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Abstract
The respiratory system is one of the portals of entry into the
body, and hence inhalation of engineered nanomaterials is an
important route of exposure. The broad range of
physicochemical properties that influence biological responses
necessitate the systematic study to contribute to understanding
occupational exposure. Here, we report on the influence of
nanoparticle charge and dose on human airway epithelial cells,
and show that this platform can be used to evaluate
consequences of exposure to engineered nanomaterials.
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Introduction

Nanoparticles are one of the key building blocks in
nanoscience and the development of new nanotechnologies.
As the use of nanoparticles becomes increasingly wide-
spread, concern about the personal and public health impli-
cations of exposure to extremely small particles (<100 nm in
diameter) has risen (Oberdorster et al. 2005; Nel et al. 2006).
While there is much speculation about the risk of engineered
nanoparticles, the biological and health effects of nano-
particle exposure in humans are not well defined. In part
this is due to the broad range of physicochemical properties,
such as size, shape, chemical composition and surface
chemistry. As inhalation is a common and important route
of exposure, we have studied the effects of nanoparticle dose
and surface charge on airway epithelial cells and have found
that surface charge can affect the route and time required to
traverse the epithelium and alter epithelial function.

Inhalation is an important route of exposure, particularly
in the occupational environment, making the lung a critical
target organ and an important route of entry into the body.

Between 1990 and 1999, there were over 30,000 deaths in the
United States associated with occupational exposure to
airborne materials (CDC website). Models indicate that
the fraction of inhaled particles deposited in the respiratory
system approaches 90% in the nano-size range and that a
significant fraction of these particles are in the respiratory
tract (head airways, trachea-bronchial and alveolar regions)
(Card et al. 2008; Kreyling et al. 2006). For example, approx-
imately 40% of inhaled 10 nm particles will deposit in the
upper airways (head and trachea-bronchial regions) (ICRP
1994). Furthermore, it has been shown that the deposition
fraction and deposition density (density per unit area) of
inhaled particles in human bronchial airways is greatly
enhanced for particles in the nano-size range compared
to micron-sized particles (Winkler-Heil et al. 2007). Further-
more, the average deposition densities are highest in the
upper bronchial airway (Winkler-Heil et al. 2007).

As the interface with the outside world, the airway epi-
thelium senses information from the atmosphere and trans-
duces it to produce both local and distant responses. The
epithelial barrier allows transport of molecules such as
oxygen and carbon dioxide, but restricts access of environ-
mental antigens or pollutants to underlying tissues, and may
partition signalling molecules including inflammatory med-
iators to one side or the other of the barrier, a function
determined in part by regulation of tight junction proteins
(Humlicek et al. 2007). Barrier disruption also regulates
inflammatory responses to mucosal stimuli. For example,
histamine increases epithelial permeability, and this effect is
believed to be linked to increased airway responsiveness
(Zabner et al. 2003).

Here, we report on the influence of surface charge and
dose on the transport of quantum dots (QDs) across the
airway epithelial barrier and on epithelial barrier function.
Surface charge can affect the dispersion of particles in
various media, as well as the adsorption of contaminants,
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ions and/or biological molecules. In this study, we chose
lipid-coated QD to model inhalational NP exposure. Lipid-
coated nanoparticles allow us to control size, monodisper-
sity and surface charge. Furthermore, other methods for
water solubilisation usually involve pegylation that results
in much larger particles. Finally, the QDs allow us to use
fluorescence imaging to characterise transport.

Understanding the transport properties, nanoparticles
under well-controlled conditions provide the foundations
for elucidating the biochemical mechanisms. A number of
studies have identified surface charge as an important
determinant of biological effect, including phagocytosis,
inflammation and genotoxicity (Hoet et al. 2004; Lin
et al. 2008).

