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To explore mechanisms of nanoparticle interactions with and traf-
ficking across lung alveolar epithelium, we utilized primary rat
alveolar epithelial cell monolayers (RAECMs) and an artificial lipid
bilayer on filter model (ALBF). Trafficking rates of fluorescently
labeled polystyrene nanoparticles (PNPs; 20 and 100 nm, carboxyl-
ate (negatively charged) or amidine (positively charged)-modified)
in the apical-to-basolateral direction under various experimental
conditions were measured. Using confocal laser scanning micros-
copy, we investigated PNP colocalization with early endosome
antigen–1, caveolin-1, clathrin heavy chain, cholera toxin B, and
wheat germ agglutinin. Leakage of 5-carboxyfluorescein diacetate
from RAECMs, and trafficking of 22Na and 14C-mannitol across ALBF,
weremeasured in the presenceand absenceof PNPs. Results showed
that trafficking of positively charged PNPs was 20–40 times that of
negatively charged PNPs across both RAECMs and ALBF, whereas
translocation of PNPs across RAECMs was 2–3 times faster than that
across ALBF. Trafficking rates of PNPs across RAECMs did not change
in the presence of EGTA (which decreased transepithelial electrical
resistance to zero) or inhibitors of endocytosis. Confocal laser
scanningmicroscopy revealed no intracellular colocalization of PNPs
with early endosome antigen–1, caveolin-1, clathrin heavy chain,
cholera toxin B, or wheat germ agglutinin. Leakage of 5-carboxy-
fluorescein diacetate from alveolar epithelial cells, and sodium ion
and mannitol flux across ALBF, were not different in the presence or
absence of PNPs. These data indicate that PNPs translocate primarily
transcellularly across RAECMs, but not via known major endocytic
pathways, and suggest that such translocation may take place by
diffusion of PNPs through the lipid bilayer of cell plasma mem-
branes.
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Advances in nanotechnology have led to expanded applications
in industry and biomedicine, while raising increased concerns
about health effects of nano-sized materials (diameter <100 nm).
Inhaled ambient ultrafine particles (diameter ,100 nm) have
been associated with adverse cardiovascular and other health
effects (1–3), and have been found downstream in internal organs
(4). Since the alveolar epithelial barrier provides more than 95%
of the total surface area of the airspaces in the lung (5, 6), and the
effective thickness of the distal air–blood barrier is very thin
(z400 nm) (7), alveolar epithelium likely plays an important role
in absorption of inhaled nanomaterials into the systemic circula-

tion (4). Investigation of mechanisms underlying nanoparticle
interactions with and translocation across alveolar epithelium
will provide important information on lung–nanoparticle inter-
actions, and may lead to improved nanoparticle design for bio-
medical applications targeting the lung (e.g., pulmonary drug/
gene delivery).

Distal airspaces of the lung are lined with a continuous
epithelium comprised of two types of alveolar epithelial cells
(AECs), type I (ATI) and type II (ATII) pneumocytes. Ex-
tremely thin cytoplasmic extensions of ATI cells are thought to
facilitate efficient gas exchange (8). About 90% of the internal
surface area of the normal human lung is covered by ATI cells.
Specific mechanistic information pertaining to alveolar epithelial
barrier properties and trafficking rates of macromolecules and
nanoparticles is difficult to obtain from data generated with
whole-lung preparations in vivo or isolated perfused lungs,
primarily due to the complex anatomy of the lung. In vitro
models for alveolar epithelium have been widely used to study
important biological and functional characteristics (9, 10). Pri-
mary cultured rat ATII cells are known to undergo morphologic
(5) and phenotypic (11) transition into ATI cell–like monolayers
that can serve as a suitable in vitro model of the alveolar epithelial
barrier for mechanistic investigations of transport and cell bi-
ology. Rat alveolar epithelial cell monolayers (RAECMs) exhibit
relatively high transepithelial resistance (transmonolayer electri-
cal resistance (Rt) .2,000 V�cm2), with well formed tight
junctions, consistent with the expected properties of alveolar
epithelium in vivo.

Artificial lipid bilayers have been used as model systems for
the evaluation of membrane transport processes. When a porous
filter surface is coated with lipid solution in hydrocarbon solvent
and contacted with electrolyte solution on both sides, lipid
bilayers form (12). Such artificial lipid bilayers on filters (ALBFs)
have been used in numerous studies to estimate transcellular
permeation of small molecules and peptides (13, 14). Using an
artificial lipid bilayer construct containing lipid components in
proportions similar to the lipid components of rat AEC plasma
membranes (15, 16) may provide useful information related to
interactions of nanoparticles with AEC plasma membranes.

We have recently shown that transport of polystyrene nano-
particles (PNPs) across RAECMs is strongly dependent on PNP
surface properties and size, where amidine-modified (positively
charged) PNPs are translocated across RAECMs 20- to 40-times
faster than similarly sized carboxylate-modified (negatively
charged) PNPs (17). The aim of the present study was to
investigate mechanisms of transalveolar epithelial trafficking
of PNPs with different physicochemical characteristics with
RAECMs as an in vitro model of alveolar epithelium. We studied
effects of EGTA, inhibitors of endocytosis, and co-incubation
with cationic polypeptides on PNP trafficking rates across
RAECMs. We also investigated characteristics of PNP trans-
location across ALBFs with lipid compositions resembling those
of rat AEC plasma membranes. Results indicate that PNPs
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translocate across RAECMs primarily via nonendocytic trans-
cellular pathways, and that PNP translocation across ALBFs
exhibits properties similar to those across RAECMs, suggesting
that PNP trafficking across alveolar epithelium may involve
direct interaction with lipid bilayers of AEC plasma membranes.

