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Acid-functionalized single-walled carbon nanotubes alter
epithelial tight junctions and enhance paracellular permeability
ANAND P SINGH1,2, , MD. BABU MIA1, and RAJIV K SAXENA1*
1

Faculty of Life Sciences and Biotechnology, South Asian University, Akbar Bhawan, Chanakyapuri,
New Delhi 110 021, India
2

Division of Cardiovascular Disease, University of Alabama-School of Medicine, Birmingham,
AL 35233, USA
*Corresponding author (Email, rajivksaxena@hotmail.com)
These authors contributed equally to this work.
MS received 12 June 2019; accepted 9 October 2019

Due to their unique properties, carbon nanotubes (CNTs) are being widely explored for industrial and medical
applications. This has necessitated a thorough assessment of the effect of CNTs on human and animal
physiology and health. Impact of CNTs on epithelial tight junctions has not been evaluated in the context of
their toxic effects in many biological systems. In the present study, we examined the effect of acid functionalized single-walled carbon nanotubes (AF-SWCNTs) on the function and expression of two tight junction
proteins (ZO-1 and occludin) in the Madin-Darby canine kidney (MDCK) cell line. Treatment of MDCK cells
with AF-SWCNT resulted in a downregulation of tight junction proteins, decreased trans-epithelial electrical
resistance (TER), increased paracellular permeability, and disruption of tight junctions. Taken together, our
data demonstrate that AF-SWCNT disrupts tight junction barrier by downregulating tight junction proteins in
MDCK epithelial cells.
Keywords. Carbon nanotubes; MDCK; paracellular permeability; tight junctions; transepithelial electrical
resistance; ZO-1

1. Introduction
In recent years, nanoparticles have emerged as
promising probes for multimodal imaging, and also
as carriers for targeted drug or gene delivery
(Baughman et al. 2002; Bianco et al. 2005). Highvolume production of carbon nanoparticles by the
combustion of fuels makes them airborne and pose a
potential inhalation health hazard (Aitken et al. 2006;
Donaldson et al. 2006; Stern and McNeil 2007). Use
of nanoparticles in cosmetics and processing of food
and water may result in dermal and oral exposures,
respectively (Li et al. 2005; Wang et al. 2006).
Therefore, it is of paramount importance to evaluate
the potential health hazards associated with exposure
to these materials. Previous studies have shown that
high doses of single-walled carbon nanotubes
(SWCNTs) after inhalation in rodents causes
http://www.ias.ac.in/jbiosci

inﬂammation, epithelioid granulomas, ﬁbrosis in the
lungs, blockage of the airways, and cardiotoxicity
(Lam et al. 2004; Stern and McNeil 2007). It has
been demonstrated that acid functionalization of these
particles resulted in highly dispersed suspensions in
aqueous media which were more cytotoxic in mouse
lung epithelial cell culture assays (Wang et al. 2006;
Kumari et al. 2012; Alam et al. 2013). Acid functionalized SWCNTs have also been shown to suppress T-cell activation response and induce cardiac
damage in mice (Tong et al. 2009; Alam et al.
2013). Although carbon nanoparticle toxicity has
been studied in a variety of systems, the potential
effects of acid functionalized SWCNTs exposure on
epithelial tight junctions have not been well
investigated.
Epithelia provide functional barriers that separate
our organs and tissues from the external
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environment by forming polarized monolayers of
cells attached to their neighbors via highly
organized adhesive complexes or intercellular
junctions (Farquhar and Palade 1963; Gumbiner
1987; Schneeberger and Lynch 1992). These
adhesive structures are formed by tight junctions
(TJs), adherens junctions (AJs), desmosomes, and
gap junctions; of the two, the former junction types
are most apically located and collectively referred
to as the apical junctional complex (AJC) (Balda
et al. 1993; Van Itallie and Anderson 2014; Wang
and Yang 2015). Both TJs and AJs are composed
of transmembrane and peripheral membrane protein
complexes, which interact with the underlying actin
cytoskeleton. The main functions of these junctions
are their ability to establish TJs that seal the
intercellular space (permeability barrier) and
maintaining the apico-basal polarity of cells (fence
function) (Furuse et al. 1993; McCarthy et al.
1996; Matter and Balda 1998; Tsukita and Furuse
1999; Tsukita et al. 2001, Matter and Balda 2003;
Turksen and Troy 2004; Angelow et al. 2008).
Elevated paracellular permeability is a feature of
many diseases of multiple organs, including the
gastrointestinal tract, kidney, and lung (Kwon et al.
1998; Simon et al. 1999; Coyne et al. 2002;
Zeissig et al. 2007; Schumann et al. 2012; Lameris
et al. 2013). As an example, epithelial barrier
dysfunction is a major contributor to diarrhea,
malnutrition, and is associated with signiﬁcant
morbidity and mortality worldwide (Finlay et al.
1996; Robins-Browne and Hartland 2002; Shifﬂett
et al. 2005; Lapointe et al. 2009). The toxic
potential and uptake of acid functionalized SWCNT
via the epithelium is not well studied, and yet
ingestion through inhaled particles (Whitsett 2002)
or from hand-to-mouth transfer could be substantial source of exposure. Additionally, there is
lack of investigations to depict SWCNT-induced
elevation in paracellular permeability. To tailor
nanotube-mediated epithelial tight junction disruption, we used well characterized cell line MDCKs
for tight junction perturbation upon SWCNT
toxicity.
The present study demonstrates that acid-functionalized SWCNTs potentially disrupt tight junction barrier function and elevate paracellular
permeability. At the molecular level, we show that
acid-functionalized SWCNT exposure leads to
decreased ZO-1 and occludin protein expression,
which eventually results in leaky or disrupted tight
junctions

