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Abstract

Pulmonary barrier function plays a pivotal role in protection from inhaled particles. However,
some nano-scaled particles, such as carbon nanotubes (CNT), have demonstrated the ability to
penetrate this barrier in animal models, resulting in an unusual, rapid interstitial fibrosis. To
delineate the underlying mechanism and specific bio-effect of inhaled nanoparticles in respiratory
toxicity, models of lung epithelial barriers are required that allow accurate representation of /n
vivo systems; however, there is currently a lack of consistent methods to do so. Thus, this work
demonstrates a well-characterized /n vitro model of pulmonary barrier function using Calu-3 cells,
and provides the experimental conditions required for achieving tight junction complexes in cell
culture, with trans-epithelial electrical resistance measurement used as a biosensor for proper
barrier formation and integrity. The effects of cell number and serum constituents have been
examined and we found that changes in each of these parameters can greatly affect barrier
formation. Our data demonstrate that use of 5.0 x 10* Calu-3 cells/well in the Transwell cell
culture system, with 10% serum concentrations in culture media is optimal for assessing epithelial
barrier function. In addition, we have utilized CNT exposure to analyze the dose-, time-, and
nanoparticle property-dependent alterations of epithelial barrier permeability as a means to
validate this model. Such high throughput /7 vitro cell models of the epithelium could be used to
predict the interaction of other nanoparticles with lung epithelial barriers to mimic respiratory
behavior in vivo, thus providing essential tools and bio-sensing techniques that can be uniformly
employed.
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1. Introduction

The rapidly growing nanotechnology industry has revolutionized various industrial fields.
Engineered nanomaterials (ENM) are of significant relevance owing to their unique
physical, electrical and chemical properties, which have been exploited for widespread
applications in electronics, aerospace, medicinal drug delivery, engineering, and cosmetics.
However, their mass production, and exposures associated with workplace handling, raises
serious health concerns, especially in the context of lung hazards, since ENMs are readily
aerosolized.

The biological effects of ENMs, including carbon nanotubes (CNTSs), remain poorly
understood and are an object of debate regardless of several attempts to fully characterize
them [7,11,12,20,23]. Despite this, it is commonly accepted that inhalation of ENMs, the
primary route of exposure for CNTSs, can cause major airway and lung disorders [4,7,12].
Recent research has divulged potential harmful effects of CNTSs in the lungs including
oxidative stress, inflammatory cytokine production, fibrosis, granuloma formation, and lung
cancer promotion [8,16,20,31], while other studies have found similar effects as a result of
various alternative ENMs such as cerium dioxide [14,15] and titanium dioxide [3,25].

Airway epithelial cells, present as one of the first lines of defense for inhaled particulate
matter, represent a major determinant in the interaction of a foreign body with other major
body compartments. In addition, epithelial cells are involved with the formation and
maintenance of tight junctions between neighboring epithelial cells, only permitting
polarized secretory functions (such as ion transport) and routine cellular trafficking, while
preventing access to xenobiotics and pathogens [1,28,32,34]. Moreover, these tight junctions
assist in keeping cytokines, toxins, and pathogens from infiltrating the epithelial layer.
Indeed, these dynamic protein structures govern the paracellular permeability of the
epithelium, permitting only that which is necessary under normal circumstances [13,26].
Consequently, pulmonary barrier function plays a pivotal role in controlling penetration of
inhaled nanoparticles into the interstitium, which can lead to rapid interstitial fibrosis
[19,35]. For example, dispersed single- or multi-walled CNTs rapidly enter the alveolar
interstitial space and induce a progressive interstitial fibrotic response with minimal lung
inflammation [19,23,35]. However, due to a lack of studies evaluating the effects of CNT
exposure on lung epithelial barriers, a key determinant of pulmonary toxicity due to ENMs,
the pathogenic mechanisms underlying these effects have not been fully elucidated. This is
due, in part, to a lack of effective, consistent methods to reliably predict /n vivo outcomes in
an /n vitro setting.