MATERIALS AND METHODS

RAECM

The detailed procedure for routine preparation of RAECMs has
been described previously (18, 19). This method involving the usage
of rats has been approved by the Institutional Animal Care and Use
Committee of the University of Southern California. Briefly, ATII
pneumocytes were isolated from adult male, specific pathogen-free,
Sprague-Dawley rats (125–150 g) with elastase digestion and enriched
by IgG panning (18, 19). Enriched ATII cells were plated onto tissue
culture–treated polycarbonate filters (Transwell, 12 mm diameter, 0.4 mm
diameter pores; Corning-Costar, Cambridge, MA) at 1.2 3 106

cells/cm2. In most experiments, cells were cultured in MDS (comprised
of serum-free defined medium (MDSF) supplemented with 10%
newborn bovine serum (Omega, Tarzana, CA)). MDSF consists of
a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12
medium (Sigma, St. Louis, MO) supplemented with 1 mM nonessential
amino acids (Sigma), 100 U/ml primocin (InvivoGen, San Diego, CA),
10 mM N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) hemi-
sodium salt (Sigma), 1.25 mg/ml BSA (BD Bioscience, San Jose, CA),
and 2 mM L-glutamine (Sigma). Cells were maintained at 378C in
a humidified atmosphere of 5% CO2 plus 95% air, and fed every other
day starting on Day 3 in culture when confluent monolayers were
formed. We utilized RAECMs at 4–7 days in culture, the Rt and
potential difference (PD) of which were greater than 2.5 kV�cm2 and
greater than 10 mV, respectively, when screened with a Millicell-ERS
device (Millipore, Bedford, MA).

ALBFs

Mimicking the lipid composition reported for plasma membranes of rat
AEC (15, 16), a stock solution of a lipid mixture, comprised of 1.5%
phosphatidylcholine, 0.6% phosphatidylethanolamine, 0.3% sphingomye-
lin, and 0.6% cholesterol (Avanti Polar Lipids, Alabaster, AL) in 1:1
(volume) mixture of squalene and decane (Sigma), was prepared. The
upper surfaces of tissue culture–treated polycarbonate filters (Transwell,
12 mm diameter, 0.4 mm diameter pores) were covered by 0.1 ml of the
stock lipid solution. Immediately (,10 s) after covering the upper surface
with lipid solution, 0.4 ml and 1.5 ml MDS was added to the upper and
lower compartments of the filters, respectively, to form ALBFs. ALBFs
were maintained at 378C in a humidified atmosphere of 5% CO2 plus 95%
air. The electrical resistance of ALBFs from Day 0 was greater than the
maximum measurable (20 kV�cm2) using the Millicell-ERS device.

Nanoparticles

Fluorescently labeled PNP (Invitrogen, Eugene, OR) that were either
carboxylate-modified (i.e., negatively charged; diameters of 20 and 100 nm,
with 2304.3 and 2320 mEq/g, respectively) or amidine-modified (i.e.,
positively charged; diameters of 20 and 120 nm, with 80.2 and 39.7 mEq/g,
respectively) were used unless otherwise noted. Excitation/emission
wavelengths of carboxylate- and amidine-modified PNPs are 580/605 and
490/515 nm, respectively.

PNP Translocation

PNP suspensions in working stocks were sonicated briefly (z2 min)
prior to use until a clear solution was observed with the naked eye.
Apical (upper) fluid was replaced with fresh media containing PNPs
(apical [PNPs] 5 176 mg/ml) and apical-to-basolateral flux (rate of
flow) was estimated by monitoring PNP accumulation over time in
basolateral (lower) fluid. At the end of each experiment, apical (upper)
compartment fluid was sampled for measurement of PNP concentra-
tion (to verify minimal decrease from initial value). Concentrations of
PNPs were estimated fluorometrically (SpectraMax M2; Molecular
Devices, Sunnyvale, CA). Standard curves were generated using solu-
tions with known concentrations of PNPs. Increases in basolateral

(lower) fluid (PNPs) from 0 to 24 hours were used to calculate PNP
flux, as described previously (17).

Effects of Reduced Rt

To determine the effects of ‘‘leakier’’ tight junctions (increased tight
junctional conductance) on trafficking rates of PNPs across RAECMs,
PNP flux was measured in the presence of 2 mM ethylene glycol-bis-
(2-aminoethyl)-N,N,N9,N9-tetraacetic acid (EGTA; Sigma) in both
apical and basolateral fluids. RAECMs were treated with EGTA for
30 minutes, after which monolayers were incubated with apical media
containing different PNPs (20 and 100 nm carboxylate modified or 20
and 120 nm amidine modified; 176 mg/ml), while keeping EGTA (2 mM)
present in both apical and basolateral fluids. Control monolayers were
exposed to amidine-modified (20 and 120 nm) or carboxylate-modified
(20 and 100 nm) PNPs (176 mg/ml) without EGTA. Flux of PNPs was
measured subsequently, as described above. During EGTA exposure,
bioelectric properties were determined over time.

Effects of Endocytosis Inhibitors

Effects of inhibiting caveolin-mediated endocytosis were evaluated
with methyl-b-cyclodextrin (23). Monodansylcadaverine and chlor-
promazine were used to disrupt clathrin-mediated endocytosis (20–22).
Phagocytosis and macropinocytosis were inhibited by F-actin depoly-
merizing agents, latrunculin B and cyctochalasin D (21). Dynasore was
used to disrupt dynamin-dependent endocytosis (including clathrin-
and caveolin-mediated endocytosis) (24). Briefly, RAECMs were
incubated with methyl-b-cyclodextrin (10–200 mM; Sigma), monodan-
sylcadaverine (200 mM; Sigma), chlorpromazine (28 mM; Sigma),
latrunculin B (20 mM; Sigma), cyctochalasin D (10 mM; Sigma), or
dynasore (80 mM; Sigma) in both apical and basolateral fluids for
30 minutes. RAECMs were then exposed to apical amidine-modified
(20 and 120 nm) or carboxylate-modified (20 and 100 nm) PNPs
(176 mg/ml), and flux of PNPs were measured. Inhibitors were present
in both apical and basolateral fluids throughout the duration of these
experiments. Control monolayers were exposed to amidine-modified
(20 and 120 nm) or carboxylate-modified (20 and 100 nm) PNPs
(176 mg/ml) without inhibitors. As positive controls, flux of 50 mg/ml
FITC–cholera toxin B (CTB; Sigma), which uses caveolae-mediated
endocytosis (25) or 500 mg/ml Alexa 594-transferrin (Invitrogen),
which uses clathrin-mediated endocytosis (25), was measured in the
presence and absence of inhibitor(s).

