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Abstract: Multiwalled carbon nanotubes (MWCNTSs) have seen increasing application in
consumer products over the past decade, resulting in an increasing risk of human exposure.
While numerous toxicological studies have been performed using acute high doses of vari-
ous carbonaceous nanomaterials, the effects of longer-term, low doses of MWCNTSs remain
relatively unexplored. This study examined bronchoscopy-derived healthy human bronchial
epithelial cells exposed in submerged culture to noncytotoxic doses of MWCNTSs over 7 days.
Under these conditions, doses as low as 3 pg/mL caused altered cell morphology, superficially
resembling fibroblasts. Electrical impedance of the epithelial monolayer was greatly reduced
following MWCNT exposure. However, Western blot and polymerase chain reaction showed no
elevated expression of the fibroblast markers, vimentin, o.-smooth muscle actin, or fibronectin,
indicating that a mechanism other than epithelial-mesenchymal transition may be responsible
for the changes. Phalloidin and tubulin immunostaining showed disruption of the cytoskeleton,
and confocal imaging showed a reduction of the tight junction proteins, zona occludens 1 and
occludin. We propose that MWCNTs interfere with the cytoskeleton of the lung epithelium, which
can result in a harmful reduction in barrier function over time, even at noncytotoxic doses.
Keywords: multiwalled carbon nanotubes, bronchial epithelium, transepithelial electrical
resistance, cytoskeleton, morphology, human

Introduction

In recent years, engineered nanoparticles have seen application in an increasing
number of consumer products and industrial applications. Since 2005, the number
of consumer products utilizing engineered nanoparticles has more than quadrupled.'
Carbon nanotubes (CNTs), a common engineered nanomaterial, have been used in
a variety of applications, including construction materials, stain-free clothing, and
electronics,” with further potential applications in drug delivery,® cancer therapy,*
and as semiconductors.’ For these reasons, it is becoming increasingly important to
determine the potential health effects of environmental and occupational exposure to
these CNTs.

Of the numerous varieties of CNTs, multiwalled carbon nanotubes (MWCNTs) are
thought to have the greatest potential health risks, due to their reduced flexibility and
similarity in shape to asbestos fibers.® Previous studies have demonstrated the ability
of MWCNTs to induce pulmonary inflammation, fibrosis, formation of granuloma, and
airway injury’® when delivered by instillation or inhalation.!” There is also evidence
of oxidative stress'' and apoptosis'? in bronchial epithelial airway cells exposed to
CNTs in vitro. However, while acute in vitro exposure of human lung cells to high
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doses (12-200 pg/mL) of MWCNTSs has been previously
studied,'*"* the subcytotoxic effects of lower doses over time
periods longer than 48 hours remain relatively unexplored.
Additionally, many in vitro studies'*'¢ of the toxicity of
MWCNTs have investigated their effects on subconfluent
cultures in an exponential growth phase, when they are more
susceptible to environmental stressors. Comparatively little
research has been performed on terminally differentiating
post-confluent cells.

This study sought to assess the effects of highly pure
MWCNTs on primary human bronchial epithelial cell (BEC)
cultures, that may not be apparent at the higher cytotoxic
doses or shorter time points usually studied. We used primary
cells from healthy human volunteers and MWCNT treatments
between 0.7 wg/mL and 12 ng/mL, and assessed the cells at
both one and 7 days post exposure. This permitted a better
replication of extended exposures with regard to human
cells, which is more relevant as a proxy of environmental
or occupational human exposure. MWCNTs taken into the
lungs are known to persist in these tissues for weeks,'*!” so
assessing the effect that this persistent material may have at
the cellular level long after the initial exposure is a relevant
avenue of study.

One important metric of pulmonary health is the ability
of the BEC layer to serve as a barrier between inhaled air
and the more vulnerable endothelial cells and interstitium.
The barrier function of an epithelial monolayer relies on
tight junctions between adjacent cells, facilitated by zona
occludens 1 (tight junction protein 1) and occludins, among
other transmembrane proteins.'® As these tight junctions fail
in response to an environmental stressor, electrolytes are able
to penetrate the gaps between cells more readily, and this can
be measured by passing an electrical AC current through the
cell monolayer and monitoring the impedance to the current."”
Because the reduction of barrier function in the epithelium of
the human airway can result in increased penetration of air-
borne particulates and subsequent pulmonary injury, edema,
and infection,® barrier function is an important endpoint in
toxicological studies of epithelial cells.