Materials and methods

Cell culture
Primary human bronchial epithelial cells (NHBE) (Lonza)
are grown on collagen-coated inserts (Falcon) at 37�C
with 5% CO2 and maintained at an air–liquid interface
for 6–9 weeks before study. The basolateral media is 50%
BEBM (Lonza) media and 50% DMEM media, with Single-
Quot bullet kit (Lonza) supplements as per manufacturer’s
suggestions. The cell membranes were labelled by incu-
bating with 5 mL Image-IT (wheat germ agglutinin conju-
gated to Alexa Fluor 488, Molecular Probes) in 500 mL PBS.
The transepithelial resistance (TER) was > 400 ohms when
cells were used. All experiments were repeated a minimum
of three times.

Specified dose of QD was suspended in 500 mL of media
and added to the apical surface of the epithelial cells.

Permeability assay
Paracellular permeability of cells was assessed by the pas-
sage of 4 kD FITC-dextran across the monolayer as described
previously (Sidhaye et al. 2008). Briefly, 500 mL of FITC-
coupled dextran beads (4 kD, 10 mg mL�1, Calbiochem,
California) were added to the upper well for 20 min. About
3 mL of media was placed in the bottom well. The FITC
concentration in 1 mL of the lower well was determined
using a fluorometer (excitation 490 nm, detection 530 nm)
and compared to static and cell-free two insert controls. The
concentration was measured by fluorometry.

Chemicals
n-Hexadecylamine (HDA, 90%), trioctylphosphine oxide
(TOPO, 90%), stearic acid (SA, 95%) and octadecylamine
(ODA, 99%) were purchased from Sigma Aldrich (St. Louis,
Missouri) and used without further purification. The pre-
cursors CdO (99.95%), Cd(C2H3O2)2�2H2O (98%) and Zn
(C18H35O2)2 (Tech Grade) were purchased from Sigma
Aldrich and stored under ambient conditions. Bis(trimethyl-
silyl) sulfide ((TMS)2S, purum), trioctylphosphine (TOP,
90%), Se (99.99%) and tributylphosphine (TBP, 97%) were
purchased from Sigma Aldrich and stored in an argon
glovebox. 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocho-
line (MHPC), 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[methoxy (polyethylene glycol)-2000] (ammonium

salt) (DSPE-PEG2k) was purchased in chloroform from
Avanti Polar Lipids and stored at -20�C (Alabaster, Alabama).
Hexane, methanol, chloroform and ethanol were of
HPLC grade.

CdSe core synthesis
In a 250 mL reaction vessel, 2.35 mmol CdO was dissolved in
4.0 g of stearic acid (14.1 mmol) by heating to 180�C under
argon. Subsequently, the heat was removed and the reaction
vessel cooled to 80�C. To the flask under argon, were added
10.8 g HDA (44.7 mmol) and 4.8 g TOPO. The resealed flask
was degassed at 135�C for 1 h, placed under and argon
blanket and increased to 300�C. The Se precursor was
prepared in an argon glovebox, by combing 11.5 mmol Se
and 4 mL TBP (16.1 mmol). When the reaction vessel
reached 300�C, the TBP/Se precursor was rapidly injected
and the temperature lowered to 290�C. After 8 min, the heat
was removed and the reaction vessel was allowed to cool to
135�C. About 25 mL of hexane was quickly injected into the
reaction mixture to prevent solidification of the TOPO/HDA.
The CdSe particles were extracted from the reaction mixture
using centrifugation and finally precipitated using methanol.
The final precipitant was resuspended in 3 mL hexane. The
average QD diameter, determined from analysis of TEM
images, was 6.0 nm corresponding to a peak photolumines-
cence of 600 nm (Park et al. 2008).The concentration of the
CdSe QDs was determined using Beer’s Law (A = elc) with an
experimentally determined extinction coefficient for CdSe
of e = 1397 M�1 cm�1 at 350 nm.