Further compounding this issue is the notion that unique physicochemical characteristics of
ENMSs, such as particle size, shape, and surface modification, may contribute to progressive,
toxic responses, including heightened lung epithelial barrier permeability. To date, it remains
inadequately understood how each of these fundamental features distinctly affects the airway
epithelium. In addition, due to the escalating costs and limitations of evaluating individual
cell type-specific outcomes when animals are exposed to ENMs /n vivo, more in vitro
approaches are being explored as alternatives.
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Epithelial cells in culture form tight junction complexes, thereby making /n vitro models of
lung epithelium a favorable choice to mimic and predict the respiratory behavior in vivo
upon exposure to ENMs such as CNT materials [30]. Several studies have sought to explore
the effects of various ENMs on epithelial function /n vitro using the Calu-3 small airway
epithelial cell line [21,28,38]; however, inconsistent methods to do so limit comparisons and
conclusions. Hence, our current study utilized the Calu-3 cell line that demonstrates the
characteristics of differentiated, functional human epithelia [9,33] with the primary objective
to provide the technical details and characterization of an /n vitro pulmonary barrier model
to consistently screen for the pathogenicity of various nanoparticles on lung epithelium.
Trans-epithelial electrical resistance (TEER) is a commonly used endpoint to assess integrity
and permeability of epithelial monolayers, as it is an instantaneous measure of ion flux [32]
and an indirect measurement of the formation of tight junctions [36]. Thus, we have
employed this parameter for use as a biosensor for epithelial monolayer formation and
integrity. In addition, the peculiar effects of cell number and serum constituents have been
examined in an effort to reliably study the effect of exposed particles on lung epithelial
barrier permeability /n vitro. Providing the results of our various testing strategies to
optimize these conditions will not only provide consistent methodologies that can be
implemented by others, but will also help to elucidate potential differences in past studies
that have used alternate culture conditions with similar model systems, particularly Calu-3
cells.

Additionally, as a means to substantiate this model, we have utilized the optimized
conditions outlined in this study with an exposure to CNTs. We hypothesized that the
physicochemical properties of CNTSs play a key role in determining the effects that these
particles have on epithelial barrier integrity, thereby affecting penetration of CNTSs into the
interstitium. Such high-throughput /in vitro cell models of the airway epithelium could be
advantageous in predicting the interaction of other nanoparticles with lung epithelial barriers
to mimic the respiratory behavior /n vivo.

2. Materials and methods

2.1. Reagents

Eagle’s minimum essential medium (EMEM) was purchased from American Type Culture
Collection (ATCC, Manassas, VA). Phosphate buffer saline (PBS), trypsin, fetal bovine
serum (FBS), and penicillin/streptomycin antibiotic solution were purchased from Sigma—
Aldrich (St. Louis, MO).

2.2. Cell monolayer assessment

Human lung epithelial cells (Calu-3, ATCC, Manassas, VA) were seeded onto Transwell®
cell culture support dishes (Corning Life Sciences, Tewksbury, MA) at various densities, 1.0
x 104 cells/well, 2.0 x 104 cells/well, and 5.0 x 10* cells/well, with the optimal density
determined to be 5.0 x 104 cells/well. Inserts had a diameter of 6.5 mm, with a growth area
of 0.33 cm? and 3.0 um pores. Cells were cultured in EMEM media supplemented with L-
glutamine (1%), penicillin-streptomycin (1%), and fetal bovine serum (FBS; 10%) at 37 °C
in humidified air with 5% carbon dioxide. After 24 h, cells were washed and medium was
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changed to EMEM media with various FBS concentrations, 2%, 5%, 10%, and 15%, in an
effort to determine whether FBS concentration alters monolayer formation.

Monolayer formation was evaluated by measuring electrical resistance of the cultured
Calu-3 cells and subsequently confirmed using bright field microscopy (Ziess Axiovert 100
TV inverted microscope, Carl Zeiss Microscopy, LLC, Thornwood, NY), CytoViva
hyperspectral microscopy (CytoViva, Auburn, AL), and analysis of the tight junction protein
Z0-1 via confocal microscopy. Resistance was measured using an Epithelial Voltohmmeter
(EVOM2) with a STX2 electrode (World Precision Instruments, Sarasota, FL) every 24 h
after washing. Trans-epithelial electrical resistance (TEER) readings were determined by
subtracting the resistance (in ohms) of the blank insert from the recorded resistance of the
monolayer, and subsequently multiplying the resulting value by the effective membrane
surface area of the insert to yield ohms-cm?.