Our results suggest that MWCNTs negatively impact
the ability of human airway epithelium to form a monolayer
barrier even at doses that are not cytotoxic. Associated with
this loss of barrier function is altered cell morphology,
breakdown of tight junctions, and cytoskeletal disruption,
that are not found in cells exposed to nanographitized
mesoporous carbon, a chemically similar nanoparticle.
MWCNTs may therefore be hazardous to pulmonary health
in a manner not common to other fine or ultrafine airborne
particulates.

Materials and methods
Human bronchial epithelial primary cells

and culture

Primary airway epithelial cells were obtained via bronchoscopy
from healthy human volunteers. Cells from brushes were trans-
ferred to vented T-flasks and grown to passage 3. Cultures
were frozen in recovery freezing medium (Invitrogen, Carls-
bad, CA, USA) and stored in liquid nitrogen. Frozen P3 cells
were thawed and resuspended in bronchial epithelial growth
medium (BEGM; Lonza, Walkersville, MD, USA) before
being seeded at >4,000 cells/cm? on fibronectin/collagen-
coated plasticware. BEGM consisted of LHC-9 medium with
additional supplements of 0.1 ng/mL retinoic acid, 5 pg/mL
insulin, 0.5 pg/mL hydrocortisone, 10 pg/mL transferrin,
6.5 ng/mL triiodothyronine, 0.5 pig/mL epinephrine, 5 ng/mL
human epidermal growth factor, 50 pg/mL gentamicin, and
0.4% bovine pituitary extract. Plasticware was pretreated
with a fibronectin-containing substrate (10 pg/mL fibronectin,
10 pg/mL bovine serum albumin, and 30 pg/mL collagen) in
sterile phosphate-buffered saline and allowed to incubate at
37°C overnight. This solution was then exposed to an ultra-
violet lamp for 10 minutes and aspirated prior to addition of
cell suspension to the plasticware. Cell cultures were given
fresh BEGM every other day and allowed to reach confluence
in six-well cell culture plates (~9.5 cm?*/well; Corning, New
York, NY, USA) before they were treated, which took place
4-5 days from the day of seeding.

MWCNT submerged culture treatment
The MWCNTs used in these studies were sourced from Helix
Material Solutions (Richardson, TX, USA), and generously
donated to us by Dr James Bonner. According to the manu-
facturer, these MWCNTs are over 95% pure, endotoxin-free,
and contain less than 0.5% catalyst metals (iron and nickel).
The average tube diameter is 10-30 nM and they range in
length from 500 nM to 40 uM. Independent analysis per-
formed by Millennium Research Laboratories'® confirmed
their purity by thermogravimetric analysis and the sizes
were determined to be 30—50 nM in diameter and 300 nM to
50 uM in length by transmission electron microscopy (TEM).
Brunauer—Emmett—Teller analysis gave a surface area of
109.29 m?/g. Graphitized mesoporous carbon was purchased
from Sigma-Aldrich (Cat#699624, Lot#MKBH0461V;
St Louis, MO, USA) and used as a shape control in these
studies. Analysis of this lot by the manufacturer determined
the graphitized carbon to be >99.95% pure and the surface
area to be 77.0 m%/g.

Dry nanoparticle powder was suspended at 2 mg/mL in
dispersion medium (10 pg/mL dipalmitoylphosphatidylcholine,
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1% bovine serum albumin in BEGM). The microcentrifuge
tubes containing the nanoparticle suspensions were then
sonicated in a cup horn at amplitude 100 five times for
3 minutes each. Serial dilutions were then made to 12 pg/
mL, 3 ug/mL, 1.5 pg/mL, and 0.75 pg/mL in dispersion
medium. These dilutions were then also sonicated again
(same conditions) immediately prior to being applied to
the confluent cell cultures. The negative control received
sonicated dispersion medium only. Measurements of the
hydrodynamic diameter of the nanomaterial suspensions
used in this study (as measured by dynamic light scatter-
ing) can be found in Figure 1. The zeta potential of the
MWNCTs in dispersion medium was found to be —1342
mV, as measured by a Zetasizer Nano (Malvern Instru-
ments, Malvern, UK).

The BECs were treated with nanoparticles once at day 0,
and the medium was refreshed on day 1 and every 2 days
following treatment (days 3 and 5), with two exceptions.

>

Intensity (%)

Number (%)

100
Size (r.nm)

Figure | Dynamic light scattering analysis of nanoparticle suspensions.