CdSe electrical passivation
The CdSe QDs were passivated with a (Cd,Zn)S shell. The
precursor concentrations for the shell were calculated based
upon the formation of five monolayers of a shell composed
of 70 mol% Zn and 30 mol% Cd on a 6.0 nm diameter
CdSe QDs.

The 0.2 M Zn/Cd precursor was prepared by combining
0.485 g zinc stearate (0.78 mmol) in 3.8 mL toluene and
0.088 g Cd(C2H3O2)2�2H2O (0.32mmol) in 1.7 mL TOP under
argon at 110�C in a sealed 20 mL glass vial for 1 h. The sulfur
precursor was prepared in a glovebox under argon by
combining 2 mL TOP with 0.44 mL (TMS)2S (2.1 mmol).

In a three-neck flask, 10 g TOPO (26mmol) and 6.0 g HDA
(25 mmol) were degassed for 1 h at 100�C. Next, 0.16 mmol
CdSe QDs in hexane was injected into the TOPO/HDA
mixture under argon and the flask quickly returned to
vacuum to remove all hexane. After approximately 1 h,
the flask was switched to argon and the temperature was
raised to 220�C for the precursor addition. The Cd/Zn and
(TMS)2S precursors were then injected slowly over 55 min
and then annealed at 240�C for 15 min. The QDs were
transferred to chloroform by precipitating with methanol,
and re-suspended in 3 mL of chloroform at a concentration
60 mM. The concentration of the capped CdSe QDs was
determined using Beer’s Law with the same extinction
coefficient for CdSe of e = 1397 M�1 cm�1. The average
thickness of the (Cd,Zn)S shell, determined from analysis of
TEM images, was 0.95 nm resulting in a diameter of 7.9 nm
for the core/shell QDs (Galloway et al. 2009).
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30 mol% SA or ODA and 70 mol% MHPC
water solubilisation
The total amount of lipids needed to functionalise the QDs
was determined from the total surface area and the footprint
of MHPC and SA or ODA. The radius of the CdSe/(Zn,Cd)S
QDs with an HDA/TOPO inner leaflet was taken as 4.5 nm.
From the molecular footprint, the diameter for MHPC was
taken as 0.8 nm, and the diameter of SA and ODA were taken
to be 0.5 nm (Rontu et al. 2007; Hauser et al. 1981;
Didymus et al. 1995). The volume of QDs used for solubilisa-
tion was based on achieving a final concentration of QDs in
water of 2.5 x 10�7 M. To ensure successful water solubili-
sation, a sevenfold-excess of lipid was used for all experi-
ments. SA or ODA was dissolved in chloroform to give a
solution of 20 mg mL�1 and then sonicated to ensure
complete mixing. MHPC (10 mg mL�1) MHPC was warmed
from -20�C to room temperature and sonicated to obtain a
homogenous solution. The QD suspension, 110 mL MHPC,
and 13.0 mL SA or 13.6 mL ODA solution were mixed by
vigorous pipetting and then sonicated in a water bath for
20 s. Immediately after sonication, the QD+MHPC+SA or QD
+MHPC+ODA solution was added dropwise to 2 mL Milli-
pore water in a 7 mL borosilicate glass vial under vigorous
stirring using a 3 x 13 mm stir bar at maximum speed. Once
completely mixed, approximately 1 min, the temperature of
the hot plate was raised to 90�C. After 45–50 min, the
solution was orange in colour. The solution was transferred
to a centrifuge tube and spun at 8000 rpm for 3 min. The
supernatant was removed using a syringe and filtered
through a 200 nm, PTFE 13 mm diameter syringe filter.