Effects of Cationic Polypeptides

Polycationic substances, such as protamine (molecular weight, z4,100)
or poly-l-lysine (molecular weight, z4,200) have been shown to
compete for cell membrane binding with cationic molecules/peptides/
particles and inhibit their adsorptive uptake in different cell types (26,
27). RAECMs were incubated with MDSF supplemented with prot-
amine (1 mM; Sigma) or poly-l-lysine (1 mM; Sigma) in apical fluid for
30 minutes. RAECMs were then incubated with apical amidine-
modified (20 and 120 nm) or carboxylate-modified (20 and 100 nm)
PNPs (176 mg/ml), keeping protamine or poly-l-lysine present while
flux of PNPs was measured. Control monolayers were exposed to
amidine-modified (20 and 120 nm) or carboxylate-modified (20 and
100 nm) PNPs (176 mg/ml) without these polypeptides. As positive
control, flux of 90 mg/ml Alexa 594–wheat germ agglutinin (WGA;
Sigma), which uses adsorptive endocytosis (28), was measured in the
presence and absence of protamine and poly-l-lysine.

Immunofluorescence and Confocal Fluorescence Microscopy

RAECMs were exposed to 176 mg/ml amidine-modified (120 nm) or
carboxylate-modified (100 nm) PNPs with or without CTB (50 mg/ml;
Alexa 594 or Alexa 488 labeled; Invitrogen) or WGA (50 mg/ml; Alexa
594 or Alexa 488 labeled; Sigma) for 1 or 2 hour(s) and processed for
confocal laser scanning microscopy (CLSM). Exposed monolayers were
washed with ice-cold PBS (pH 7.2) and fixed in 3.7% formaldehyde
(J.T. Baker, Phillipsburg, NJ) for 15 minutes. Monolayers were then
treated with 0.5% Triton X-100 (TX-100; Bio-Rad, Hercules, CA) for
15 minutes at room temperature, rinsed with PBS, and mounted on
microscope slides (Curtin Matheson Scientific, Baltimore, MD) with
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Vectashield mounting medium containing 49,6-diamidino-2-phenylin-
dole (DAPI) (Vector, Burlingame, CA).

In some experiments, monolayers were pretreated with EGTA
(2 mM) for 30 minutes before exposure to amidine-modified (120 nm)
or carboxylate-modified (100 nm) PNPs (176 mg/ml) for 24 hours. After
rinsing with ice-cold PBS, monolayers were blocked with 5% BSA and
0.2% TX-100 in PBS at room temperature for 1 hour. Rabbit antibody
against midregion human zonula occludens-1 (1:100; Zymed Labora-
tories, San Francisco, CA) in 1% BSA in PBS was added to fixed
monolayers overnight at 48C, followed by incubating monolayers with
secondary antibody (goat anti-rabbit conjugated to Alexa 594 or Alexa
488; Invitrogen) in 1% BSA in PBS for 1 hour at room temperature.
Monolayers were then rinsed with PBS and mounted on microscope
slides with mounting medium containing DAPI.

For caveolin-1 or early endosome antigen–1 (EEA1) staining,
RAECMs were exposed to 176 mg/ml amidine-modified (120 nm) or
carboxylate-modified (100 nm) PNPs, 50 mg/ml CTB or 50 mg/ml WGA
for 1 or 2 hours, fixed with 3.7% formaldehyde, permeabilized with
0.5% TX-100, and blocked with 5% BSA and 0.2% TX-100 in PBS. For
clathrin heavy chain staining, RAECMs were fixed and permeabilized
with ice-cold ethanol for 5 minutes at 208C and blocked with 5% BSA
and 0.2% TX-100 in PBS. Goat antibody against the N-terminus of
human EEA1 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), or
mouse antibodies against human caveolin-1 (1:100; BD Biosciences,
San Jose, CA) or clathrin heavy chain (1:1; BD Biosciences), in 1%
BSA in PBS was added to fixed monolayers overnight at 48C. This was
followed by incubating monolayers with the appropriate secondary
antibody (e.g., goat anti-mouse or donkey anti-goat antibody labeled
with either Alexa 594 or Alexa 488; Invitrogen) in 1% BSA in PBS for
1 hour at room temperature. Monolayers were then rinsed with PBS
and mounted on microscope slides with mounting medium containing
DAPI. Control monolayers (i.e., not exposed to PNPs; incubated with
primary antibody or secondary antibody) were similarly processed.

Images were acquired with a Zeiss laser scanning microscope 510
Meta NLO CLSM imaging system (Zeiss, Jena, Germany) equipped
with argon and red/green HeNe lasers mounted on a vibration-free
table and attached to an incubation chamber.

5-Carboxyfluorescein Diacetate Leakage from RAECM

5-Carboxyfluorescein diacetate (5-CFDA) acetoxymethyl ester (AM)
is a cell-permeant molecule that rapidly enters cells. Hydrolysis by
intracellular esterases results in highly charged and fluorescent 5-
CFDA that leaks out of cells slowly. RAECMs were loaded from the
apical side with 5 mM 5-CFDA–AM (Invitrogen) for 1 hour. Excess 5-
CFDA–AM in apical fluid was removed and RAECMs were exposed
to 176 mg/ml nonfluorescent carboxylate-modified (i.e., diameters of
20 and 100 nm with 2693.6 and 277.3 mEq/g, respectively; Invitrogen)
or amidine-modified (i.e., diameters of 20 and 100 nm with 87.7 and
33.9 mEq/g, respectively; Invitrogen) PNPs. Control monolayers were
exposed to 0.1% TX-100 (positive control) or fresh MDS (negative
control). After 30 minutes and 2 hours, apical fluid was sampled, and
the fluorescence intensity of 5-CFDA that leaked into apical fluid was
estimated fluorometrically (SpectraMax M2) at excitation and emission
wavelengths of 494 and 518 nm, respectively.