The transepithelial impedance assay was greatly perturbed by
refreshing the medium, so the medium was only refreshed at
3 days following the initial 24-hour exposure. The cytotoxicity
assays required a consistent time interval of cell death, so the
medium was always refreshed 24 hours prior to assay. This
necessitated an additional refreshing of medium at day 6, in
addition to the above schedule, for the lactate dehydrogenase
(LDH) and trypan blue assays. No additional nanoparticles
were added to the cells between day 0 and when the cells were
harvested/counted. TEM was used to verify that the MWCNTs
were entering the cells and remaining there after the treatment
suspensions were removed 24 hours later (Figure 2).
During the 24-hour period in which the BECs were
exposed to the nanoparticle-containing medium, the nano-
materials did not settle completely out of suspension. This is
why doses are represented in this study as plg/mL rather than
as Lg/cm?. However, the conversions using culture vessel sur-
face area from 12, 3, 1.5, and 0.75 pg/mL would be 3.8, 0.95,

Size (r.nm)

Notes: Results of DLS measurements on MWCNT and graphitized carbon suspensions immediately following sonication. (A) Intensity measurement, indicating the total
percent of beam scattering by size category. (B) Number measurement, calculated using Mie Theory. This graph represents the total percentage of the nanoparticle
aggregates/agglomerates, by number, that fall into each size category. Nearly all of the nanoparticles were below 100 nM in hydrodynamic diameter by number. (C) Volume/
mass measurement, calculated using Mie Theory. The last graph represents the total percentage of the nanoparticle mass that falls within each size category. Less than 10%
of the total MWCNT mass is sequestered in large, >1 1M agglomerates. The remaining nanomaterial mass falls beneath the 100 nM "nano" threshold.

Abbreviations: MWCNTs, multiwalled carbon nanotubes; DLS, dynamic light scattering.
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Figure 2 TEM image of MWCNTs inside bronchial epithelial cell 24 hours post exposure.

Notes: Image taken shows the presence of MWCNTs inside the cell after the removal of nanoparticle media suspension. Demonstrated here are MWCNTs that have been
both taken up into phagosomes (Inset A) and that are free in the cytoplasm (Inset B), presumably as a result of direct penetration of the cell or phagosome membrane.
This image helps to explain why effects on the cell culture continue to progress for days after the removal of MWCNT suspensions and subsequent media refreshes, as the

non-agglomerated fibers persist in the cell.

Abbreviations: MWCNTs, multiwalled carbon nanotubes; TEM, transmission electron microscopy.

0.24, and 0.06 pg/cm?, respectively. Because all time points
in this study involved the same 24-hour exposure period, the
lack of complete settling is internally controlled for.

Transepithelial electrical impedance
Electrical impedance across the epithelial monolayer was
measured using an electric cell-substrate impedance sens-
ing (ECIS) instrument from Applied Biophysics (Troy, NY,
USA). Cells were seeded at 10,000 cells/cm? on precoated
E10+ eight-chamber arrays and allowed to grow to confluence
prior to treatment. The E10+ arrays contained gold electrodes
on the cell growth surface that allowed electrical impedance
measurements across the monolayer to be made and recorded
continuously during the treatment period. Cells were treated
with graphitized carbon, MWCNTs, or dispersion medium
as the negative control at day 0 (with four replicates for each
treatment group) and monitored continually for 7 days, with
a single refreshment of medium.

Lactate dehydrogenase assay

Cytotoxicity in the treated cells was measured using the rate
of LDH release into the supernatant medium as a proxy. LDH
content in the medium was measured by a CytoTox-96 kit
(Promega, Madison, WI, USA) utilizing the reduction of tetra-
zolium salt into an aqueous formazan dye product, which was
then quantified on a spectrophotometer at 492 nM as per the
manufacturer’s protocol. The potential interaction of nanotubes
with the formazan dye product has been described by previous
researchers,! so an acellular test of this interaction using the
LDH positive control provided by the manufacturer was per-
formed prior to running this study. The results of this acellular
test (not shown) confirmed that the confounding impact of the
nanotubes and graphitized carbon was not significant or notice-
able at the doses used. Cells were treated at day 0 as described
in MWCNT submerged culture treatment and then harvested
at days 1, 4, and 7. The most recent feeding always occurred
24 hours prior to harvest, so each LDH measurement represents
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the accumulated LDH release during the previous 24-hour time
period. Hydrogen peroxide (1 mM) was used as a positive con-
trol for cell death. Four replicates of each treatment group were
measured and their absorbance at 492 nM was averaged.

Trypan blue exclusion direct cell counts
Cell viability was also measured in treated cells via direct
cell counts under microscopy using a hemocytometer.
Supernatants were removed from the wells and stored on
ice, while cells were lifted from the well surface using
trypsin/ethylenediaminetetraacetic acid solution and soy-
bean trypsin inhibitor (Sigma). Cell suspension in inhibited
trypsin was added back to the supernatant containing the
dead cells, and trypan blue dye (Sigma) was added 1:5 to
stain dead or nonviable cells. Suspensions were stored on
ice as cell counts were made on the hemocytometer, and
counts from four replicates of each treatment group were
averaged.

