scope (SEM) images of road dust were obtained by FE-SEM
(Tescan, Brno, Czech Republic) with an MIRA 3 LMH Inbeam
detector (Tescan). The size and zeta potential of MPs were ob-
tained with a particle size analyzer (Litesizer 500, Anton Paar,
Graz, Austria).

Road dust toxicity evaluation in 2D and 3D normal colon cell
cultures

CCD-18Co normal colon fibroblasts (American Type Culture
Collection, Manassas, VA, USA) were grown in DMEM supple-
mented with 10%/1% penicillin/streptomycin and 0.1% genta-
micin (Thermo Fisher Scientific) and cultured at 37 °C with 5%
CO,. CCD-18Co cells with a passage number > 5 were used for
experimental consistency. Before being seeded onto a 96-well
cell culture plate for cytotoxicity experiments, the cells were
washed with DPBS twice and trypsinized with 0.25% trypsin-
EDTA (Thermo Fisher Scientific) for 3 minutes. For 2D toxicity
evaluation, CCD-18Co cells were seeded in 96-well plates at
a density of 5 x 10® cells per well. After 12 h of incubation,
various concentrations (0.03, 0.06, 0.12, 0.25, 0, 5, 1 and 2 mg
mL ™) of road dust dispersed in water were applied to the cells.
After 72 h of exposure, the cells were washed and incubated with
DMEM mixed with 10% CCK-8 (Dojindo, Kumamoto, Japan) at
37 °C for 1 h. Absorbance at 450 nm was measured using
a SpectraMax M5e multimode microplate reader (Molecular
Devices, San Jose, CA, USA). The cytotoxicity of road dust
samples was assessed from the relative decrease in absorbance
compared to that of the non-road dust-treated control cells. For
the 3D toxicity test, 5 x 10° CCD-18Co cells per well were seeded
on a 96-well ultralow attachment plate (Corning, Corning, NY,
USA) and centrifuged at 200 x g for 5 minutes. After 12 h of
incubation, water-dispersed road dust were added to each well
and further incubated for 72 h. The viability of 3D CCD-18Co
was estimated using a 3D cell viability assay kit (3D CellTiter-
Glo, Promega, Madison, WI, USA).

Road dust toxicity test with normal colon organoids

Human colon organoids were mixed in an ice-cold mixture of
60% Matrigel matrix (Corning) and 40% intestinal organoid
culture media (Stemcell Technologies, Vancouver, Canada).
Organoid crypts were placed in a 96-well plate (Corning) and
incubated at 37 °C for 10 min. Then, 100 uL of intestinal
organoid culture media was added, and the medium was
replaced every other day. Organoids were passaged every 7-10
d with a gentle cell dissociation reagent (Stemcell Technolo-
gies). Human colon organoids on 96-well cell culture plates
were treated with the designated concentrations of road dust.
The viability of colon organoids was estimated using a 3D cell
viability assay kit. Luminescence was measured with a multi-
mode microplate reader (SpectraMax iD5, Molecular Devices,
San Jose, CA, USA). To measure the cell death of human colon
organoids induced by road dust, we used a live/dead (L/D) cell
viability assay kit (Thermo Fisher Scientific, Waltham, MA, USA)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and subsequent fluorescence microscopy (Lionheart FX,
Winooski, USA). For live/dead fluorescence images, colon
organoids were stained in medium containing 5 uM ethidium
homodimer (EthD-1) and 5 pM calcein-acetoxymethyl ester
(calcein-AM). After 30 min of incubation at 37 °C, road dust were
washed 4 times, and the organoids were analyzed under
a Lionheart FX fluorescence microscope.

Road dust oxidative stress test with normal colon organoids

ROS generation from colon organoids was measured using cell
permeable CellROX Deep Red dye (Life Technologies Corp.,
Grand Island, NY, USA). For the evaluation of oxidative stress on
road dust, approximately 50 colon organoids were seeded per
Matrigel dome. Organoids were expanded for 8-9 days in an
incubator (37 °C, 5% CO,) before performing treatments. Media
containing 5 uM CellROX Deep Red dye was added to each well,
and the cells were incubated at 37 °C and 5% CO, for 60 min.
Media containing CellROX stain was removed, and the wells
were washed with media and fixed with 4% paraformaldehyde
for 10 min at RT.

qPCR analysis of road dust-treated human colon organoids

Total RNA isolation of colon organoids was conducted with an
RNeasy Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer's protocols. RNA quantity and quality were eval-
uated with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Two micrograms of RNA from colon organo-
ids was reverse transcribed to cDNA using the RT2 First Strand
Kit (Qiagen). The expression of 84 key colon inflammation-
related genes was evaluated using Human CD RT2 Profiler
PCR Arrays (#PAHS-169Z; Qiagen) and with RT2 SYBR Green
ROX gPCR Mastermix (Qiagen) using a Rotor gene Q real-time
cycler (Qiagen). The expression level of each gene was normal-
ized to the geometric mean of five housekeeping reference
genes (HPRT1, ACTB, RPLPO, B2 M and GAPDH) based on
RefFinder (GeneGlobe, Qiagen). A list of qPCR forward and
reverse primers used for ALDOB, C3, CCL20, CXCL2, CXCLS,
LCN2, LTB, MUC1, PCK1, SAA1 and SOD2 is described in Table
S37 (Bioneer, Daejeon, Republic of Korea).

Bright-field microscopy

Images of 2D/3D normal colon cells and colon organoids were
obtained using an Eclipse Ti2 inverted microscope (Nikon,
Tokyo, Japan) and Lionheart FX automated microscope (Biotek,
Winooski, VT, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) and Origin 8.5 (Ori-
ginLab Corporation, Northampton, MA, USA). Each experiment
was performed in triplicate unless indicated and values are
expressed as the mean + standard deviation (SD). Statistical
significance is denoted as # for p < 0.05, ## for p < 0.01 and ###
for p < 0.001.
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