2.3. Immunofluorescence of tight junctions of the Calu-3 cell monolayer

Cells were fixed in 3.7% formaldehyde for 10 min at room temperature and then
permeabilized and blocked in a solution containing 0.5% saponin, 1% bovine serum, and
1.5% goat serum for 30 min. After primary antibody incubation with ZO-1 antibody
(Invitrogen, Carlsbad, California) at 1:50 dilution for 1 h, cells were washed and incubated
with Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, California) for
30 min. The transwell cell culture support membrane was cut and mounted on glass
microscope slides using Prolong gold anti-fade reagent containing DAPI (Invitrogen,
Carlsbad, California). Images were acquired by confocal laser scanning microscopy using a
Zeiss LSM 510 (Carl Zeiss Microscopy, LLC, Thornwood, NY).

2.4. Preparation of carbon nanotubes

Single-walled carbon nanotubes (SWCNT; Carbon Nanotechnologies, Inc., Houston, TX)
were produced by the high pressure CO disproportionation (HiPco) technique, employing
CO in a continuous-flow gas phase as the carbon feedstock and Fe (CO)s as the iron-
containing catalyst precursor. These SWCNT were then purified by acid treatment to remove
metal contaminants. Elemental analysis of the supplied SWCNT by nitric acid dissolution
and inductively coupled plasma—atomic emission spectrometry (ICP-AES, NMAM #7300)
indicated that the SWCNT contained 99% elemental carbon and 0.23% iron. The specific
surface area was measured at —196 °C by the nitrogen absorption—desorption technique
(Brunauer Emmet Teller method, BET) using a SA3100 Surface Area and Pore Size
Analyzer (Beckman Coulter, Fullerton, CA). The surface area of dry SWCNT was 400-1000
m?2/g, and the length and width of individual (dry) SWCNT was 0.1-1 pm and 0.8-1.2 nm.

Multi-walled carbon nanotubes (MWCNT; Nanostructured & Amorphous Materials, Inc.,
Houston, TX) and COOH-functionalized MWCNT (f-MWCNT) were characterized fully in
a previous report [29]. Briefly, -MWCNT were prepared by the oxidation of the purified
MWCNT in HNO3 (63%). The mixture was then refluxed at approximately 110 °C for 12 h.
The black solution was then centrifuged to collect the f-MWCNT precipitate. The f-
MWCNT was subsequently washed with deionized water to remove HNO3 until a neutral
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solution was obtained. The resulting f-MWCNT was then dried in a vacuum oven at room
temperature for at least 24 h.

2.5. Carbon nanotube treatment

Once the transwell resistance of the monolayers reached 2000 ohms, or 660 ohms-cm?,
medium was changed and allowed to equilibrate for 24 h prior to treatment. All CNTs were
prepared for treatment as previously described [40]. Briefly, particles were suspended in
distilled water to acquire stock solutions of 0.1 mg/mL, which were supplemented
subsequently with 150 pug/mL of a natural lung surfactant, Survanta (Abbott Laboratories,
Columbus, OH) to aid in their dispersion, as previously validated [39]. All particles were
then dispersed using sonication and diluted in culture medium to the desired concentration.
Cells were then exposed to CNTs for the indicated time periods and transwell resistance was
measured. Cytoviva images were captured using an Olympus BX-51 Microscope equipped
with the CytoViva Advanced Dark field Illumination System (CytoViva, Auburn, AL) and a
100 W quartz—halogen light source.

2.6. Statistical analysis

3. Results

Data were pooled from three independent replicate experiments and samples were analyzed
using a two-way ANOVA with Tukey’s post-test for multiple comparisons to determine
significance. Statistical significance is indicated in each figure as *p < 0.05, **p < 0.01, and
*** < 0.001. All statistical analyses were performed using Graph Pad Prism Software (La
Jolla, CA).

3.1. Establishment of the epithelial monolayer

In an effort to establish reliable and realistic epithelial cell monolayers for use as an /n vitro
model of the lung epithelial barrier, Calu-3 cells were seeded on Transwell inserts at various
cell densities and observed over time. As anticipated, cell seeding density impacted the
efficient formation of monolayers, as altering the plated cell number led to significant
changes in TEER measurements (Fig. 1). Although TEER measurements remained similar
for all seeding densities up to approximately 5 days in culture, the higher cell density led to
increased TEER measurements by as few as 6 days in culture, while 1.0 x 104 cells/well
failed to form a confluent monolayer by day 14 and 2.0 x 10* cells/well demonstrated
delayed and inconsistent monolayer formation (data not shown). Thus, the optimal cell
seeding density was determined to be approximately 5.0 x 104 cells/well. These results
suggest that even minor changes in cell culture conditions could have a very large impact on
the interpretation of results when analyzing the effect of an ENM on epithelial barrier
formation and integrity.

