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Abstract
Studies of polystyrene nanoparticle (PNP) trafficking across mouse alveolar epithelial cell
monolayers (MAECM) show apical-to-basolateral flux of 20 and 120 nm amidine-modified PNP
is ~65 times faster than that of 20 and 100 nm carboxylate-modified PNP, respectively. Calcium
chelation with EGTA has little effect on amidine-modified PNP flux but increases carboxylate-
modified PNP flux ~50-fold. PNP flux is unaffected by methyl-β-cyclodextrin while ~70%
decrease in amidine- (but not carboxylate-) modified PNP flux occurs across chlorpromazine- or
dynasore-treated MAECM. Confocal microscopy reveals intracellular amidine- and carboxylate-
modified PNP and association of amidine- (but not carboxylate-) modified PNP with clathrin
heavy chain. These data indicate (1) amidine-modified PNP translocate across MAECM primarily
via clathrin-mediated endocytosis and (2) physicochemical properties (e.g., surface charge)
determine PNP interactions with mouse alveolar epithelium. Uptake/trafficking of nanoparticles
into/across epithelial barriers are dependent on both nanoparticle physicochemical properties and
(based on comparison with our prior results) specific epithelial cell type.
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Background
Inhalation of nanoparticles (NP; ≤ 100 nm at least in one dimension), including ambient
ultrafine particles (i.e., overlapping size range with NP), are thought to be associated with
cardiac arrhythmias, atherogenesis, clotting disorders and other health effects [1–3]. Inhaled
NP have been found in liver, blood vessels, heart and other end organs [4–6]. The most
likely route by which inhaled NP enter the systemic circulation is across the lung alveolar
epithelium with its large surface area (~100 m2 in human) and thin barrier thickness (~0.5
µm). Potential mechanisms for the pathophysiologic effects of inhaled NP remain largely
speculative, but could include lung inflammation with subsequent effects on end organs and/
or direct interactions of systemically circulating NP with end organs [7, 8]. Concerns about
the health risks of NP [9–11], and interest in the use of NP for therapeutic applications [12–
14], require better understanding of interactions (injury, uptake and trafficking) of inhaled
NP with lung alveolar epithelium.

Distal airspaces of the lung are lined with alveolar epithelial type I (ATI) and type II (ATII)
cells. ATI cells cover ~95% of the distal airspaces of the normal mammalian lung with
extremely thin cytoplasmic extensions which are thought to facilitate efficient gas exchange
and alveolar fluid homeostasis [15]. ATII cells also participate in alveolar fluid balance and
secrete surfactants which enhance spreading of inhaled particles in alveolar airspaces [16–
19]. ATII cells are known to undergo morphologic [19] and phenotypic [20] transition into
ATI(-like) cells in primary culture. Due to the complex anatomy of the lung, specific
mechanistic information pertaining to alveolar epithelial barrier properties and trafficking
characteristics of macromolecules/NP is difficult to obtain from in vivo studies alone.
Accordingly, alveolar epithelial cell monolayers in primary culture have been widely used
[21, 22] as a representative in vitro model of the alveolar epithelial barrier. For example, we
recently reported trafficking properties of polystyrene NP (PNP) with variable size and
surface charge across primary cultured rat alveolar cell monolayers (RAECM) [23, 24]. In
brief, translocation of 20–120 nm PNP across RAECM is dependent on both surface charge
density and size, in that (a) flux is ~20–40 times greater for positively charged PNP than
negatively charged PNP of similar size and (b) larger PNP (100 or 120 nm) cross RAECM
~3–4 times slower than smaller PNP (20 nm) with similar surface charge [24]. PNP appear
to be translocated across RAECM via nonendocytic transcellular pathways, possibly
involving diffusion across the lipid bilayer of cell plasma membranes [23].

In this study, primary cultured mouse alveolar epithelial cell monolayers (MAECM) were
utilized to explore species-specific properties of PNP interactions with alveolar epithelium,
especially in comparison to our prior findings with RAECM. Fluxes of amidine-modified
(positively charged, 20 and 120 nm) PNP and carboxylate-modified (negatively charged, 20
and 100 nm) PNP were measured across MAECM in the presence and absence of inhibitors
of endocytic (caveolin-, clathrin-, and dynamin-mediated) processes. Similarities and
differences between PNP interactions with MAECM and our prior findings with RAECM
were examined.
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Methods
Nanoparticles

Fluorescently labeled polystyrene nanoparticles (PNP) were purchased from Thermo Fisher
Scientific (Waltham, MA). Carboxylate-modified (COO−, negatively charged, 20 and 100
nm diameter with surface charge of −304.3 and −320.0 µEq/g, respectively) and amidine-
modified (HNC-NH2

+, positively charged, 20 and 120 nm with surface charge of 80.2 and
39.7 µEq/g, respectively) PNP were used. Excitation/emission wavelengths for carboxylate-
and amidine-modified PNP are 580/605 and 490/515 nm, respectively.