20 mol% DSPE-PEG2k and 80 mol% MHPC
water solubilisation
From the molecular footprint, the diameter of the DSPE-
PEG2k was taken to be 0.84 nm (Nagle et al. 2000). The
concentration of DSPE-PEG2k was calculated as described
previously for SA or ODA, however, the diameter of QD is
taken as 14 nm, which corresponds to the midpoint of the
lipid bilayer. The QD suspension, 50 mg/mL DSPE-
PEG2k and 10 mg/mL MHPC in chloroform were combined
in a vial, mixed thoroughly by pipetting and sonicated for
20 s. Immediately after sonication, the mixture was added
dropwise to 2 mL of Millipore water under vigorous stirring.
After 1 min, the hotplate temperature was raised to 110�C. At
1 h, the slightly turbid mixture was transferred to a centrifuge
tube and spun at 8000 rpm for 3 min. The supernatant was
then extracted and filtered through a 200 nm, PTFE 13 mm
diameter syringe filter.

Characterisation
Absorbance spectra were obtained using a Varian Cary
50 UV/Vis Spectrophotometer (Agilent Technologies, Santa
Clara, CA). Particle size distributions and zeta potential
were obtained for QD concentrations between 1.0 x 10�7 and
2.3 x 10�7 mol L�1 with a volume of 0.4 mL (size distribution)
or 0.7 mL (zeta potential) using a Malvern Nano Zetasizer
(Worcestershire, UK). In both cases the measurement pro-
tocol was set manually to five measurements (size distribu-
tion) or six measurements (zeta potential) with automatically

determined runs and no equilibration time. The particle
size distributions and zeta potential were determined after
discarding the first run. Error bars represent the standard
error.

Immunofluorescence
Live cells were incubated with 5 mL of Image-IT (wheat
germ agglutinin conjugated to Alexa Fluor 488, Molecular
Probes) in 500 mL of PBS for 30 min prior to QD exposure to
detect using immunofluorescence microscopy. After expo-
sure to QDs, z-stacks were taken of cells to determine QD
localisation. The microscopy resolution is limited by the fact
that the cells are on inserts on an air-liquid interface and
not in a culture dish.

Transmission electron microscopy
Samples were fixed in 2.5% glutaraldehyde, 3 mM CaCl2, 1%
sucrose in 0.1 M sodium cacodylate buffer, pH 7.2 for 1 h at
room temperature. After buffer rinse, samples were postfixed
in 1% osmium tetroxide in buffer (1 h) on ice in the dark.
Following a DH2O rinse, plates were stained with 2% aque-
ous uranyl acetate (0.22 mm filtered, 1 h, dark), dehydrated in
a graded series of ethanol and embedded in Eponate 12
(Ted Pella) resin. Samples were polymerised at 60oC over-
night. Thin sections, 60–90 nm, were cut with a diamond
knife on the Reichert-Jung Ultracut E ultramicrotome and
picked up with naked 200 mesh copper grids. Grids were
stained with 2% uranyl acetate in 50% methanol and
observed with a Philips CM 120 at 80 kV. Images were
captured with an AMT CCD (1 x 1 K) camera.

Statistics
Statistical analysis was performed using STATA 9 (Stata
Corporation) and Anova one-way analysis was primarily
used to assess for statistical significance. Details specifying
the numbers per experiment are specified in the figures.

Results

In this study, human airway epithelial cells grown at an
air–liquid interface were used to investigate the effect of
physicochemical properties on nanoparticle transport. These
cells are grown on a porous support with their upper (apical)
surface exposed to air and the lower (basolateral) surface
to medium, allowing them to differentiate into ciliated,
goblet and basal cells, forming a pseudostratified columnar
epithelium that secretes an airway surface liquid (ASL) on
their apical surface, similar to airway epithelial cells in vivo
(Figure 1) (Sidhaye et al. 2008; Sidhaye et al. 2011; de
Jong et al. 1994). This ASL is composed of water, salts,
osmolytes and macromolecules such as mucins (Tarran
2004; Thornton & Sheehan 2004). Analysis of this type of
platform has been over the past two decades and several
studies support this to be a good model of in vivo airway
epithelial cells, in terms of its ability to recapitulate the cell
populations, the barrier integrity and the apico-adherens
junctions found in human airways (de Jong et al. 1994),
(Lin et al. 2007; Lam et al. 2011). The kinetics of transport
was determined from the increase in fluorescence of the
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medium in the lower chamber due to transport of QDs
(Figures 1B–1D). The biochemical response of the epithe-
lium was determined using immunofluorescence micros-
copy, fluorescence measurements of QD transport,
transepithelial electrical resistance (TER) measurements
and measurements of permeability to fluorescently labelled
dextran. In order to traverse the epithelium, the QDs have to
first penetrate the ASL above the cells, which includes the
mucus layer. Thus, this evaluation will provide insight into
the ability of QDs to traverse the mucus layer, and enter and
potentially cross the epithelial cells’ layer as well.