2. Materials and methods
2.1 Cell culture and transfection
Madin-Darby canine kidney II (MDCK-II) cell line was
cultured in DMEM supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin, and
maintained in an atmosphere of 5% CO2 at 37 °C of
incubator.
2.2 Exposure to AF-SWCNTs
AF-SWCNTs purchased from Sigma (cat. no. 652490)
were dispersed at a concentration of 1 mg/ml in sterile
phosphate buffered saline (PBS) to obtain stock suspensions for a series of experiments. Immediately
before the single experiments, nanoparticles were vortexed and sonicated three times for 2 min and then
added to the culture system at a required dose. Fluorescence-tagged AF-SWCNTs (FAF-SWCNTs) were
obtained by chemically tagging the AF-SWCNTs with
the ﬂuorochrome Alexa Fluor 633 by using the procedure described elsewhere (Sachar and Saxena 2011;
Dutt et al. 2019).
2.3 FAF-SWCNT localization by confocal laser
microscopy
For FAF-SWCNT localization study, MDCK cells
(0.1 9 106) were seeded for 24 h on a coverslip of a
24-well plate in DMEM complete medium. FAFSWCNTs (20 lg/ml) were added in test wells and cells
were harvested to ﬁx by methanol after 24 h; followed
by staining with nuclear stain DAPI. FAF-SWCNTand DAPI-positive cells were detected by confocal
laser microscopy. Z-sections denotes the FAFSWCNT’s presence in different sections of MDCK
cells.

2.4 Measurement of trans-epithelial electrical
resistance (TER)
For determination of TER across MDCK conﬂuent
monolayers, Millicell ERS-2 Volt-Ohm meter (Millipore) was used. Cells were seeded on 12 mm Transwell
polycarbonate membrane insert having a 0.4 lm pore
size (Corning) with concentration of 0.1 9 106 cells
per well. Next day, cells were treated with AFSWCNTs. Before the measurements, electrodes of
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Volt-Ohm meter were sterilized with 70% ethanol for
15 min and then rinsed in sterile PBS and equilibrated
in DMEM (or medium used in experiment) for at least
10 min. The instrument was set to display the reading
of the electrical resistance in ohms. Measurements were
taken at different time-points during the growth of the
cells for a period of 7 days and medium was changed
every third day.
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once with TBS for 10 min each with mild shaking. For
detection of protein bands on the membrane, enhanced
chemiluminescence (ECL) method was used. Rabbit antiGAPDH antibody (1:10,000 dilution; BioBharti, #BBAB0060) was used as a loading control to ensure equal
loading of cell lysates on gels. The x-ray ﬁlms were
scanned and band intensities were quantitated using
ImageJ software (NIH). ZO-1 (Thermo Fisher, #617300)
and occludin (Thermo Fisher, #711500) used for their
respective immunoblots.