14C-Mannitol and 22Na Permeability across ALBFs

We measured the apparent permeability coefficient (Papp) across
ALBFs of sodium, and a small hydrophilic solute (mannitol; 180 Da;
z0.82 nm) in the presence and absence of PNPs. Papp of sodium and
mannitol were determined with 22Na (Perkin Elmer, Boston, MA) and
14C-mannitol (GE Healthcare, Buckinghamshire, UK), respectively.
Upper-compartment fluid 24 hours after ALBF formation was replaced
with fresh MDS containing PNPs (amidine- or carboxylate-modified;
20, 100, or 120 nm; apical [PNPs] z176 mg/ml). 22Na (apical [22Na],
z2 mCi/ml) or 14C-mannitol (apical [14C-mannitol], z0.67 mCi/ml) was
added to upper-compartment fluid immediately after PNP (176 mg/ml)
exposure. Control ALBFs were exposed to 22Na or 14C-mannitol in the
absence of PNPs. Samples (100 ml) of lower-compartment fluid were
collected 24 hours after 22Na or 14C-mannitol instillation. Samples
(25 ml) were collected from upper-compartment fluid at 30 minutes and
24 hours for determination of upstream radioactivity. Radioactive
samples were mixed with 10 ml Ecoscint (National Diagnostics,

Atlanta, GA) and assayed with a b counter (Beckman Instruments,
Fullerton, CA). Papp was estimated from the relationship Papp 5 [A/
(S*Dt)]/Co, where A is amount of 22Na or 14C-mannitol in lower
compartment fluid, S is nominal surface area of ALBFs (1.13 cm2), Dt is
the length of time over which measurements are made and Co is 22Na
or 14C-mannitol concentration in upper compartment fluid.

Relative Hydrophobicity

Relative surface hydrophobicity of PNPs was evaluated with a protocol
modified from that of Muller and colleagues (29). Briefly, adsorption of
a hydrophobic dye, Rose Bengal (Sigma), to the surface of PNPs was
estimated as follows. Increasing concentrations of PNPs (total volume
of up to 75 ml) were mixed with 3 ml of Rose Bengal (150 mg) solution
in PBS. Samples containing Rose Bengal with or without PNPs were
then incubated for 5 hours with constant shaking (60 oscillations/min)
at 378C, followed by centrifugation for 50 minutes at 1,500 3 g (Sorvall
Legend RT Centrifuge; Thermo Fisher Scientific, Waltham, MA).
Centrifuged samples yielded a two-phase system in which the pelleted
PNPs with adsorbed Rose Bengal are in one phase, and the bulk
medium (or supernatant) represents the other phase. We measured
Rose Bengal in the supernatant at an absorption wavelength of 550 nm.
Standard curves were constructed using known concentrations of Rose
Bengal. The amount of Rose Bengal adsorbed to the surface of PNPs
was then calculated by subtracting the total amount of Rose Bengal in
the supernatant from the initial 150 mg. The partition coefficient of
Rose Bengal was calculated as the ratio of the amount of Rose Bengal
bound to the surfaces of PNPs to that found in corresponding
supernatant. The plot of partition coefficient against total surface area

Figure 1. Effects of EGTA on polystyrene nanoparticles (PNPs) trans-
location across rat alveolar epithelial cell monolayer (RAECM). (Panel A)

PNP (20 nm) (amidine-modified and carboxylate-modified) flux across

EGTA-treated and nontreated (control) RAECMs exposed to176 mg/ml

apical [PNPs] at time t 5 0 (n 5 6–9). (Panel B) Midsection confocal
photomicrographs of control RAECMs and RAECMs treated with 2 mM

EGTA exposed to 176 mg/ml apical [PNP] (100 nm; carboxylate-

modified in red) for 24 hours. Cell–cell borders (zonula occludens-1

staining) and nuclei (49,6-diamidino-2-phenylindole (DAPI) staining)
are seen as green and blue, respectively.
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of nanoparticles yielded a linear relationship, the slope of which was
used as a measure of relative PNP hydrophobicity.

Relative hydrophobicity of PNPs was also determined by the
microbial adhesion to hydrocarbon (MATH) test with laboratory-grade
decane (Sigma), using a protocol modified from Rosenberg (30). Samples
were prepared by adding 4 ml of PNP solution in water at a concentration

of 15 mg/ml to glass tubes containing 1 ml of decane. The tubes were
vortexed (VWR, West Chester, PA) for 2 minutes, followed by 15
minutes of phase separation. Relative hydrophobicity (% MATH) was
calculated as fraction of initial PNPs that partitioned into the decane
phase from the aqueous phase.

PNP Zeta Potential

PNP zeta potential was determined using a Zetasizer (Malvern,
Worcestershire, UK). The measurement cell (with built-in electrodes)
was filled with 1 ml of various PNPs suspended in water at 176 mg/ml
and loaded into the Zetasizer. Zeta potentials were estimated by
applying an electric field across the two electrodes.

Data Analysis

Data are presented as means 6SEM. Comparisons of multiple group
means, one-way or two-way analyses of variance, followed by post hoc
procedures based on modified Newman-Keuls tests, were performed
with GB-STAT v9.0 software (Dynamic Microsystems, Silver Spring,
MD). Student’s t tests were used for comparisons of two group means.
P , 0.05 was considered statistically significant.

RESULTS

Exposure of RAECM to 2 mM EGTA decreased Rt by greater
than 90% and greater than 95% at 2 and 24 hours, respectively.
Flux of 20 nm carboxylate- or amidine-modified PNPs (at apical
[PNPs] of 176 mg/ml) across RAECM was not significantly
different in the presence or absence of EGTA (Figure 1A).
Trafficking rates of positively charged PNPs were 20–40 times
those of negatively charged PNPs across RAECMs in the
presence or absence of EGTA. The fraction of initial apical
PNPs (20 nm, amidine- and carboxylate-modified) translocated
(apical-to-basolateral) after 24 hours was very low at less than 2
and 0.1% for positively and negatively charged PNPs, respec-
tively. Flux of amidine- or carboxylate-modified PNPs (20 nm)
was 2–3 times greater than flux of amidine- or carboxylate-
modified PNPs (100–120 nm), respectively, in agreement with
our recently published data (17). Flux of 100 or 120 nm PNPs
was similarly not different in the presence or absence of EGTA
(data not shown). Figure 1B shows confocal micrographs of
intracellular PNPs in RAECMs with and without exposure to
2 mM EGTA. PNPs are observed intracellularly under both
conditions, although some zonula occludens-1 rearrangement is
noted in the presence of EGTA.