As an additional method to assess monolayer formation, microscopic images were taken
every 2 days post-seed, and monolayers were analyzed via bright field imaging, which
demonstrated the presence of viable monolayers at days 2, 3, 5, and 7 (Fig. 2A), with
confluence reached by day 7. Confocal microscopy was used to determine the abundance of
the junctional protein ZO-1, a prominent marker for tight junction formation, which revealed
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a corresponding increase in the fluorescence intensity and cell periphery localization of
Z0-1 as electrical resistance increased (Fig. 2B).

Interestingly, epithelial monolayer integrity was greatly affected by the concentration of FBS
used in the culture medium, as indicated by changes in the TEER with increasing amounts
of FBS (Fig. 3). Lower concentrations of FBS, 2% and 5%, resulted in TEER values that
were significantly higher than when medium was supplemented with 10% and 15%, a result
that was observed after as few as 5 days in culture. While 10% and 15% FBS conditions
demonstrated similar trends in recorded TEER values over the course of 14 days, there were
significant changes noted between the two, starting at day 10 in culture and lasting until day
13. Culture medium supplemented with 10% FBS revealed TEER values that remained
relatively consistent after day 10 and lasting until day 14, while medium containing each of
the other concentrations of FBS tested demonstrated larger variation in TEER values over
the same time period. For this reason, in addition to the common use of 10% FBS in culture
media, this concentration was determined to be optimal for use in the /7 vitro model
described herein. Collectively, these data highlight the importance of stating all culture
conditions when reporting the effects of ENMs on cells in culture.

3.2. Effect of ENMs on epithelial barrier function

As previously mentioned, we sought to validate our model for the purpose of assessing the
effects of ENMSs on lung epithelial barrier function, comparing the /n vitro treatment of
Calu-3 cells with CNTSs to previously published /in vivo studies, which have demonstrated
that both SWCNT and MWCNT can rapidly enter the interstitium once inhaled [18,35].
Calu-3 monolayers, seeded at a density of 5.0 x 104 cells/well and cultured in EMEM media
containing 10% FBS, were observed until TEER readings were above 2000 ohms, or 660
ohms.cm2, at which point medium was changed and cells were allowed to equilibrate for 24
h. Subsequently, SWCNT or MWCNTSs were added and TEER measurements were recorded
for an additional 6 days (up to 15 total days in culture).

We first evaluated the influence of occupationally relevant doses of SWCNTSs on Calu-3
monolayer formation and integrity. Interestingly, SWCNT at any of the indicated doses did
not disturb the tight junctions of the Calu-3 monolayer, suggesting that penetration of
SWCNT in vivo may not be due to increased epithelial barrier permeability (Fig. 4). In
contrast, MWCNT at high concentrations (2 and 6 pg/cm2) significantly altered the integrity
of the monolayer, as indicated by reduced TEER values after approximately 24 h of
exposure (day 10 in culture; Fig. 5A), while MWCNT with COOH-functionalization did not
affect the integrity at the same doses, similar to the SWCNTSs (Fig. 5B and C). In addition,
advanced dark field images indicated the presence of MWCNTSs on the cell surface as well
as those embedded within the cells (Fig. 5D). This would suggest that, unlike SWCNTSs,
MWCNTSs observed in the interstitium /7 vivo [18,35] may be the result of their unique
ability to penetrate the epithelial barrier and disrupt epithelial monolayer function.

Cytotoxicity was also assessed using the same concentrations of CNTSs in order to determine
whether the observed alterations in barrier integrity could be due to decreased cell numbers;
however, measurement of lactate dehydrogenase (LDH) activity under each of the treatment
conditions remained the same at 24 h post-exposure (data not shown). Therefore, the

Sens Biosensing Res. Author manuscript; available in PMC 2017 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derk et al.

Page 7

decreased TEER measurements observed for the high doses of MWCNT cannot be
attributable to cell death.