2.5 Paracellular ﬂux of 4 kDa and 70 kDa tracers
Cells on the permeable transwell ﬁlters were grown for
another 24 h after the completion of the TER measurements and these cells were used to measure paracellular permeability of the 4 kDa FITC (Sigma
#46944) labeled and 70 kDa Rhodamine B (Sigma
#R9379) labeled dextrans. Tracers were dissolved in
DMEM medium and used at a ﬁnal concentration of
1 mg/ml. Brieﬂy, 500 ll of each tracer solution was
added to the apical chamber of the separate ﬁlters.
Basal chamber was ﬁlled with 1.5 ml of DMEM
medium. Then ﬁlters were kept in the CO2 incubator at
37°C for 4–5 h to allow ﬂuorescent tracer molecules to
pass from the apical chamber to the basal chamber.
Fluorescence was measured by taking medium from
the basal chamber. The measurement of FITC
(490–525 nm) and Rhodamine B (523–595 nm) was
carried out with the help of a ﬂuorimeter.

2.7 Immunoﬂuorescence assays (IFA)
and confocal microscopy
Cells (0.1 9 106) were seeded on glass cover slips (in a
12-well plate). Post-treatment cells were ﬁxed with
chilled methanol and rehydrated with PBS for 5 min at
room temperature and blocked with PBS containing
0.5% BSA at room temperature for 1 h. Cells were
incubated overnight at 4 °C with primary antibodies
against TJ proteins. Primary antibodies were used at
1:300 dilution. After washing three times with blocking
solution, the cells were incubated with Cy3-conjugated
secondary antibody (sigma) for 2 h at room temperature. Stained cells were mounted on glass slide in
antifade solution containing DAPI (Life-technologies).
Images were acquired at 609 magniﬁcation on a confocal microscope. Quantiﬁcation of junctional protein
localization was performed exactly as described previously (Odenwald et al. 2017).

2.6 SDS-PAGE and Western blotting
Total protein lysates were prepared from conﬂuent cultures of untreated and treated cells grown on 6-well plates
(Corning). Cell lysates were prepared by adding
1 9 Laemelli buffer to the cells. Western blotting was
used to transfer proteins separated by SDS-PAGE. The
transfer was done at 4 °C at 350 mA for 3 h using transfer
buffer (wet transfer system, BioRad Laboratories). After
transfer, membrane was stained with amido black for the
visualization of proteins transferred onto the membrane.
Membrane blocking was done in TBST (20 mM tris
buffer saline with 0.1% Tween20) containing 5% nonfat
dry milk for 30 min, followed by overnight incubation in
mild shaking condition with respective primary antibody
solution prepared in TBST containing 5% nonfat milk.
Next day, membrane was washed three times with TBST
for 10 min each with shaking, and then incubated with
HRP-conjugated secondary antibody solution, which was
also prepared in TBST containing 5% nonfat milk for
1–2 h. Next, membrane was washed twice with TBSTand