Quantitative PCR

Total RNA was harvested from adherent cell cultures
using an RNEasy Midi Kit (Qiagen, Valencia, CA, USA)
with DNAse treatment. Total RNA was then measured by
NanoDrop and converted to complementary DNA using
Invitrogen’s SuperScript III kit and oligo dTs, all using
the manufacturers’ protocols. Power SYBR Green Master
Mix (Applied Biosystems, Waltham, MA, USA) and the
following primers were used for quantitative polymerase
chain reaction (PCR) at final concentrations of 900 nM:
ubiquitin C (UBC) 5’-ACGCACCCTGTCTGACTACA,
UBC 3’-ACCTCTAAGACGGAGCACCA; vimentin
5"-GGAAGAGAACTTTGCCGTTGAA; vimentin 3’-
GTGACGAGCCATTTCCTCCTT; alpha-smooth muscle
actin (a-SMA) 5-CTGGCATCGTGCTGGACTCT;
o-SMA 3’-GATCTCGGCCAGCCAGATC,; fibronectin
5’-GAGCTATTCCCTGCACCTGATG; fibronectin
3’-CGTGCAAGGCAACCACACT.

Data were collected on a Stratagene Mx3005P real-
time sequencer (Agilent Technologies, Santa Clara, CA,
USA). Fold expression of target genes was determined
by ddCt analysis, comparing expression UBC and nor-
malizing to dispersion medium-treated controls. Each
fold expression represents an average of three donors per
treatment group.

Western blot
Protein was harvested from cell cultures using RIPA
lysis and extraction buffer (Thermo Scientific, Waltham,

MA, USA) and stored at —80°C with protease inhibitor
cocktail (Sigma) at 1:100 dilution. Protein was quanti-
fied by absorbance at 562 nM using a bicinchoninic acid
assay compared against a standard curve of increas-
ing concentrations of bovine serum albumin. Protein
was electrophoretically separated on a 4%—12% bis-tris
polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane. Membranes were blocked for
30 minutes at room temperature in 5% bovine serum albumin
in phosphate-buffered saline and 0.1% Tween-20 (wash
buffer). Rabbit monoclonal primary antibodies against
E-cadherin and vimentin (Cell Signaling Technologies,
Danvers, MA, USA) were separately applied for 3 hours at
1:1,000 at room temperature on a shaker. Rabbit polyclonal
primary antibodies against o.-SMA (Epitomics, Cambridge,
MA, USA) and fibronectin (Santa Cruz Biotechnology,
Sanata Cruz, CA, USA) were applied for 4 hours at 1:333
and 1:1,000 wash buffer, respectively. After washing
three times with wash buffer, goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Cell Signal-
ing Technologies) was applied at 1:5,000 for one hour at
room temperature and shaking. The membranes were then
washed three times before applying ECL Prime (Invitrogen)
for 5 minutes. Membranes were imaged on a G-Box digital
imaging system and Gene-Sys densitometry software was
used to quantify the bands. Glyceraldehyde 3-phosphate
dehydrogenase expression was used as a loading control,
and was resolved using a rabbit monoclonal antibody (Cell
Signaling Technologies) at 1:1,000, with the secondary
antibody described above.

Immunofluorescent staining

BECs were grown to confluence on chamber slides (coated
with fibronectin-containing substrate) prior to treatment with
nanomaterials. After 7 days of treatment, cells were fixed on
the slide for 10 minutes in 4% paraformaldehyde, washed
three times with phosphate-buffered saline, treated with
50 mM ammonium chloride in phosphate-buffered saline
for 10 minutes, and then washed again. Actin fibers were
stained using Alexa488-conjugated phalloidin (Invitrogen)
diluted 1:40 in phosphate-buffered saline with a DRAQS
nuclear stain (Cell Signaling Technology) diluted 1:1,000.
Fixed cells were incubated with stain at room temperature
for 20 minutes, after which time they were washed with
phosphate-buffered saline and mounted using Prolong Gold
antifade reagent (Invitrogen). Microtubules were stained
using Alexa488 primary-conjugated mouse anti-o-tubulin
monoclonal antibody (Invitrogen) diluted to 3 pg/mL in
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phosphate-buffered saline. Cells were permeabilized with
0.5% Triton-X in phosphate-buffered saline for 5 minutes,
washed, then blocked with 5% bovine serum albumin for
30 minutes at room temperature prior to incubation with
the antibody for one hour (also at room temperature).
Tight junction proteins, zona occludens 1 and occludin,
were separately stained, with the same permeabilization
and blocking steps. Alexa594 primary-conjugated mouse
anti-zona occludens 1 monoclonal antibody (Invitrogen)
was diluted to 3 pug/mL in phosphate-buffered saline and
allowed to incubate at room temperature for one hour. Rab-
bit anti-occludin polyclonal antibody (Abcam, Cambridge,
MA, USA) was diluted to 1 pg/mL in 1% bovine serum
albumin/phosphate-buffered saline and allowed to incubate
at 4°C overnight. Alexa488-conjugated anti-rabbit second-
ary antibody (Invitrogen) diluted 1:200 in 1% bovine serum
albumin/phosphate-buffered saline was applied for one hour
at room temperature. Cells were then washed and mounted
with Prolong Gold. An LSM 710 confocal microscope
(Zeiss, Oberkochen, Germany) was used to obtain images
and Z-stacks of the stained cells.