CdSe/ZnS QDs were synthesised as reported previously
(Park et al. 2008; Galloway et al. 2009). The QDs were water
solubilised by first replacing the surfactants from synthesis
with dodecanethiol (DDT) and then incubating with lipids in
chloroform to form a hydrophilic outer leaflet (Galloway
et al. 2011). The composition of the outer leaflet included
a zwitterionic single C14 acyl chain lipid (1-myristoyl-
2-hydroxy-sn-glycero-3-phosphocholine, MHPC) along with
30 mol% of Octadecylamine (ODA) and stearic acid (SA)
(Figure 2A). The ODA introduces positive charge resulting in
QDs with an average zeta potential of 49 mV, whereas SA
introduces negative charge, resulting in QDs with an average
zeta potential of –50 mV (Figure 2B).

The CdSe/ZnS core/shell QDs are 8 nm in diameter. With
the DDT inner layer (» 1 nm) and the lipid outer leaflet
(» 2 nm), the overall size of the QDs is expected to be about
14 nm. From dynamic light-scattering measurements, the
average diameters of the ODA- and SA-modified QDs were
13.4 and 14.5 nm, respectively, in excellent agreement with
the expected values (Figure 2C). The stated particle sizes are
obtained from the maximum of the number density distri-
butions. There are no additional peaks, either in number,
volume or intensity distributions. Qualitatively, excessive
aggregation of QDs in suspension can be seen under illu-
mination by a black lamp, and quantitatively by a decrease in
the absorbance and the appearance of a second peak in the
DLS distributions. The ODA- and SA-functionalised QDs
used here were selected for their stability in media. The
QD suspensions were stable in media for at least 24 h (the
maximum length of experiment that we have performed).
From DLS measurements, there is no change in particle size
after 12 h in media (Figure 1A). In addition, there is no
change in the absorbance after 12 h in media indicating
no aggregation or sedimentation (Figure 2D). The curve
surrounding the first exciton peak at 580 nm remains
unchanged after the transfer to serum indicating no change
in the electronic properties of QD in serum.

In summary, the ODA- and SA-modified QDs are both
about 14 nm in diameter and present an outer lipid layer
with either positive or negative charge.

Workplace concentrations of nanoparticles (NP)
(Davenpeck et al. 1995) on the order of 104 NP cm�3 and
as high as 107 cm�3 have been reported in the literature
(Demou et al. 2008). The ventilation volume for the lungs is
about 6000 cm3 per min, and the number of airway epithelial
cells for an average adult is about 1010 (Mercer et al. 1994).
An ambient concentration of 107 cm�3 corresponds to a dose
of 3.6 NP per cell for an exposure of 1 h. Therefore, we chose
to study doses on the order of 1, 10 or 100 NP per cell. A
dose of 1 NP/cell corresponds to a high workplace exposure
(107 cm�3) for 17 min or a low workplace exposure
(104 cm�3) for seven working days. A dose of 100 NP/cell
corresponds to a high workplace exposure for 3.5 working
days or a low workplace exposure for 87 working weeks.