2.8 Statistical analysis
Statistical analysis was performed using sigma plot.
Differences between data groups were evaluated for
signiﬁcance using Student’s t-test of unpaired data or
one-way ANOVA followed by Dunn’s test (signiﬁcance
level set at p \ 0.05.) All experiments were repeated at
least three times and the data are presented as mean ±
SEM unless noted otherwise. * represents p value\0.05,
** represents p value \ 0.005, *** indicates
p value \ 0.0005, and **** indicates p value\0.00005.
3. Results
3.1 Uptake and localization of FAF-SWCNTs
in MDCK cells
Uptake of FAF-SWCNTs in the cultured MDCK cells
was examined. MDCK Cells (0.1 9 106 cells per well)
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were grown for 24 h followed by incubation with FAFSWCNTs (20 lg/ml) for 12 and 24 h. Cells were harvested by trypsinization and analysed on a ﬂow
cytometer. Results in ﬁgure 1 show that at both timepoints, [99% MDCK cells were positive for FAFSWCNT uptake. Side scatter, a measure of the cellular
granularity, increased signiﬁcantly at both time-points
as compared to control cells. Average mean ﬂuorescence intensity (MFI) of FAF-SWCNT uptake was
(714.5 ± 35) on 12 h time-point and increased to
(812.4 ± 7) on 24 h time-point (ﬁgure 1).
FAF-SWCNT uptake by MDCK cells was also
examined by laser confocal microscopy. MDCK cells
(grown on coverslips) were treated with FAF-SWCNT
(20 lg/ml) for 24 h. After 24 h, cells were stained with
DAPI and examined by confocal microscopy. Results
in ﬁgure 2A show the distribution of FAF-SWCNTs
(red dots) in MDCK cells. Density of red dots was low
in the area corresponding to DAPI stained nuclei,
indicating that the FAF-SWCNTs were essentially
conﬁned to cytoplasm of MDCK cells. Z-sectioning of
FAF-SWCNT treated cells at 1, 2 and 4 microns show
that the FAF-SWCNTs were actually located in the
cytoplasm of MDCK cells (ﬁgure 2B).
Recoveries of live MDCK cells cultured alone or
with AF-SWCNTs (50 and 100 lg/ml) were essentially
not signiﬁcantly different (ﬁgure 3), indicating that AFSWCNTs were not toxic to MDCK cells within the
time and doses of AF-SWCNTs tested.
3.2 AF-SWCNT lowers the trans-epithelial
electrical resistance (TER) of MDCK cell
monolayers
Results thus far indicated that 100% of MDCK cells
internalized AF-SWCNTs, without any signiﬁcant
toxicity. Functional integrity of tight junction of
MDCK cells cultured in the absence or presence of AFSWCNTs was examined by measuring trans-epithelial
electrical resistance (TER). TER measures the ﬂux of
all ions across the epithelial cell layer. This is typically
done by applying a trans-epithelial current, by measuring the generated potential, and by using Ohm’s law
to calculate the resistance to current ﬂow. Increased
permeability of the cellular monolayer results in
decreased TER.
MDCK cells were grown on collagen-coated transwell ﬁlter membranes that provide a permeable support for cells to grow (Corning-Costar Corp). After
24 h of cell seeding and AF-SWCNT treatment, TER
measurements were taken on third and seventh day of

culture using Millicell ERS-2 Voltohm meter. Results
in ﬁgure 4A show a signiﬁcant decline in TER on both
time-points and at both doses of AF-SWCNTs as
compared to control cells. These results have been
shown as percent of control where TER of control cells
has been taken as 100. These data indicate that exposure to AF-SWCNT enhances the permeability of ions
across the MDCK monolayers.
3.3 AF-SWCNT increases the ﬂux of non-charged
tracers through the tight junctions
Paracellular permeability of non-charged tracers in
MDCK cells exposed to AF-SWCNT was also
assessed on day 7 of the culture. For this assay, 4 kDa
ﬂuorescein isothiocyanate-dextran and 70 kDa rhodamine B-dextran were used as ﬂuorescent tracers. On
day 7, after the completion of the TER readings,
tracers were added to the apical chambers of the same
ﬁlters at a concentration of 1 mg/ml and allowed to
pass through the monolayers. After 5 h, the contents
from the lower chamber were collected and the
readings of ﬂuorescent intensities of all the contents
were taken on a ﬂuorimeter. As demonstrated in ﬁgure 4B, the ﬂuorescence intensity of the 4 kDa tracer
from the lower chamber of transwells containing
MDCK AF-SWCNT-treated cells was 18% (AFSWCNT 50 lg/ml) and 58% (AF-SWCNT 100 lg/
ml) higher than the mean control values (p \ 0.05,
0.001 respectively). Similarly, the ﬂuorescent intensity
of the 70 kDa tracer was also found to be signiﬁcantly
greater in the lower chamber of transwells containing
AF-SWCNT-treated MDCK cells as compared to that
control cells (ﬁgure 4C). These data suggest that cells
treated with AF-SWCNT were more permeable to the
small and large non-charged tracers. Taken together,
these data conﬁrm that AF-SWCNT exposure on
MDCK cells alters the physiological behavior of tight
junctions by not only reducing the TER across the
cell monolayers but also increasing the permeability
of non-charged molecules of both 4 kDa and 70 kDa
size.
3.4 AF-SWCNT treatment cause delocalization
of tight junction proteins ZO-1 and occludin
but not adherens junctions
ZO-1 proteins are a part of a multi-protein complex,
which directly binds to the integral TJ proteins like
occludin and to members of the claudin family
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Figure 1. Cellular uptake of ﬂuorescent labeled AF-SWCNTs (FAF-SWCNT’s) by MDCK cells. MDCK cells were seeded
in a 12-well plate at a density of 0.1 9 106 cells per well. After 24 h, FAF-SWCNT’s (20 lg/ml) were added to wells. The
top panel shows the ﬂow cytometric histogram for control MDCK cells without treatment with FAF-SWCNTs, for setting the
gates. Flow cytometric histograms for cells treated with FAF-SWCNTs for 12 h (middle panel) or 24 h (lower panel) indicate
that at both time-points, almost 100% of the cells take up FAF-SWCNTs. Data on mean ﬂuorescent intensity (MFI) of side
scatter as well as FAF-SWCNT uptake are shown in each panel. Data was obtained from three independent experiments.