Z-stack summation and analysis

Quantifying the occludin staining of tight junctions in
confocal images presents a challenge as the occludin is
translocated to the tight junctions from the cytoplasm, and the
total occludin expression changes little during breakdown of
the junctions. To overcome this, randomly selected occludin-
stained confocal Z-stacks (eight from cells treated with the
control vehicle and eight treated with MWCNT 3 pug/mL)
were collapsed into two-dimensional summation images of
the 12 uM-thick section in the middle of each monolayer.
This section excluded only the apical and basal cell sur-
faces to reduce background, and allowed for a volumetric
comparison of an equal number of Z-slices. Background
staining was subtracted by the rolling ball method with a 10
pixel radius. A binary image was then created by eliminat-
ing all pixels of intensity 17 or less, and those pixels that
remained were primarily located in tight junctions. The total
pixel area of each binary summation image was measured
by Imagel] software and the eight image areas per treatment
were averaged and compared.

Statistical analysis

All data are presented as the mean + standard deviation.
Significance between treatment groups was determined
using one-way analysis of variance. A P-value less than
0.05 indicated statistical significance. Corrections for

multiple comparisons were made using Bonferroni’s post
hoc test. Unless otherwise noted, statistical analyses were
based on four experimental replicates.

Results

Phase-contrast microscopy

Phase-contrast images of BECs treated with 3 pug/mL
MWCNTs began to reveal altered cell morphology within
4-5 days post exposure, becoming clearly apparent by
day 7 (Figure 3A). After treatment with MWCNTs, most
of the cells lost their cuboidal organization, taking on a
spindle-shaped, fibroblastoid appearance. This effect was not
observed in cells treated with graphitized carbon.

Transepithelial electrical impedance

The loss of cuboidal organization and altered cell morphology
correlated with a significant reduction in barrier function by
the epithelial monolayer (Figures 3B and C), as measured by
ECIS. Electrical impedance through the treated cell monolay-
ers remained similar to that of the control cells for the first 23
days, but quickly declined over the following 4—7 days. By day
7 post exposure, cells treated with 3 ug/mL MWCNTs averaged
only 45.2% of the electrical impedance of the control cells, and
the 12 pug/mL MWCNT dose reduced electrical impedance to
near acellular levels. By contrast, 12 pug/mL graphitized carbon
resulted in no significant reduction in impedance from the
vehicle control. Earlier acellular studies verified that MWCNTs
and graphitized carbon do not alter impedance in the absence
of cells (data not shown), so nanomaterial conductivity was
not a confounding issue in this experiment.

Epithelial-mesenchymal transition

marker expression

Epithelial-mesenchymal transition (EMT) was investigated
as a potential mechanism behind the observed morphol-
ogy by examining the expression of classic mesenchymal
markers. Analysis of E-cadherin, vimentin, a-SMA, and
fibronectin protein expression in BECs by Western blotting
revealed no significant difference between the BECs treated
with MWCNT 3 pg/mL and those treated with dispersion
medium or untreated controls. Vimentin, o.-SMA, and
fibronectin were not substantially expressed in any of these
treatments and E-cadherin was not significantly downregu-
lated (Figure 4A).Vimentin, o-SMA, and fibronectin were
all transcriptionally expressed at levels similar to those in
dispersion medium and graphitized carbon-treated controls
atthe 0.75 ug/mL and 3 pug/mL MWCNT doses (Figure 4B),
indicating that the cells did not undergo EMT following
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Control vehicle (CoV)

Graphitized carbon

MWCNT 0.75 pg/mL (MW 0.75)

12 pg/mL (NG 12)

MWCNT 1.5 pg/mL (MW 1.5) MWCNT 3 pg/mL (MW 3) MWCNT 12 pg/mL (MW 12)
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Figure 3 Loss of epithelial monolayer and barrier function.