4. Discussion

This study revealed the optimal conditions required to investigate /n vitro epithelial barrier
formation using Calu-3 cells, to be used as a screening model for ENM exposure to mimic /n
vivo conditions. Details on the specific cell line, cell number, serum concentration, and
duration required to achieve stable monolayer formation have been described herein to
establish a consistent, reliable 7 vitro method for further implementation within the field.
Additionally, CNT exposure, including dose range and various types of CNTs, was used to
test this model for its utility in examining the potential health hazards of ENM exposure in
an /n vitromanner.

TEER is commonly used as an indirect parameter of tight junction formation and as a
measure of epithelial monolayer integrity and permeability [32,36]. Thus, this technique
offers fast and efficient analysis of the integrity of epithelial barriers, and we have employed
this tool as a biosensor in our model in an effort to standardize more high-throughput /in vitro
screening of ENMs for potential health hazards. Our study has also utilized the Calu-3 cell
line, which is commonly used for tracheobronchial epithelial cell studies given their ability
to form tight junction complexes /in vitro. They display several of the primary culture
properties and exhibit characteristics of differentiated, functional human airway epithelia
[9,33]. Previous studies have demonstrated that Calu-3 cells develop a high TEER and
exhibit a similar pattern of expression of epithelial markers when compared to primary cells
[2]. More importantly, Calu-3 cells are immortalized and of human origin, thereby
overcoming the constraints of using primary differentiated cell cultures, including cost and
limited passage number.

Our results indicate that both cell seeding density, as well as FBS concentration can
influence monolayer formation, as indicated by the changes in TEER values under the
various conditions. Many extracellular stimuli, including nutrients, cytokines, and immune
cells, have been shown to regulate or alter the barrier function of tight junctions, while
serum proteins may open the already established tight junctions or inhibit their formation,
thus influencing changes in TEER [22]. Accordingly, we found that high serum
concentrations (15% and 10%) altered monolayer integrity, as indicated by low TEER
measurements when compared with TEER values for lower serum concentrations at the
same time point. Calu-3 cells cultured with serum concentrations as low as 2% displayed
considerably increased TEER values, which corresponds with increased tight junction
formation. Importantly, the serum effects were found to be dose-dependent and the barrier-
weakening effect was not mediated by cell density since the same cell number was utilized
for all serum concentrations. Our results also agree with earlier studies showing the
inhibitory effect of serum on tight junctions in the blood brain barrier [5,6]. Thus, we
suggest that using a concentration of 10% FBS in culture media provides satisfactory growth
conditions while minimizing the effect of serum on TEER values. It is also noteworthy that
the observed TEER values for this concentration of FBS in culture medium resulted in the
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most consistent TEER values at days 10 through 14 in culture compared with the other
concentrations tested.

The increased use and demand for ENMs in a wide range of industries has fostered the need
for more in-depth analysis on the health hazards following exposure. The potential exposure
to CNTs of workers in small-scale production facilities has been reported by field studies to
be airborne in trace amounts up to a few thousand pg/m3 [10,17]. Consistently, a recent
study determined the average inhalable elemental carbon mass concentration at 8 facilities
within the United States to be approximately 10 pg/m3 [8]. Hence, correlating exposure
levels in cultured cells with the aerosolized levels likely to occur in the workspace is
essential, owing to the probable biological effects on respiratory barrier function and
mucocilliary clearance. To achieve this goal, our study made use of the occupationally
relevant concentration range of 0.2—6 pg/cm? of CNTSs [19,24,37,40]. As evident in Fig. 5,
MWCNTSs caused dose- and time-dependent reductions in epithelial barrier integrity using
these relevant concentrations. At low doses of 0.2 and 0.6 pg/cm?2, MWCNTS had no effect
on TEER values; however, at higher doses of 2 and 6 ug/cm?, MWCNTSs induced a
significant decrease in the resistance compared to controls after only 24 h of treatment (day
10 in culture). Conversely, -MWCNTSs and SWCNTSs at the same high doses did not elicit
significant changes in monolayer resistance, demonstrating a particle type-dependent
alteration of airway barrier function.