(Fanning et al. 1998; Tsukita et al. 2009). Localization of tight junction protein ZO-1 and occludin at the
apical region of MDCK cells incubated with or
without AF-SWCNTs was examined on a ﬂuorescence
microscope. AF-SWCNT treatment resulted in
reduced staining of ZO-1 at tight junctions, which
suggested delocalization of ZO-1 from tight junctions
(ﬁgure 5, panels A–B).

Another important transmembrane TJ protein occludin has been demonstrated to be a functional constituent
of TJs as its over-expression causes a rise in the transepithelial electrical resistance and decrease in paracellular permeability in cultured MDCK cells (Balda et al.
2000). Occludin interacts with various TJ-associated
proteins like ZO-1 as well as with the transmembrane
components of the TJ-like JAM (Denker and Nigam
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Figure 2. FAF-SWCNT localization in MDCK cells. (A) MDCK cells (0.1 9 106) were seeded in a 24-well plate on
coverslips in DMEM complete media and incubated for 24 h. Cells were incubated with or without FAF-SWCNTs (20 lg/
ml) for 24 h, after which cells were ﬁxed and counter stained with nuclear stain DAPI and examined with a confocal
microscope. The distribution of internalized FAF-SWCNTs in the cytoplasm of MDCK cells can be clearly seen in the
images. (B) The z-section images at 1, 2, 4 lm depth display an even distribution FAF-SWCNTs in the cytoplasm and nuclei
of MDCK cells. Images were obtained from three independent experiments.

Figure 3. AF-SWCNTs have no toxic effect on MDCK
cells. MDCK cells (0.1 9 106) were seeded intoa 24-well
plate and grown up to 24 h. After that, AF-SWCNTs (50 or
100 lg/ml) were added in experimental wells and at 12, 24
and 48 h time-points, and then the cells were harvested by
trypsinization. Viable cells were counted on a hemocytometer using Trypan blue dye. Data represent mean ± SEM
from three independent experiments.

1998, Matter and Balda 1998). In our study, the AFSWCNT treated MDCK cells showed discontinuous
staining of occludin at the apical cell membrane where
TJs are located (ﬁgure 5, panels C–D).
As we observed the changes in the distribution of
tight junction components, it was also important to
see the effect of AF-SWCNT on adherens junctions.
The adherens junctions (AJs) are located just below
TJs in epithelial cells. b-catenin is localized at the
adherens junctions, in the cytoplasm and the nucleus.
At the AJs, b-catenin associates with E-cadherin, the
transmembrane protein of adherens junctions. The
junctional localization of E-cadherin and b-catenin
was observed at the AJs in both the treated and
control cells. In the treated cells, there was no visible
perturbation of the adherens junction protein was
observed (ﬁgure 6).
Taken together, these data suggest that AF-SWCNTs
selectively perturbs the localization of tight junction
proteins and contributes to the tight junction disruption.
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Figure 4. AF-SWCNT modulation of TER and increases paracellular permeability in MDCK cells. MDCK cells
(0.1 9 106) were cultured in 12 mm polycarbonate transwell ﬁlters (0.4 lm pore size) for 24 h and then treated with 50 lg/
ml or 100 lg/ml AF-SWCNTs. Control wells were left untreated. TER was measured on day 3 and 7. TER values have been
shown as percent of control TER values for untreated cellular monolayers taken as 100 (left panel). On day 7, paracellular
ﬂux of 4 kDa and 70 kDa dextran tracers was measured in untreated and AF-SWCNT-treated cells as described in the section
on methods. The bar diagram show changes in paracellular ﬂux of 4 kDa (middle panel) and 72 kDa (left panel) dextrans in
AF-SWCNT treated cells, taking the ﬂux in untreated cells as one in each case. Data are mean ± SEM from three
independent experiments; *p value \0.05, **p value \0.005, ***p value \0.0005 and ****p value \0.00005.