Particles can cross the epithelium by either transcellular
or paracellular transport (Figure 1C). To determine themode
of entry of the QDs into the epithelial monolayer, the
membranes of the airway epithelial cells were labelled
with Image-IT (wheat germ agglutinin conjugated to Alexa
Fluor 488, Molecular Probes). After exposure of the apical
surface to QDs, live-cell confocal microscope imaging was
performed to determine whether charge affected the loca-
lisation of QDs in the epithelium. Within 5 min of exposure,
fluorescence imaging reveals that the QDs penetrated the
epithelium (Figure 3A). For negatively charged particles, the
QDs are co-localised with the membrane marker indicating
that they are located between cells. In contrast, for positively
charged particles, there is increased intracellular fluores-
cence indicating more QDs both at the apical surface of the
cell, near the cilia and within the cell instead of between
cells. This suggests that particle charge affects the route of
transit. In EM images, in cells exposed to positively charged
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Figure 1. Schematic illustration of the platform used to study the
response of the human airway epithelium to nanoparticles. (A) Human
airway epithelial cells are grown on an insert such that the apical (top)
surface is exposed to air and the basolateral (bottom) surface to media
for 6 weeks prior to study to allow the cells to differentiate. The
epithelial resistance across the monolayer is determined using a
current source. (B) Quantum dots functionalised with positive or
negative charge are introduced at the apical surface. (C) QDs can
traverse the airway epithelium via paracellular or transcellular path-
ways. (D After exposures of airway epithelial cells to QDs, cells are
washed and then 4 kDa FITC-dextran is placed on the apical surface
and incubated for 20 min, after which the basolateral media is sampled
to assess FITC concentration as a permeability assessment.
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particles, there were several found within cells of different
sizes (15 nm–50 nm), suggesting variable levels of aggrega-
tion. However, there were very few particles identified in cell
monolayers exposed to negatively charged particles. Afew
identified did in fact seem to be between cells, and were of
smaller sizes (15 nm) suggesting less particle aggregation
(Figure 3A). It is possible that during the monolayer proces-
sing, many of the particles between cells were washed, and
therefore so few were found. Of note, in response to expo-
sure of epithelial cells to QDs, there was no significant trypan
blue staining of the monolayer, suggesting minimal cell
death at the time points studies (not shown).

While other models have indicated charge-based differ-
ences in nanoparticle transit, the differences are specific to
the cell studied. It has been suggested in Hydra vulgaris that
positively charged quantum rods are endocytosed by cells
(Tortiglione et al. 2009). While Dausend et al. did not find an
effect of charge on nanoparticle uptake in HeLa cells
(Dausend et al. 2008), their studies indicated that endocy-
tosis of positively and negatively charged particles occurred
by different mechanisms, and thereby can influence uptake
in cells depending on which mechanisms predominate.
Therefore, uptake of charged particles can be cell specific,
and our platform provides data about how the respiratory
airway epithelium responds to inhaled nanoparticles. While
there is data in the lower alveolar epithelium (Fazlollahi et al.
2011; Fazlollahi et al, 2011; Kim et al. 2010; Yacobi et al. 2008,
2009, 2007), the airway epithelium has a higher paracellular
permeability (Widdicombe J 1997), and transport could be
substantially altered. The mechanisms dictating these routes
are unknown. In addition, it is not clear whether negatively

charged QDs are primarily transported via the paracellular
pathway due to exclusion from a transcellular pathway, or
due to selectivity by proteins mediating cell–cell contacts.
Unlike the transcellular route, which has both active and
passive processes regulating transport, paracellular transport
is believed to have only passive processes driven by the
gradients created by transcellular transport mechanisms
(Anderson & Van Itallie 1995). The major barrier in the
paracellular route is the tight junction, which varies in ion
selectivity. At physiological pH, most tight junctions are
thought to be slightly cation selective (Colegio et al. 2003),
potentially contributing to the increase in negative QDs
between cells.