Consistent with our findings, a previous study by Rotoli et al. demonstrated a significant
decrease in the TEER measurements of Calu-3 monolayers with relatively low doses of
MWCNTSs (5-10 pg/mL), and a striking TEER decrease with exposure of 100 pg/mL
MWCNTSs or SWCNTSs [28]. Rotoli et al. also observed that the reduction in monolayer
permeability was accompanied by an increase in the paracellular permeability of mannitol,
and that there was no significant alteration in the cell monolayer viability. As mentioned, our
data is in agreement with these results using occupationally relevant concentrations of
CNTs, in the range of 0.2 — 6 pg/cm?, equivalent to approximately 0.33 ug/mL and 9.9
ug/mL, respectively. Interestingly, we observed a much more dramatic difference in TEER
values between the control and MWCNTSs at approximately 10 pg/mL. The study by Rotoli
et al. utilizes a similar method to that reported herein, with the exception that the authors
employed a cell seeding density of 7.5 x 104 cells/well. When considering the results
reported in Fig. 1, it is plausible that the increased seeding density resulted in higher
baseline TEER values, and thus, required larger concentrations of CNTSs to induce a greater
decrease in TEER. These results highlight the importance of implementing more
standardized methods for the assessment of the effects of ENMs on epithelial cells, and
underscore the utility of the results reported here to allow for comparisons between studies.

Previous reports have demonstrated that the physicochemical parameters of CNTSs, such as
surface modification, can greatly influence monolayer formation and barrier integrity.
During their interaction with biological tissues, surface chemistry of ENMs plays a key role
in determining potential toxic pulmonary responses, including airway perturbation. It is
believed that surface functional groups can affect the stability and dispersion of the
MWCNT by altering the surface charge and reactivity of the particle, thus influencing the
interaction of the particles with cells. Consistently, we observed an ENM- dose dependent
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effect on barrier function while studying f-MWCNTs compared to non-functionalized
MWCNTSs. The f-MWCNTS resulted in permeability that was consistent with controls; in
contrast, their pristine counterparts greatly altered epithelial integrity. This observation is
consistent with the recent report by Sager et al. in which it was demonstrated that f-
MWCNTSs, the same CNTSs that we have used in the current study, were less bioactive and
showed reduced signs of inflammation 77 vivo as compared to non-functionalized MWCNTSs
[29]. Our findings also suggest that the type of CNT that the epithelium is exposed to plays a
prominent role in influencing the extent of airway barrier changes. For instance, we
observed that pristine MWCNT caused a large decrease in TEER as compared to controls,
whereas the SWCNTSs had significantly smaller effects. MWCNTS have been shown to have
a lower surface/volume ratio as compared to SWCNTSs, and such structural differences may
contribute to the greater perturbations of barrier function induced by MWCNTS [28]. This
may be related to the morphology of the MWCNTSs compared to SWCNTSs, as MWCNTSs
tend to be observed as more rigid fibers that may be capable of poking through the
epithelium [20,40], while SWCNTSs can often be found as more flexible, rounded particles
[39,40]. In addition, length-based impairment of barrier function has been reported using
SWCNTs and MWCNTSs of different lengths, where longer SWCNTs and MWCNTSs
induced a larger reduction in TEER values, indicating that fiber length led to a greater
amount of epithelial dysfunction [27].

5. Conclusions

In conclusion, this study demonstrated that the Calu-3 epithelial cell line is a highly effective
in vitro epithelial barrier model that can be implemented to test the effects of ENM on the
epithelium. Cell density and serum concentration are major factors affecting the formation
of monolayer complexes, and should be carefully considered and reported. We have found
that 5.0 x 104 cells/well in the Transwell cell culture system is optimal for assessing
epithelial cell barrier function, and that 10% serum concentrations in culture media should
be maintained. Furthermore, SWCNT and MWCNTS were found to induce a dose- and time-
dependent change in monolayer integrity of Calu-3 cells /n vitro, and the physicochemical
characteristics of CNTs, such as COOH-functionalization and the type of CNT, can
influence monolayer formation and permeability. Overall, this work demonstrates a well-
characterized model of /n vitro epithelial barrier function by providing the experimental
conditions required for achieving tight junction complexes and relevant CNT exposure
doses, which further aid in predicting and comparing the interaction of numerous novel
nanoparticles with the biological system and mimic the respiratory behavior /in vivo.
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Influence of seeded cell number on Calu-3 monolayer resistance. Cells were seeded at the
indicated densities per well, with growth conditions (i.e. FBS concentration, 10%) remaining
constant. A significant difference in monolayer resistance, presented in ohms-cm?, due to the
number of seeded cells was observed, with 5.0 x 10* cells/well achieving statistical
significance compared to each of the other plating densities at 7 days and continuing until
day 14. When plated at a density of 2.0 x 10* cells/well, resistances were significantly
different from each of the other densities at day 10, and this difference continued for up to
14 days. Statistical significance is indicated as **p < 0.01, and ***p < 0.001.
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Fig. 2.
Microscopic imaging of cultured Calu-3 cells from seeding to confluent monolayer