MAECM
Detailed descriptions for isolation of ATII cells from 129S6/SvEv mice (Taconic,
Germantown, NY) and primary culture of mouse alveolar epithelial cells were recently
published [25]. Handling of mice and in vitro procedures were approved by the University
of Southern California Institutional Animal Care and Use Committee. In brief, after mice
were anesthetized with pentobarbital sodium (400 mg/kg ip; Ovation Pharmaceuticals,
Deerfield, IL), the abdominal cavity was opened and the animal exsanguinated. Lungs were
perfused and lavaged in situ with phosphate-buffered saline (PBS, pH 7.4). Dispase (BD
Bioscience, Bedford, MA) was instilled into lungs via the trachea (cannulated with a 20-
gauge barrel-tip needle), followed by 0.5 mL of 1% low melting point agarose (Sigma, St.
Louis, MO). Enzyme-treated lungs were excised and incubated with dispase for 45 min at
room temperature. Lungs were dissected and chopped into a 1:1 mixture of Dulbecco’s
modified Eagle’s medium and Ham’s F-12 (DME/F-12; Sigma) supplemented with 0.01%
DNase (Roche, Basel, Switzerland), 1 mM L-glutamine (Sigma), 10 mM N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES; Sigma), 0.1 mM nonessential
amino acids (Sigma), and 0.2% Primocin (Invitrogen, San Diego, CA), followed by passage
through a series of Nitex filters (100, 40, 20, and 10 µm; Tetko, Elmsford, NY). After
centrifugation, macrophages and erythrocytes were removed from the crude cell mixture by
incubation with biotinylated antibodies (anti-CD45, anti-Ter 119 and anti-CD16/32; BD
Biosciences) diluted in medium containing 10% fetal bovine serum (FBS; Hyclone, Thermo
Scientific, Rockford, IL), followed by positive selection with streptavidin-conjugated
magnetic beads (Promega, Madison, WI). The partially purified cell mixture was incubated
for 2 h at 37°C on Petri dishes precoated with mouse IgG (Sigma). Nonadherent alveolar
epithelial cells were collected from IgG plates and resuspended in complete mouse medium
(CMM), consisting of DMEM/F-12 supplemented with 1 mM L-glutamine, 0.1 mM
nonessential amino acids, 10 mM HEPES, 0.25% bovine serum albumin (BSA; BD
Bioscience), 0.05% insulin-transferrin-sodium selenite (Roche) and 0.2% Primocin. Tissue
culture-treated polycarbonate filters (Transwell, 0.4 µm pore size, 1.13 cm2, Corning Costar,
Cambridge, MA) were precoated with 1 µg/mL laminin 5 (Chemicon, Billerica, MA) for 1 h
at room temperature. Purified mouse ATII cells in CMM supplemented with 10% newborn
bovine serum (Thermo Scientific) were plated onto these filters at 7.5×105 cells/cm2. Cell
culture medium was replaced with serum-free CMM 3 days after plating and every other day
thereafter. Monolayers were maintained in a humidified 5% CO2 + 95% air incubator at
37°C. A rapid screening device (Millicell-ERS; Millipore, Bedford, MA) was used to
monitor transmonolayer resistance (Rt) and potential difference (PD) on day 3 in culture and
onward. Confluent MAECM were studied on days 5–6 (Rt ~2 KΩ·cm2 and PD ~10 mV).

Apical-to-basolateral PNP flux
To measure rates of PNP trafficking across MAECM, apical fluid was replaced at t = 0 with
fresh culture medium containing various PNP. Apical-to-basolateral flux (J) of PNP at 37°C
was estimated from PNP appearing in basolateral fluid over 24 h using SpectraMax M2
(Molecular Devices, Sunnyvale, CA). Apical [PNP] was determined at t = 0 and at the end
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of flux measurements. We used an apical concentration of 176 µg/mL PNP to ensure reliable
downstream fluorometric measurements for all PNP studied [24]. [PNP] was calculated
using standard curves generated from known concentrations of PNP suspended in culture
medium. Flux was calculated as J = (CV)/S/Δt, where C is [PNP] in basolateral fluid at Δt,
V is basolateral fluid volume, S is nominal surface area of monolayer (1.13 cm2) and Δt is
length of time for flux measurement.