Since the QDs are photoluminescent, we can determine
whether they cross the epithelial barrier by sampling the
fluorescence in the basolateral medium (Figure 3B). Within
30 min of exposure to QDs there was evidence of increased
fluorescence in the basolateral medium of cells incubated
with both positively and negatively charged particles, indi-
cating that both crossed the epithelial barrier. After 30 min
incubation with QDs, the amount of negatively charged
particles in the basolateral medium was relatively indepen-
dent of dose. In contrast, the amount of positively charged
particles was significantly higher at doses of 10 and 100 NP/
cell compared to negatively charged particles. Since the
negatively charged particles are preferentially localised at
the cell–cell junctions, this suggests that either transcellular
transport in faster than paracellular transport or, more likely,
that the capacity for storing QDs in the paracellular regions is
high resulting in a delay in transport into the basolateral
media. The fluorescence does not increase linearly with
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dose, implying that there is a significant fraction of QDs
within the epithelial layer. After 4 h incubation, the amount
of QDs increased approximately linearly with dose, and
was independent of charge, suggesting that the amount of
QDs in the epithelial layer has saturated and that the global
transport kinetics have reached a steady state, independent
of charge.

One of the fundamental features of the airway epithelium
is its barrier properties. The epithelial barrier is the first
line of defence preventing access of inhaled particles to
subepithelial tissues (Gabrielson et al. 1994; Yu et al.
1994; Yu et al. 1994; Rothen-Rutishauser et al. 2008).
However, the epithelium also serves to segregate the
apical and basal compartments (Humlicek et al. 2007),
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Figure 3. (A) After 5 min exposure, QDs penetrate the epithelium. Fluorescence images for airway epithelial cells 5 min after incubating with a dose
of 10 NP/cell. (Green) Cell membrane, (red) QDs. After 5 min exposure, the majority of the negatively charged QDs are located at the cell–cell
junctions, whereas the majority of the positively charged QDs are located with the cells. (B) By measuring the fluorescence in the basolateral media
we can assess QD transport across the epithelial barrier. Both negatively and positively charged particles cross the epithelial barrier. (Bars represent
standard error (SE), n = 3 for each dose; Anova one-way (p < 0.025)).
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(Sidhaye et al. 2011; Winter et al. 2006) so that regulation of
epithelial barrier properties can influence cell signalling
(Humlicek et al. 2007; Sidhaye et al. 2011). In order to
determine if QD charge could affect airway epithelial barrier
function, we measured TER using two probe electrodes
inserted on either side of the barrier (Figure 4A). The TER
decreased for both positively and negatively charged parti-
cles in a dose-responsive fashion, indicating that exposure to
QDs compromises barrier function. The largest change in
TER occurred between 1 and 5 h of exposure, consistent with
the fluorescence results shown in Figure 3B. In particular,

even a very low exposure of QD, at a concentration of
approximately 1 NP/cell was sufficient to cause a significant
decrease in TER after 5 h exposure. The change in resistance
after 24 h exposure increases exponentially with dose
(Figure 4B), independent of charge.

Previousstudieshaveconcludedthatthereisnocorrelation
between change in TER and solute flux,(McCarthy et al. 1996)
and hence we assessed the effects of QDs on paracellular
permeability by measuring the barrier permeability to 4 kDa
FITC-dextran (Figure 4C). The TERmeasurements described
above are sensitive to ionic transport and show that QD
exposure decreases the resistance corresponding to an
increase in ionic transport. The hydrodynamic diameter of
dextran is about 2.5 nm (Armstrong et al. 2004), an order of
magnitude larger than Na+, K+ and Cl�, and hence the
dextran permeability experiments probe larger length scales.

After incubation with QDs for different times, the
fluorescently labelled dextran was injected into the ASL.
Dextran transport across the airway epithelial cells was
determined from fluorescence measurements of the
medium from the basolateral chamber. After 5 min of
exposure, there is no change in permeability compared
to a barrier that had not been previously exposed to
QDs. After 30 min of exposure, however, the permeability
decreased with decreasing dose. At this larger length scale,
exposure to QDs at low dose decreases dextran permeability
after 30 min, whereas exposure to large doses has no effect.
While this result is unexpected, one potential explanation is
that the epithelial response to low doses resulting in
enhanced barrier function is overwhelmed at higher doses.
This is in contrast to previous work where we showed that
initial exposure to micron-sized particles can result in
decreases in permeability without dose dependence
(Sidhaye et al. 2011).