formation. (A) Calu-3 monolayer formation at 2, 3, 5, and 7 days in culture, plated in
medium supplemented with 10% FBS on Transwell inserts, was imaged using an inverted
microscope at 10x magnification. Transwell insert pores can be visualized in the absence of
cells (top left panel), while monolayer formation can be seen over time (remaining panels)
with the addition of cells. (B) Confocal microscopy revealed tight junction complexes
(Z0-1, green) and nuclei (DAPI, blue) of the Calu-3 cell monolayer at the indicated
electrical resistances. The observed ZO-1 fluorescent intensity increases as electrical
resistance increases. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3.

Imgluence of FBS concentration on Calu-3 monolayer resistance. Each well was seeded at
the same Calu-3 cell density (5.0 x 10* cells/well) with increasing concentrations of FBS
(2%, 5%, 10%, and 15%). Subsequently, TEER was recorded each day for up to 14 days and
is presented in ohms-cm2. FBS produced a concentration-dependent effect on resistance of
the monolayer. TEER values for both 2% and 5% were statistically significant from those of
both 10% and 15% on nearly every day tested (with the exception of days 3 and 8).
Although a similar trend was observed using 10% and 15%, a FBS concentration of 10%
was determined to be the ideal concentration due to the more consistent TEER values
recorded on days 10 through 14 as compared with the more variable values observed for the
cells cultured in medium supplemented with 15% FBS over the same time period.
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Influence of exposed SWCNT on Calu-3 monolayer permeability. Cells were seeded at a
density of 5.0 x 10* cells/well, with culture media containing 10% FBS, and remained in
culture until the TEER value was measured at 2000 ohms, equivalent to 660 ohms-cm2.
Subsequently, the medium was changed and cultures were incubated for an additional 24 h,
following which, SWCNTSs were added at the indicated doses. Dashed line indicates the time

of treatment initiation. TEER was recorded each day for up to 15 days (6 days post-

exposure). Interestingly, the highest dose tested, 6 ug/cm?, induced a significant increase in

TEER compared to the control at days 11, 12, and 13 in culture (3, 4, and 5 days post-

exposure, respectively). Statistical significance is indicated as *p < 0.05, **p < 0.01, and

w1y < 0,001
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Fig. 5.

Effects of MWCNTS on Calu-3 monolayer permeability. (A) Monolayers, cultured as in Fig.
4, were exposed to pristine MWCNTSs at the indicated doses (dashed lines indicate the time
of treatment initiation in each panel). Only the high doses of MWCNTS, 2 pug/cm? and 6
pg/cm?, induced a significant decrease in TEER as compared to the control, presented as
ohms-cm?. (B) TEER values after treatment with f-MWCNTs (COOH-functionalized
MWCNT) at the indicated doses demonstrated a similar pattern to those of the control on
each day tested, with exceptions noted for the high doses on days 11 and 13, in which TEER
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was significantly increased, and on day 15 in which TEER was significantly decreased. (C)
Cells were seeded at the same density (5.0 x 10* cells/well) and growth condition (10%
FBS) and were treated with the indicated CNTs at 2 pg/cm? (left panel) and 6 pg/cm? (right
panel). Only pristine MWCNTS, but not SWCNTSs or -MWCNTS, were able to induce a
significant decrease in TEER compared to the control. Conversely, SWCNT and f-
MWCNTSs caused small but significant increases in TEER. (D) Interaction of dispersed
MWCNT exposure at 2 pg/cm? with the Calu-3 monolayer 1 day post-exposure as observed
in a z-stack image of the cells. Note the MWCNTSs (straight and dashed arrows) are on the
cell surface and embedded in the cell (from 1 to 8). Statistical significance is indicated as *p
<0.05, **p<0.01, and ***p < 0.001.
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