To determine if decreased tight junctional resistance leads to increased trafficking, flux of
various PNP was measured in the presence of 2 mM EGTA (Sigma). Monolayers were
pretreated with EGTA for 30 min, after which apical fluid was replaced at t = 0 with fresh
culture medium containing various PNP at 176 µg/mL and 2 mM EGTA. During the flux
measurements, 2 mM EGTA was present in both apical and basolateral fluids of MAECM.
Bioelectric properties (i.e., PD and Rt) were monitored during EGTA experiments.

To explore mechanisms of PNP uptake into and translocation across MAECM, effects of
inhibition of lipid raft-mediated (including caveolin-mediated) endocytosis were evaluated
using methyl-β-cyclodextrin (MBC) [23, 26–29], chlorpromazine was employed for
inhibition of clathrin-mediated endocytosis [23, 29, 30] and dynasore was used to inhibit
dynamin-dependent (including both clathrin- and caveolin-mediated) endocytosis [23, 27,
29]. MAECM were bathed on both sides with culture medium containing 200 µM MBC
(Sigma), 28 µM chlorpromazine (Sigma) or 80 µM dynasore (Sigma) for 30 min prior to
replacing apical fluid at t = 0 with fresh culture medium containing both 176 µg/mL of
various PNP and respective specific endocytosis inhibitors. During flux measurements, the
endocytosis inhibitor was present in both apical and basolateral fluids of MAECM. As
positive control, flux of FITC-cholera toxin subunit B (CTB; Sigma), which in many cell
types has been shown to be transported via caveolin-mediated endocytosis [23], was
measured at 2 h in the presence or absence of 200 µM MBC with an apical [CTB] of 50 µg/
mL.

Immunofluorescence and confocal laser scanning microscopy (CLSM)
MAECM were exposed apically to 176 µg/mL amidine-modified (positively charged, 120
nm) or carboxylate-modified (negatively charged, 100 nm) PNP at 37°C for 24 h. Exposed
monolayers were washed 3 times with ice-cold PBS (pH 7.2) and fixed in 3.7%
formaldehyde (J.T. Baker, Phillipsburg, NJ) at room temperature for 15 min. Fixed
monolayers were permeabilized with 0.5% Triton X-100 (TX-100, Bio-Rad, Hercules, CA)
for 15 min at room temperature, followed by rinsing with PBS and blocking with 5% BSA
and 0.2% TX-100 in PBS for 1 h at room temperature. Blocked monolayers were incubated
with a rabbit antibody against zonula occludens-1 (ZO-1, Zymed Laboratories, San
Francisco, CA) diluted (1:100) with 1% BSA in PBS for 1 h at 37°C. Monolayers were then
incubated with a goat anti-rabbit antibody conjugated to Alexa 594 or Alexa 488
(Invitrogen) diluted 1:100 with 1% BSA in PBS at 37°C for 1 h, rinsed with PBS and
mounted on microscope slides with mounting medium (containing the nuclear staining dye
4',6-diamidino-2-phenylindole (DAPI) (Vector, Burlingame, CA)). Distributions of PNP in
MAECM were acquired with a Zeiss confocal laser scanning microscope (510 Meta NLO
CLSM imaging system, Jena, Germany) equipped with argon and red/green HeNe lasers
mounted on a vibration-free table and attached to an incubation chamber.

In some experiments, MAECM were pretreated with EGTA (2 mM) for 30 min prior to
apical exposure for 24 h to amidine-modified (positively charged, 120 nm) or carboxylate-
modified (negatively charged, 100 nm) PNP at 176 µg/mL in the presence of both apical and
basolateral 2 mM EGTA, followed by CLSM. These EGTA-treated and PNP-exposed
MAECM were processed as above for non-EGTA treated and PNP-exposed MAECM.
Distributions of PNP in these EGTA-treated MAECM were studied by CLSM as above.
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To determine if PNP colocalize with clathrin heavy chain, MAECM exposed apically to
amidine-modified (positively charged, 120 nm) or carboxylate-modified (negatively
charged, 100 nm) PNP at 176 µg/mL for 2 h were fixed and permeabilized with ice-cold
ethanol at −20°C for 5 min. Monolayers were then blocked with 5% BSA and 0.2% TX-100
in PBS at room temperature for 1 h. Blocked monolayers were incubated with mouse
antibody against human clathrin heavy chain (BD Biosciences) diluted 1:100 with 1% BSA
in PBS for 1 h at 37°C, washed thrice with PBS, and incubated with a secondary antibody
(goat anti-mouse antibody labeled with Alexa 488 or Alexa 594) diluted 1:100 with 1%
BSA in PBS for 1 h at 37°C. Monolayers were then rinsed with PBS and mounted on
microscope slides with mounting medium containing DAPI. Colocalization of PNP with
clathrin heavy chain was studied by CLSM as above. As negative controls, monolayers not
exposed to PNP or those incubated only with a primary or secondary antibody were
similarly processed and imaged by CLSM.