Discussion

Quantum dots are a model system in which we are able to
carefully control the size, surface chemistry, charge and
monodispersity, to study the ability of nano-sized particles
to cross the airway epithelial barrier as well their effects on
that barrier. We have shown that QDs can be taken up and
cross the human airway epithelial barrier. The lung epi-
thelium, both airway and alveolar, is poised to be exposed
to inhaled particles, and it has been estimated that there is
significant deposition in the airways (ICRP 1994). Of note,
it has been calculated that the airway epithelial barrier is
more permeable than the alveolar barrier (Widdicombe J
1997), and therefore mechanisms of transport could be of
great significance in airway epithelial cells. Studies have
shown that charged particles can traverse the alveolar
epithelium, primarily transcellularly (Fazlollahi et al. 2011;
Fazlollahi et al, 2011; Kim et al. 2010; Yacobi et al. 2008,
2009, 2007). Published studies, such as those by Yacobi et al.
(Yacobi et al. 2009) have considered nanoparticle transport
through the alveolar epithelium, and have shown that
both positively and negatively charged particles traverse
transcellularly, though at different rates. Our study adds to
the literature by showing that nanoparticle transport is
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Figure 4. Nanoparticle exposure results in altered airway epithelial
barrier function. (A) TER versus time for airway epithelial cells incu-
bated with 1, 10 or 100 NP/cell. Both positively and negatively charged
QDs decrease TER in a dose-responsive fashion. The control represents
incubation with buffer only. (Bars represent standard error (SE) with at
least three independent experiments) (B) The change in TER after 24 h
increases exponentially with dose, independent of charge. (C) After
exposure to QD, the 4 kD FITC-dextran was placed in the apical
chamber and after incubating for 20 min (37oC) the basolateral media
was sampled to assess fluorescence. In response to 30 min of exposure
to a very low exposure of QD (in the order of 1 NP/cell), there was a
significant decrease in paracellular permeability. (Bars represent
standard error (SE), n = 3 per condition; Anova one-way (p < 0.025)).
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cell-type dependent, and charge dictates both rate and
route of particle transport in airway epithelial cells. Perhaps
the difference in barrier properties between the alveoli
and airways could account for the differences found in
our study of airway epithelium.

The charge of the particle dictates the path by which
the QDs traverse the airway epithelial barrier, with posi-
tively charged QDs transported by an intracellular pathway
and negatively charged QDs transported via a paracellular
pathway. Exposure to positively and negatively charged QDs
resulted in an exponential decrease in TER with increasing
dose. Transepithelial resistance can be altered by many
things, including changes in cell–cell contacts resulting in
altered bulk flow between cells, as well as changes in ionic
transport due to altered channel expression or function.
Conversely, exposure to QDs resulted in a decrease in
permeability to an electrically neutral probe (dextran) at
low doses but no change in permeability at higher doses.
These combined results suggest that the change in resis-
tance is not due to altered cell–cell contacts, which would be
reflected in altered dextran permeability, but some change
in ionic transport. More research is needed to evaluate
the mechanism and significance of changes in barrier
function. These results show that small nanoparticles can
cross the barrier formed by airway epithelial cells and that
transport is dependent on charge, dose and time. In addi-
tion to crossing the epithelium, these nanoparticles also
altered airway epithelial function as determined by
decreases in paracellular permeability. We believe these
studies indicate that our platform allows us to understand
what aspects of NPs confer toxicity to inform environmental
policy. In addition, this system could potentially allow for
identification of new uses of NPs to specifically target
epithelial cells.
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