Notes: (A) Image comparison in phase contrast of bronchial epithelial cells (BECs) 7 days post-exposure (10x magnification). (B) Electrical impedance through BEC
monolayer continuously measured by ECIS from days 1-7. At day 3, the media was refreshed and the resulting impedance fluctuations were omitted to better illustrate the
pattern. (C) Electrical impedance of individual experimental runs taken at 165 hours (~7 days) post-exposure. This is the same data from graph B, represented differently to

show the experimental consistency. *P<<0.05, **P<<0.01.

Abbreviations: MWCNT, multiwalled carbon nanotube; ECIS, electric cell-substrate impedance sensing.

treatment. No statistically significant differences were found
in expression of any of these markers.

Cytotoxicity assays

After observing profound effects in cell morphology and
impedance, we analyzed LDH release and trypan blue uptake
in treated cells to confirm that our doses did not induce cell
death at the measured time points. Absorbance measurements

of LDH released in supernatant medium indicated no elevated
cytotoxicity at the 3 pug/mL MWCNT dose or lower at any
of the measured time points (Figure 5A). At day 1, cells
treated with 12 pug/mL MWCNT showed no significantly
elevated toxicity, whereas by day 4, cell death had exceeded
thatin 1 mM H, O, positive controls. By day 7, too few cells
remained in the 12 pug/mL MWCNT-treated wells to make
LDH measurements. Cells treated with 12 pug/mL graphitized
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Notes: (A) Western blotting for E-cadherin, vimentin, aSMA, and fibronectin expression in bronchial epithelial cells (BECs) exposed to 3 pg/mL MWCNTs. Both a media-
only negative control (Co-) and dispersion-media negative control (CoV) were used for comparison. TGF-BI (10 ng/mL) was used as a positive control for EMT. Peak area
of bands determined by densitometry software was normalized to GAPDH loading control. Experiments performed in triplicate, a representative blot image is shown.
(B) Gene expression of EMT markers in exposed BECs, as determined by quantitative PCR. TGF-B| was again used as a positive control, and 3 pg/mL nanographite as a shape
control. Ct values were subtracted from dispersion-media negative controls and normalized to ubiquitin-C. ANOVA *P<<0.05, n=4.

Abbreviations: MWCNT, multiwalled carbon nanotube; EMT, epithelial-mesenchymal transition; PCR, polymerase chain reaction; TGF-BI, transforming growth factor
beta I; aSMA, alpha smooth muscle actin; Ct, cycles to reach threshold value; ANOVA, analysis of variance.

carbon had no significantly elevated cytotoxicity at any time
point. Direct hemocytometer counts of trypan blue-stained
cells gave results comparable with the LDH measurements
(Figure 5B). Graphitized carbon and doses of MWCNT 3 g/
mL and lower did not induce significant elevation of trypan
blue uptake by day 7, whereas 12 pg/mL MWCNTs resulted
in extensive cell death exceeding the positive control after
4 days. While these results are not verification that the 3 g/
mL MWCNT dose could never become toxic given sufficient
time, they are evidence that the day 7 impedance results were
not due to cytotoxicity at this dose.

Phalloidin and tubulin stains
Having observed no cell death on day 7 at the 3 pg/mL
MWCNT dose, we stained the cytoskeleton and tight

junctions of BECs exposed to this dose. Confocal micro-
scopy of the cytoskeletal network staining is depicted in
Figure 6A. In treated BECs with a spindle-shaped morphol-
ogy, phalloidin poorly stained the F-actin fibers compared
with adherent control cells. BECs treated with MWCNT
3 ug/mL that still retained their morphology nonetheless
had a microtubule cytoskeleton that was more bundled
and less diffuse through the cytoplasm than in the control
or graphitized carbon-treated cells, suggesting increased
polymerization. These treated cells also expanded in size
compared with control cells.

Zona occludens-1 and occludin stains
Confocal microscopy of tight junction staining is depicted
in Figure 6B. Both stains showed a reduction in tight
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Figure 5 Cytotoxicity of MWCNTSs on BECs.

Notes: (A) Lactate dehydrogenase release into supernatant media over previous 24 hours. Absorbance of reduced formazan dye at 490 nM was normalized to the
dispersion-media control. Hydrogen peroxide (I mM) was used as a positive control. The 12 pug/mL MWCNT dose at day 7 resulted in the loss of so many cells that LDH
levels were too low to measure. ANOVA *P<0.05, **P<<0.0001, n=4. (B) Percent cell death based on direct counts of live cells stained with trypan blue reagent on days I,
4 and 7 post exposure. Hydrogen peroxide was again used as a positive control. ANOVA *P<0.05, **P<<0.0001, n=4.