Figure 2. Effects of endocytosis inhibitors on PNP (amidine-modified

and carboxylate-modified) flux across the RAECM. PNP flux was

measured in the presence and absence of methyl-b-cyclodextrin

(caveolin-mediated endocytosis inhibitor; Panel A (n 5 11–13)),
chlorpromazine or dansylcadaverine (clathrin-mediated endocytosis

inhibitors; Panel B (n 5 7–12)), latrunculin B or cyctochalasin D

(phagocytosis and macropinocytosis inhibitors; Panel C (n 5 8–9)),

and dynasore (dynamin inhibitor; Panel C (n 5 5)). FITC–cholera toxin
B (CTB) (50 mg/ml apical concentration; Panel A (n 5 5)) and Alexa

594–transferrin (500 mg/ml apical concentration; Panel B (n 5 6)) flux

across RAECMs was measured as positive control for caveolin- or

clathrin-mediated endocytosis, respectively. *Significantly less than
control; †significantly greater than control.

Figure 3. Effects of cationic polypeptides on 20 nm PNP (amidine-
modified and carboxylate-modified) and wheat germ agglutinin (WGA)

flux across RAECM. Flux was measured in the presence and absence of

protamine (n 5 5–8) or poly-l-lysine (n 5 5–10). *Significantly less than
control.
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Flux of carboxylate- or amidine-modified (20 nm) PNPs (at
apical [PNPs] of 176 mg/ml) across RAECM did not decrease
after monolayers were treated with methyl-b-cyclodextrin,
dansylcadaverine, chlorpromazine, latrunculin B, cytochalasin
D, or dynasore (Figure 2). Flux of amidine- or carboxylate-
modified PNPs (20 nm) at baseline was 58.68 66.53 and 2.34
(60.18) pg/cm2/s, respectively. Flux of amidine-modified
(120 nm) and carboxylate-modified (100 nm) PNPs similarly
did not decrease in the presence of these inhibitors (data not
shown). In contrast, flux of CTB decreased by 75% in the
presence of methyl-b-cyclodextrin (positive control, Figure 2A).
Flux of CTB across RAECMs at baseline was 2.15 61.08
pg/cm2/s. Transferrin flux decreased in the presence of dansyl-
cadaverine or chlorpromazine by approximately 75 and 85%,
respectively (positive control, Figure 2B). Flux of transferrin
across RAECMs at baseline was 35.93 69.53 pg/cm2/s. Flux of
either positively or negatively charged PNPs increased when

monolayers were pretreated with methyl-b-cyclodextrin (10–
200 mM). Additionally, flux of positively, but not negatively,
charged PNPs increased in the presence of dansylcadaverine.
Exposure to chlorpromazine (28 mM) and dansylcadaverine
(200 mM) did not change Rt over 24 hours (data not shown).
Methyl-b-cyclodextrin (10–200 mM), cyctochalasin D (10 mM),
and latrunculin B (20 mM) exposure decreased Rt by approx-
imately 40–65% over 24 hours (data not shown). Dynasore
(80 mM) exposure increased Rt approximately 50% over
24 hours (data not shown).

RAECM treatment with protamine or poly-l-lysine decreased
amidine-modified 20 nm PNPs and WGA flux and did not affect
carboxylate-modified PNPs (20 nm) flux (Figure 3). Flux of
amidine- and carboxylate-modified PNPs (20 nm) and WGA
across RAECM at baseline was 38.78 6 4.01, 1.29 6 0.07 and
36.4 6 6.39 pg/cm2/s, respectively. Similarly, RAECM exposure
to these polypeptides decreased amidine-modified 120 nm PNPs

10µm

Intensity 
Ch2

Intensity 
Ch3

Figure 4. Absence of colocalization of PNPs with CTB (Panels A and B), caveolin-1 (Panels C and D) and clathrin heavy chain (Panels E and F). In A

and E, midsection confocal photomicrographs show noncolocalization of internalized PNPs (100 nm, carboxylate-modified, red) with Alexa 488-CTB
(green; Panel A) or clathrin heavy chain (green; Panel E) in RAECM after 1 hour of apical exposure. In C, the midsection confocal photomicrograph

shows noncolocalization of internalized PNPs (120 nm, amidine-modified, green) with caveolin-1 (red) in RAECM after 1 hour of apical exposure. The

profiling paths (yellow arrows) on the confocal images (A, C, and E) were translated into the corresponding intensity profile maps for PNPs (red in

Panels B and F; green in Panel D), CTB (green in Panel B), caveolin-1 (red in Panel D), or clathrin heavy chain (green in Panel F). Each channel in B, D,
and F shows peaks of fluorescence intensity, and corresponds to locations where PNPs, CTB, caveolin-1, or clathrin heavy chain were present.
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flux and did not decrease carboxylate-modified 100 nm flux (data
not shown). Although RAECM exposure to these polypeptides
decreased amidine-modified PNP flux, trafficking rates of
amidine-modified PNPs remained 10–15 times those of similarly
sized carboxylate-modified PNPs. RAECM treatment with poly-
l-lysine (1 mM) or protamine (1 mM) decreased Rt up to 80%
over 24 hours of exposure (data not shown).

We investigated colocalization of PNPs with CTB, caveolin-1
or clathrin heavy chain by CLSM (Figure 4). Carboxylate-
modified PNPs (100 nm) did not colocalize with Alexa 488-CTB
(Figures 4A and 4B), caveolin-1 (data not shown) or clathrin
heavy chain (Figures 4E and 4F) in RAECM after 1 hour of
apical exposure. Amidine-modified PNPs (120 nm) did not
colocalize with Alexa 594-CTB (data not shown), caveolin-1
(Figures 4C and 4D) or clathrin heavy chain (data not shown)
after 1 hour of apical exposure.