3.5 AF-SWCNT treatment affects protein levels
of tight junction proteins ZO-1 and occludin
As the immunoﬂuorescence data suggested that AFSWCNT treatment caused reduced staining of proteins at
the TJs, we hypothesized that AF-SWCNT might be
inhibiting the expression of TJ proteins and preventing
their integration into the TJ. To examine this possibility,
we assessed the total levels of junctional proteins in cell
lysates derived from untreated and AF-SWCNT treated
cells by Western blotting. The total levels of TJ protein
ZO-1 showed a signiﬁcant decrease in AF-SWCNT
treated cells as compared to control. Similarly, occludin
was also found reduced at both concentrations 50 lg/ml
(*0.2-fold) and 100 lg/ml (*0.8-fold) of AF-SWCNT
treated cells as compared to control (ﬁgure 7).

4. Discussion
In the present study our focus was to examine the effect
of AF-SWCNT on modulation of tight junction function. We have examined the effect of AF-SWCNT on
the TJs of MDCK cells. MDCK cells are epithelial in
origin and display morphological and functional tight
junction properties. We observed that AF-SWCNT
treatment on MDCK cells was able to dislocate the TJ
transmembrane protein occludin from the junction.
This effect is not just a non-speciﬁc particle effect since

we found that ultraﬁne carbon particles as well as
monosodium urate crystals do not have the same
effects.
We also observed that AF-SWCNT treatment
induced the delocalization of TJ adapter proteins ZO-1.
Our data shows that AF-SWCNT appears to have a
speciﬁc effect on tight junction protein localization and
this is likely to be the cause of disruption of tight
junctions. In AF-SWCNT treated cells, in addition to
delocalization, the expression levels of tight junction
proteins were found signiﬁcantly reduced. Our cell
lysate analysis showed drastically low expression of
ZO-1 and occludin. These proteins provide stability to
the junction by linking cytoskeleton proteins to transmembrane proteins. Reduction in levels of these proteins alter the integrity of tight junctions. We also
demonstrated that AF-SWCNT treatment alters the TJ
physiology by altering the barrier permeability in the
epithelial monolayer. AF-SWCNT treatment on
MDCK cells caused a reduction in TER and an
increase in paracellular permeability of dextrans of
4 kDa and 70 kDa molecular weights. Thus, AFSWCNT treatment increased the permeability of
charged and non-charged molecules. As discussed
above that AF-SWCNT treated cells showed loss of TJ
associated proteins from the apical junctional complex
which justiﬁes the reduced barrier function and
increased permeability. An abnormal barrier function
plays a pivotal role in pathogenesis of various diseases
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Figure 5. AF-SWCNT treatment causes delocalization of tight junction proteins ZO-1 and occludin. MDCK cells were
cultured on glass coverslips in for 24 h and then treated with 50 lg/ml and 100 lg/ml AF-SWCNTs for 24 h. Cells on
coverslips were ﬁxed and stained with primary antibodies against the indicated tight junction and adherens junction proteins
(shown in lower left corners of each panel) followed by Cy3-conjugated secondary antibodies. In each case of AF-SWCNT
treated cells, some coverslips were also counter-stained with DAPI (40 ,6-diamidino-2-phenylindole dihydrochloride).
Coverslips were mounted on glass slides with antifade and images were captured on a confocal microscope using 63 9 oil
objective. Panel A, B: ZO-1; panel C, D: occludin. The percentage of the total ﬂuorescence intensity that was found at cell–
cell junctions was quantiﬁed in ﬁve cells per sample. Data are mean ± SEM from three independent experiments, each
performed in triplicate. ****p value \0.00005.