Abbreviations: LDH, lactate dehydrogenase; BEC, bronchial epithelial cell; MWCNT, multiwalled carbon nanotube; NG, nano graphitized carbon; ANOVA, analysis of variance.

junction formation following 7 days of exposure to MWCNT
3 ng/mL. This agrees with the reduction in barrier imped-
ance demonstrated by ECIS in treated cells. The volumetric
analysis required collapsing 12 UM of confocal Z-stacks into
summation images, and an example of one such summation
from each treatment is demonstrated in Figure 7A. Profile
histograms of 10 uM-wide horizontal sections of each image
demonstrated that tight junctions had pixel intensities of
15-20 (Figure 7B), and so a threshold of 17 was selected
to construct a binary image that included primarily tight
junctions. The average measured areas of each image (by
percent) that remained were compared between control cells
and MWCNT 3 pg/mL-treated cells (Figure 7C), and the tight
junction staining following MWCNT treatment was found
to be 50.7% that of the control treatment, agreeing very well
with the ECIS results (45.2% impedance).

Discussion

This study aimed to determine whether MWCNTs, at
low 0.7-12 pg/mL doses over 7 days, could elicit cellular
responses in human bronchial epithelium not apparent at
doses that are cytotoxic at 24 hours. The results indicate
a significantly altered morphology in cells treated with

3 ug/mL MWCNT (equating to a roughly 0.9 pg/cm? dose per
surface area in this study), but not in cells treated with graphi-
tized carbon or control cells treated with dispersion medium.
Treated cells appear spindle-shaped and disorganized by 4—7
days post exposure. The 0.7 ug/mL MWCNT dose appears
to be insufficient to elicit these changes by day 7, while the
12 ug/mL dose proved to be strongly cytotoxic before these
altered morphologies become apparent. The mechanisms of
cytotoxicity at the 12 ug/mL or higher MWCNT doses are
being explored in a separate study. The fact that the graphi-
tized carbonshape control did not elicit these same effects
at similar mass doses suggests that the tubular shape of
the MWCNTs is primarily or entirely responsible for the
observed effects. Shape characteristics, such as aspect ratio,
have also been implicated in previous studies of nanotube
toxicity.?2%

The observed morphology change was accompanied by
a significant drop in epithelial barrier function, evidenced by
both the ECIS data and the tight junction immunostaining.
This loss of barrier function in the epithelium of a human
airway would pose a risk of pulmonary injury and penetration
of nanoparticle aggregates throughout the lung, so this find-
ing is of particular concern. A similarly significant decrease
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Figure 6 Immunofluorescent staining of cytoskeleton and tight junctions.

Notes: Representative images of BECs following 7 day treatment with 3 pg/mL
MWCNTs. (A) Cytoskeletal staining of F-actin by fluorescent-conjugated phalloidin
and a-tubulin by conjugated mAb. Phalloidin staining of MWCNT-treated cells is
representative of cells with altered morphology (top right), to compare these cells
to normal adherent cells (top left). Tubulin staining in MWCNT-treated BECs that
remained adherent by day 7 (bottom right) demonstrates the polymerization of
the microtubules as well as an increase in cell size. (B) Tight junctions are stained
at ZO-I and occludin and imaged using confocal microscopy. ZO-1 is shown in
grayscale without counterstain. Occludin is shown in false color with DRAQS5
nuclear stain.

Abbreviations: BEC, bronchial epithelial cell; MWCNT, multiwalled carbon nanotube.

in barrier function of epithelial cells exposed to MWCNTSs
has been described previously,? although the doses used in
previous studies were much higher (100 pg/mL) and involved
cell lines which are more resilient to nanoparticle toxicity.
While higher (>24 pg/mL) doses of MWCNTs are known to
be cytotoxic to primary BECs within 24 hours, the breakdown
of tight junctions and, consequently, barrier function at the
3 ug/mL dose used in this study has implications for humans
chronically exposed to these materials. Long-term exposure

to MWCNTs may result in airway injury at lower doses than
would be predicted by acute cytotoxicity studies.

EMT has been demonstrated in the lungs of mice exposed
to carbon nanotubes intratracheally.” While EMT would
seem a likely mechanism for the observed changes from
cuboidal monolayers to disorganized, fibroblastoid cells,
our results did not support this. Mesenchymal cells derived
through EMT would show greatly upregulated fibronectin,
vimentin, and oi-SMA compared with control epithelial
cells,® and we found no differential expression of these
mesenchymal markers in the treated cells. Our results do not
contradict the previous EMT findings due to the differences
between in vivo and in vitro exposures, but we were none-
theless able to determine that EMT was not the mechanism
behind the altered morphology observed in our BECs.