Figure 5 shows lack of colocalization of amidine-modified
PNPs (120 nm) and EEA1 (Figures 5A and 5B) or WGA
(Figures 5C and 5D). Similar lack of colocalization of EEA1 or
WGA with carboxylate-modified PNPs (100 nm) was observed
(data not shown). WGA highly colocalized with EEA1 after
1 hour of exposure (positive control, Figures 5E and 5F).
Similarly, CTB showed strong colocalization with EEA1 after
1 hour of exposure (data not shown). These data in aggregate,
revealing no effect of endocytosis inhibitors on PNP flux and
absence of colocalization of PNPs with EEA1, caveolin-1,
clathrin heavy chain, CTB and WGA, are all consistent with

the conclusion that PNP transport is not mediated by the major
known endocytosis pathways.

Table 1 summarizes relative hydrophobicity of amidine-
modified (20 and 120 nm) and carboxylate-modified (20 and
100 nm) PNPs, as estimated by Rose Bengal distribution and
MATH test, and PNP zeta potentials in water. Amidine-
modified PNPs (20 or 120 nm) were relatively much more
hydrophobic than carboxylate-modified PNPs (20 or 100 nm).

Figure 6 shows PNP (carboxylate-modified (20 and 100 nm)
and amidine-modified (20 and 120 nm)) trafficking rates across
RAECMs and ALBFs over 24 hours at [PNPs] of 176 mg/ml in
the apical (upper) fluid. Trafficking rates for positively charged
(amidine-modified) PNPs are 20–40 times greater than those for
comparably-sized negatively charged (carboxylate-modified)
PNPs across both RAECMs and ALBFs. Smaller (20 nm) PNPs
were transported approximately two- to three-times faster than
larger (100 or 120 nm) PNPs with similar net surface charge
density across both RAECMs and ALBFs. Translocation of
PNPs across RAECMs was two- to three-times faster than that
across ALBFs.

Efflux of 5-CFDA from AECs into apical fluid in the
presence or absence of RAECM exposure to amidine- or
carboxylate-modified PNPs (176 mg/ml; 20, 100, or 120 nm) or
0.1% TX-100 (positive control) is summarized in Table 2. At 30
minutes or 2 hours (data not shown) after RAECM exposure,
DF in the presence of TX-100 was significantly higher than that
in the presence or absence of PNPs. No significant differences in
DF were seen in the presence and absence of PNPs. Papp of 22Na
or 14C-mannitol measured in the presence and absence of
exposure of ALBFs to amidine- or carboxylate-modified PNPs
(176 mg/ml; 20 nm) are summarized in Table 3. Papp of neither
22Na nor 14C-mannitol was altered by PNP (20 nm) exposure.
Similarly, Papp of 14C-mannitol in the presence and absence of
amidine- or carboxylate-modified PNPs (176 mg/ml; 120 or 100
nm) did not change significantly (data not shown). These data
suggest that PNP translocation across RAECMs or ALBFs does
not create pathways in the lipid bilayer of cell plasma mem-
branes that allow enhanced transport of small ions/molecules.

DISCUSSION

In this study, we demonstrate that PNPs are translocated across
RAECMs in the apical-to-basolateral direction transcellularly,
primarily via nonendocytic pathways. Our data indicate no
change in PNP trafficking rates or pathways after RAECM
exposure to EGTA. We did not observe decreased PNP
trafficking rates after exposure to inhibitors of the major known
endocytosis pathways, consistent with the lack of colocalization
between PNPs and early endosome marker (EEA1), caveolin-1,
clathrin heavy chain, CTB, or WGA. PNP trafficking of
positively charged PNPs was 20–40 times that of negatively
charged PNPs across both RAECMs and ALBFs, whereas
trafficking rates across RAECMs were 2–3 times faster than
those across ALBFs. These data suggest that PNPs translocate
primarily transcellularly across RAECMs, but not via known
major endocytic pathways, possibly by direct interaction with
the lipid bilayer of cell plasma membranes.

In general, nanoparticles may be taken up into cells (and
perhaps eventually transcytosed) via endocytosis (31). There
are also nonendocytic mechanisms by which nanoparticles may
enter and traffic across cell monolayers: across paracellular
pathways (tight junctions), through ‘‘holes’’ (or defects) in the
plasma membrane, or by passive or facilitated diffusion across
the plasma membrane. It has been shown that hydrophilic
solutes (Stokes-Einstein radii, ,6 nm) may passively translocate
by restricted diffusion via paracellular pathways (32, 33).

Figure 4. (continued )
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Several reports on passive diffusion of hydrophilic solutes in
many epithelial barriers indicate that paracellular pathways can
be modeled to have equivalent water-filled pores, the radii of
which range from 5 to 6 nm (33). It is reasonable to predict that
nanoparticles of less than 10 nm may diffuse from airspaces
between epithelial cells into interstitium (and eventually reach-
ing the systemic circulation), while particles of greater than 10
nm are expected to be excluded from tight junctions under
normal conditions. However, if specific nanoparticles affect the
epithelial barrier so as to open junctions between epithelial
cells, nanoparticle diffusion via such altered tight junctions
could be increased. Treatment with EGTA increases the
equivalent pore size of tight junctions in epithelia and increases
permeability of mannitol (180 Da (z0.82 nm)) and dextran (2
KDa (z2.22 nm), 4 KDa (z2.8 nm), or 12 KDa (4.03 nm)) (34,
35). Trafficking rates of PNPs used in this study (20 and 100 nm)
did not increase in the presence of EGTA. Confocal micro-
graphs of RAECMs exposed to EGTA confirm the presence of
PNPs inside cells and not in cell–cell junctions. Because
relatively high PNP concentrations were used, presumably some
agglomeration occurred in culture media and/or within cells.
However, the fact that 20 nm PNPs traffic 2–3 times faster than
100 to 120 nm PNPs with similar surface charge across

RAECMs, as well as across ALBFs, suggests that individual
PNPs were likely the predominant form by which uptake/
trafficking takes place. These results indicate that PNPs cross
RAECMs transcellularly, both in the presence and absence of
EGTA.