like diarrhea, inﬂammatory bowel disease (Crohn’s
disease and ulcerative colitis), primary biliary cirrhosis,
mal-absorption, celiac disease, multiple sclerosis, etc.
(Cereijido et al. 2007; Guttman and Finlay 2009; Su
et al. 2009, Singh and Aijaz 2015). Increased paracellular permeability has been well reported in patients
with chronic intestinal disease, which acts like a predisposing factor to the pathogenesis and impaired fence
function of tight junctions (Teahon et al. 1992; Peeters
et al. 1997). Patients with irritable bowel syndrome
depict increased paracellular permeability, presumably
by an altered expression of ZO-1 in their intestinal

mucosa (Piche et al. 2009). The data form our study
suggest that SWCNT-induced tight junction perturbation could induce the severity of intestinal diseases due
to loss of homeostasis and exposure of internal body
compartments to external environment (Anderson and
Van Itallie 2009).
It should be noted that tight junctions also plays
critical role in the regulation of cell growth, differentiation, proliferation, and migration, and disruption of
tight junctions can cause epithelial-mesenchymal
transformations and development of cancers (Martin
et al. 2011). As exhibited in previous studies that loss
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Figure 6. AF-SWCNT treatment does not alter the expression of E-cadherin and b-catenin. MDCK cells were cultured on
glass coverslips in for 24 h and then treated with 50 lg/ml and 100 lg/ml AF-SWCNTs for 24 h. Cells on coverslips were
ﬁxed and stained with primary antibodies against the indicated tight junction and adherens junction proteins (shown in lower
left corners of each panel) followed by Cy3-conjugated secondary antibodies. In each case of AF-SWCNT-treated cells, some
coverslips were also counter-stained with DAPI (40 ,6-Diamidino-2-phenylindole dihydrochloride). Cover slips were mounted
on glass slides with antifade and images were captured on a confocal microscope using 63 9 oil objective. Panel E, F:
E-cadherin; panel G, H: b-catenin. The percentage of the total ﬂuorescence intensity that was found at cell–cell junctions was
quantiﬁed in ﬁve cells per sample. Data are mean ± SEM from three independent experiments, each performed in triplicate.
****p value \0.00005.

of the ‘fence function’ can lead to tumorigenesis and
metastasis of cancer cells (Sawada et al. 2003). Our
data provide additional evidence to support the
hypothesis that SWCNT induce mechanical damage of
tight junctions could lead to cancer progression.
Thus, from our study we conclude that AF-SWCNT
exposure is capable of increasing the permeability
through disruption of tight junctions in cultured
MDCK cells. Dysfunction of tight junctions leads to
hyperpermeability of epithelia and is associated with
several diseases. As we know that clinical application
of CNTs have made them novel tool for therapeutics

delivery; however, their value will be appreciated once
they can be generated safely and their toxicity is
completely characterized. Studies till date have indicated that factors responsible for CNT toxicity include
length, diameter, purity, production method, and functionalization, and by refurbishing these factors, CNTs
could be safe for human beneﬁt. Finally, our ﬁndings
strongly suggest the need for more comprehensive
toxicity screening of acid-functionalized SWCNTs
using a combination of in vitro and in vivo models that
allow better understanding of the mechanisms that are
involved with their toxicity.
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Figure 7. AF-SWCNT treatment depletes tight junction proteins. Cell lysates was prepared from untreated and 50 lg/ml
and 100 lg/ml AF-SWCNT-treated MDCK cells (24 h post-treatment). Lysates were then analysed by Western blotting after
probing with respective antibodies mentioned in the diagram. GAPDH serves as loading control (left panel). Bar diagrams
(middle and right panels) represent a densitometric analysis of Western blots using ImageJ software. The expression of tight
junction proteins was normalized with respect to untreated control and fold change was calculated. Data are mean ± SEM
from three independent experiments; ****p values \0.00005.
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