Terminal squamous differentiation is a normal consequence
of allowing BECs to remain in confluent, submerged culture for
several days.? This differentiation effect is apparent in the gradual
increase of electrical impedance of the control and graphitized
mesoporous carbon-treated BECs in Figure 3B. The initial
increase, then decrease to day 1 levels, of impedance in the 3 pg/
mL MWCNT-treated cells might suggest that this differentiation
process is being interfered with by the nanotubes. As squamous
differentiation is a terminal event that halts further cell division,?’
preventing this process in confluent BECs might also explain the
overlapping layers of epithelial cells following MWCNT exposure.
Verifying that MWCNTs affect squamous differentiation in BECs,
as well as establishing a mechanism for this interaction, is beyond
the scope of this paper; however, it can be speculated that as the
cytoskeletal network is heavily involved in cell differentiation,?
MWCNT interactions with the BEC cytoskeleton might also
affect their differentiation. The potential of MWCNTS to impair
cell differentiation is an ongoing area of our research.

As interactions between MWCNTs and the microtubules
of the epithelial cytoskeleton have been described by other
researchers,” we explored the possibility of cytoskeletal dis-
ruption in our MWCNT-treated BECs. Fluorescent staining of
a~tubulin bundles in the cytoskeletons of MWCNT-treated and
control-treated BECs suggests altered polymerization of the
microtubule network in response to treatment with MWCNT
3 ug/mL. Microtubules appear to bundle and polymerize in
the presence of MWCNTSs compared with control cells, and
this agrees with previous research® on nanotube/microtubule
interactions. This disruption appears to occur early, within
24 hours of treatment and well before cell morphology
alterations are evident. The actin cytoskeleton also responds
to the MWCNT 3 pg/mL dose, as revealed by phalloidin
staining. Treatment with MWCNTs results in a reduction in
focal adhesions in cells that remain in a monolayer by day 7.
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Figure 7 Quantifying loss of tight junctions with occludin confocal images.

Notes: Quantification of tight junction staining began with a summation of confocal z-stacks from a 12 uM-thick section of cell monolayer, including all but the apical and
basal cell surfaces. (A) An example of a summation confocal image from both the control and MWCNT 3 ug/mL treatments. (B) Example profile histograms taken from a
10 uM-wide horizontal section of the summation images. A peak in this profile would correspond to a concentration of occludin at a tight junction. (C) Particle analysis of
pattern of occludin staining based on binary threshold of summation images. The total area of the image that remains after threshold removal of cytoplasmic/nonspecific
staining should primarily represent occludin concentrated at tight junctions. The percentage of occludin staining at tight junctions was lower in BECs treated with MWCNT
3 ug/mL for 7 days than in BECs treated with dispersion vehicle alone. *Unpaired 2-tailed t-test of 8 summation images, P<<0.0001.

Abbreviations: BEC, bronchial epithelial cell; MWCNT, multiwalled carbon nanotube.

The majority of the cells have left the cuboidal monolayerand ~ whether this is a downstream effect of a differentiation-related
taken on a spindle-shaped morphology by this time point,and  event or the direct result of MWCNT interactions with the
these altered cells stain very poorly for F-actin. The loss of  cytoskeleton will require further research.

F-actin microfilaments and focal adhesions may be at least par- We performed this study under submerged culture con-
tially responsible for the new morphology of the cell, although  ditions, rather than fully differentiated air—liquid interfaces.
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Therefore, as in most in vitro systems, the applicability of
this study to the human lung is inherently limited. How-
ever, these undifferentiated epithelial cells are present in
the human lung to replace mucociliary epithelium lost to
injury,® and so it is not unlikely that these types of cells
could become exposed to inhaled MWCNTs, particularly in
an injured lung. This research raises questions about whether
morphological alterations similar to those observed in this
study could also occur in predifferentiated epithelial cells,
or even mature mucociliary cells. To this end, research is
currently underway to expose air-liquid interface cultures
to these nanoparticles.

Despite these limitations, the results of this study demon-
strate that MWCNTs can induce changes in the human bron-
chial epithelial cytoskeleton and morphology that may pose a
health hazard separate from those posed by cytotoxicity and
oxidative stress. This effect does not appear to be shared by
graphitized mesoporous carbon, and so particular caution
may be warranted when using or manufacturing MWCNT-
enabled products compared with other nanoenabled products
where a risk of pulmonary exposure exists.
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