The lung is richly endowed with caveolae, especially in ATI
cells (23). The most effective way to disrupt caveolar function is
with sterol-binding drugs that sequester cholesterol (a prom-
inent component of lipid rafts involved in caveolae formation),
including methyl-b-cyclodextrin (23). Methyl-b-cyclodextrin
markedly decreases CTB flux, while increasing PNP (20, 100,
or 120 nm, carboxylate- or amidine-modified) flux across
RAECMs. Cholesterol depletion due to pretreatment of mono-
layers with methyl-b-cyclodextrin may have led to increased
membrane fluidity and resultant increases in PNP flux (36).
Carboxylate-modified PNPs (24 nm) are taken up at a higher
rate into HeLa cells in the presence of methyl-b-cyclodextrin
(37), suggesting that cholesterol depletion may increase cellular
entry via pathways that are less readily available under normal
conditions. Dausend and colleagues (38) recently demonstrated
that cholesterol depletion does not decrease positively or
negatively charged PNP (120 nm) uptake into Hela cells. We
did not observe colocalization between PNPs and CTB or
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Figure 5. Absence of colocalization of PNPs with early endosome antigen–1 (EEA1) (Panels A and B) or WGA (Panels C and D). Midsection confocal

photomicrographs show noncolocalization of internalized PNPs (120 nm, amidine-modified, green) with EEA1 (red in Panel A) or WGA (red in Panel
C) in RAECM after 1 hour of apical PNP exposure. In E, the midsection confocal micrograph shows colocalization of WGA (red) with EEA1 (green) in

RAECM after 1 hour of apical WGA exposure. The profiling paths (yellow arrows) on the confocal images (A, C, or E) were translated into the

corresponding intensity profile maps for PNPs (green in Panels B and D), EEA1 (red in Panel B and green in Panel F), or WGA (red in Panels D and F).

Green and red channels show peaks of fluorescence intensity, and correspond to locations where PNPs, EEA1, or WGA were present. Each channel in
B, D, and F show peaks of fluorescence intensity, and corresponds to locations where PNPs, EEA1, or WGA were present.
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caveolin-1, confirming our flux measurements and indicating
that PNPs do not use the caveolin-mediated endocytosis
pathway in RAECMs. Since caveolin-1 expression and caveolar
biogenesis are prominent in ATI but not in ATII cells (39),
similar transport rates of PNPs across ATII and ATI cell-like
RAECMs (17) is consistent with the conclusion that PNPs do
not use caveolin-mediated endocytosis. Kemp and colleagues
(40) recently showed that human ATI and ATII-like cells both
take up positively and negatively charged PNPs (50 nm) without
utilizing the caveolin-mediated pathway although, in their

studies, a significant difference in rate of PNP uptake in type
I and II cells was noted.

In clathrin-mediated endocytosis, cargo is recognized by
adapter protein complexes that in turn recruit a clathrin coat
with the help of other effector proteins. Internalization is
followed by uncoating of clathrin and fusion of vesicles with
other endosomal membranes. Dansylcadaverine or chlorprom-
azine are two inhibitors of clathrin-dependent endocytosis (20–
22). Chlorpromazine causes clathrin and AP-2 to relocate to
multivesicular bodies and, by relocating clathrin-coated pits,
inhibits clathrin-mediated endocytosis (22). The mechanism of
action of dansylcadaverine is not fully understood. Some
evidence indicates that dansylcadaverine inhibits receptor traf-
ficking at a step proximal to the formation of endocytic vesicles
(20) and inhibits formation of clathrin-coated pits. Since
RAECM exposure to chlorpromazine or dansylcadaverine
leads to a decrease in transferrin flux but no decrease in
amidine- or carboxylate-modified PNP (20, 100 or 120 nm) flux
and absence of PNP colocalization with clathrin heavy chain by
CLSM, we conclude that PNPs do not use the clathrin-mediated
endocytosis pathway.

Dynamin is a GTP-dependent enzyme that wraps around
invaginations of the cell membrane as a coil-like structure
during the budding process in endocytosis, constricting the neck
by GTP hydrolysis and thereby pinching off the vesicle.
Dynamin is known to be involved in different endocytic pro-
cesses, including clathrin- and caveolin-mediated endocytosis.
Our results utilizing dynasore revealed no change in PNP
flux, suggesting PNP transport across RAECMs is a dynamin-
independent process. Dausend and colleagues (38) showed that
positively and negatively charged PNP (120 nm) transport
across HeLa cells is dynamin dependent. These data and other
reports on PNP trafficking across epithelial barriers (40, 41)
indicate that mechanisms of PNP transport are both cell type–
specific and dependent on the physicochemical properties of
PNPs.

Macropinocytosis is a nonspecific internalization mechanism
that is inhibited by F-actin disruption by targeting agents such
as cyctochalasin D and latrunculin B (21). Phagocytosis is
associated with uptake in macrophages and dendritic cells, but
can be induced in most cells by expression of the requisite
receptors (42). There have been a few reports of ATI and ATII
cell phagocytosis (43). Phagocytosis also relies on the actin
cytoskeleton (21). Our results show that RAECM exposure
to cyctochalasin D or latrunculin B did not decrease PNP
(amidine- or carboxylate-modified, 20, 100, or 120 nm) flux,
suggesting that PNP transport across RAECMs does not use the
macropinocytosis or phagocytosis pathways. The absence of
PNP colocalization with early endosome marker, EEA1, con-
firms that PNP trafficking does not use known endocytosis
pathways. Geiser and colleagues (44) also demonstrated that F-
actin disruption does not decrease PNP uptake into porcine
lung macrophages, consistent with a nonendocytic uptake
mechanism.
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Figure 5. (continued )

TABLE 1. RELATIVE HYDROPHOBICITY AND ZETA POTENTIAL OF CARBOXYLATE- AND
AMIDINE-MODIFIED POLYSTYRENE NANOPARTICLES

Relative Hydrophobicity Hydrophobicity Zeta Potential in Water

PNPs (mm-2 3 10214) (% MATH) (mV)

20 nm (amidine-modified) 37,700 6 2,152 44 6 10 71 6 7

120 nm (amidine-modified) 2,000 6 707 51 6 2 67 6 12

20 nm (carboxylate-modified) 73 6 11 3 6 1 45 6 19

100 nm (carboxylate-modified) 33 6 41 0 53 6 11

Definition of abbreviations: MATH, microbial adhesion to hydrocarbon; PNPs, polystyrene nanoparticles.
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Because of the net negative charge of cell plasma mem-
branes (e.g., due to glycoproteins/glycosphingolipids), nonspe-
cific interaction of some cationic peptides/ligands with cell
membranes could lead to nonspecific adsorptive endocytosis
(27). Adsorptive endocytosis is initiated by nonspecific physical
adsorption to the cell surface by electrostatic forces, followed by
invagination of the local plasma membrane, to form intracellu-
lar vesicles. Because specific receptors are not required, ad-
sorptive endocytosis mainly relies on size and surface properties
of the adsorbed material and the cell surface areas available
(45). Polycationic substances, such as protamine or poly-l-
lysine, have been shown to compete with cationic peptides/
particles for cell membrane binding, and inhibit their uptake in
different cell types (26, 27). Our data show that exposure to
poly-l-lysine or protamine causes significant decreases (30–
50%) in amidine-modified PNP (20 or 120 nm) flux, although
the flux ratio of positively charged to negatively charged PNPs
remains high (z10–15 times). These data, together with those
showing absence of intracellular colocalization of PNPs and
EEA1 or WGA, suggest that neither amidine-modified nor carbox-
ylate-modified PNP transcytosis occurs via adsorptive endocytosis.

Computer simulation modeling and experimental evi-
dence have indicated that increased (nano)particle surface
hydrophobicity increases uptake rates into cells (29, 46–48).
Amidine-modified PNPs are relatively much more hydrophobic
than carboxylate-modified PNPs, suggesting that the higher
rate of trafficking of amidine-modified PNPs compared with
carboxylate-modified PNPs across RAECMs and ALBFs may
be related to their relative hydrophobicities.

‘‘Holes’’ (or defects) in lipid bilayers have been reported to
be created by interactions of certain classes of nanoparticles
with lipid components of cell membranes (49, 50). The term
‘‘hole’’ can refer to a wide range of structural changes in the
plasma membrane, including formation of a transient opening,
or slight changes in content of the membrane, leading to
enhanced diffusion (51). Cationic polymeric nanoparticles
(e.g., poly(amidoamine) dendrimers), in particular, were
reported to create relatively large holes (z10–40 nm) in lipid
bilayers, allowing enhanced uptake of nanoparticles and leak-
age of cellular enzymes (e.g., lactate dehydrogenase) (49, 50). In
contrast, it has been shown previously that some macromole-
cules/nanoparticles can penetrate the plasma membrane with-

0

40

80

-001+021-02+02

F
lu

x 
( 

pg
 /

s 
/c

m
 2  )

RAECM ALBF

120 nm 
(HNC,NH2+)

20 nm 
(COO- )

20 nm 
(HNC,NH2+)

100 nm 
(COO- )

* † #‡*

*

*

#

#

Figure 6. Positively (amidine-modified, 20 and 120 nm) and negatively (carboxylate-modified, 20 and 100 nm) charged PNP flux across RAECM
and artificial lipid bilayers on filters (ALBFs). Monolayers were exposed to 176 mg/ml apical PNPs at time 0 (n 5 6–13). *Significantly less than

positively charged 20 nm PNP flux across RAECM; #significantly less than positively charged 20 nm PNP flux across ALBFs; †significantly less than

positively charged 120 nm PNP flux across RAECM; ‡significantly less than positively charged 120 nm PNP flux across ALBFs.

TABLE 2. EFFLUX OF 5-CARBOXYFLUORESCEIN DIACETATE FROM RAT ALVEOLAR EPITHELIAL CELL MONOLAYERS

PNP

20 nm 100 nm
Negative Control Positive Control

DF (Amidine-modified) (Carboxylate-modified) (Amidine-modified) (Carboxylate-modified) (No PNP) (0.1% TX-100)

30 min 3.1 6 0.8 2.1 6 1.0 1.5 6 0.7 2.7 6 1.2 3.8 6 0.9 23.9 6 7.3*

Definition of abbreviations: DF, efflux of 5-carboxyfluorescein diacetate; PNP, polystyrene nanoparticles; TX-100, Triton X-100.

Effects of rat alveolar epithelial cell monolayer exposure to apical PNP (176 mg/ml) on 5-carboxyfluorescein diacetate leakage into apical fluid after 30 minutes (DF). DF

values are shown as means 6SEM (n 5 6). No significant differences in DF in the presence or absence of PNPs were seen.

* Significantly greater than DF in the presence or absence of PNP.
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out membrane poration (52, 53). PNPs did not promote leakage
of 5-CFDA from RAECMs, whereas mannitol and sodium
permeability across ALBFs did not change in the presence or
absence of PNPs, indicating that PNP transport does not create
transient ‘‘holes’’ (or defects) in plasma membranes, and
suggesting that PNPs directly interact with the lipid bilayer of
plasma membranes.

In conclusion, we have shown that PNP translocation across
RAECMs takes place primarily through transcellular pathways
that do not appear to involve endocytosis. Higher trafficking
rates of amidine-modified PNPs compared with carboxylate-
modified PNPs are dependent on their surface charge and/or
relative hydrophobicity, suggesting that direct interactions be-
tween PNPs and cell membranes may be the predominant
mechanism for PNP internalization from apical fluid into pneu-
mocytes, and eventual transfer to basolateral fluid. Our data are
most consistent with translocation of PNPs by direct penetration
through the lipid bilayer of cell plasma membranes without
membrane poration. Findings from these studies provide further
insight into nanomaterial uptake into cells, and may help lead to
new approaches to drug/gene delivery to lung epithelial cells
after nanoparticle inhalation.
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