Data analysis
Data are presented as mean ± standard error (n = total number of MAECM). Unpaired
Student’s t-tests were performed for comparisons of two group means. One-way analysis of
variance followed by post-hoc tests based on modified Newman-Keuls procedures was
performed to determine differences among means of ≥3 groups. P<0.05 was considered
statistically significant.

Results
Figure 1 shows flux of amidine-modified (positively charged, 20 and 120 nm) and
carboxylate-modified (negatively charged, 20 and 100 nm) PNP across MAECM with apical
[PNP] of 176 µg/mL. Trafficking of 20 and 100 nm negatively charged PNP are not
significantly different. Trafficking of 20 and 120 nm positively charged PNP are also not
significantly different, but each is ~65 times faster than trafficking of 20 and 100 nm
negatively charged PNP.

Rt of MAECM decreased >95% in the presence of 2 mM EGTA (which chelates free Ca2+)
in both apical and basolateral fluids. Flux of amidine-modified PNP (positively charged, 20
and 120 nm) across MAECM was not significantly changed in the presence of EGTA, while
flux of 20 and 100 nm carboxylate-modified PNP across MAECM was markedly increased
by ~60 and ~40 fold, respectively (Figure 2).

Figure 3 shows flux of amidine-modified PNP (positively charged, 20 and 120 nm) in the
presence and absence of 200 µM MBC, 28 µM chlorpromazine or 80 µM dynasore. No
decrease was seen in flux of positively or negatively charged PNP in the presence of 200 µM
MBC, as depicted in Figure 3 and Supplementary Table S1. In contrast, flux of CTB
(positive control) decreased ~98% (from control flux of 20.72 ± 3.06 (n=6) pg/s/cm2) in the
presence of MBC (Figure 3). Rt of MAECM treated with MBC decreased ~5% compared to
that of control monolayers. In contrast, flux of amidine-modified (positively charged, 20 and
120 nm) PNP decreased ~60–80% in the presence of chlorpromazine or dynasore compared
to respective controls. Fluxes of carboxylate-modified (negatively charged, 20 and 100 nm)
PNP did not decrease in the presence of chlorpromazine or dynasore (Supplementary Table
S1), while Rt of MAECM treated with chlorpromazine or dynasore decreased ~30%
compared to that of control monolayers.

Confocal photomicrographs of MAECM exposed apically to 176 µg/mL PNP (amidine-
(positively charged) 120 nm or carboxylate-modified (negatively charged) 100 nm) for 24 h
are shown in Figure 4A–B. Both negatively and positively charged PNP are observed
intracellularly.
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Figures 5A–B show confocal micrographs of MAECM exposed to 176 µg/mL PNP (120 nm
amidine-modified (positively charged) and 100 nm carboxylate-modified (negatively
charged)) in the presence of 2 mM EGTA after 24 h. Association of a few carboxylate (but
not amidine)-modified PNP with cell-cell junctions of MAECM treated with EGTA may be
seen (arrows in panel B).

Figure 6A shows intracellular amidine-modified PNP (positively charged, 120 nm) and
clathrin heavy chain after 1 h exposure of MAECM to apical [PNP] of 176 µg/mL. Along
the profiling path marked with the white arrow (Figure 6A), corresponding intensity profiles
for both PNP (green curve in Figure 6B) and clathrin heavy chain (red curve in Figure 6B)
using CLSM software were generated. These data, while consistent with intracellular co-
localization of PNP and clathrin, are not conclusive because of the diffuse nature of
cytoplasmic clathrin fluorescence.

Discussion
This study demonstrates that translocation of PNP across MAECM under baseline
conditions occurs transcellularly in a manner strongly dependent on nanoparticle surface
charge. Moreover, positively (but not negatively) charged PNP traverse MAECM via a
clathrin-mediated pathway. Strikingly, decreasing tight junctional resistance of MAECM
with calcium chelation causes drastic increases in paracellular translocation of negatively
(but not positively) charged PNP. As discussed further below, comparison with our prior
reports on PNP trafficking across RAECM [23, 24] and Madin Darby canine kidney
epithelial cell monolayers (MDCK-II) [27] suggests that mechanisms of PNP trafficking
across epithelial barriers is highly cell type- and species-dependent.

We previously reported that cationic PNP (amidine-modified (positively charged)) are
translocated ~40 and ~500 times faster than anionic PNP (carboxylate-modified (negatively
charged)) across RAECM and MDCK-II, respectively [24, 27]. In this study, trafficking of
amidine-modified (positively charged) PNP across MAECM has been shown to be ~65
times faster than that of carboxylate-modified (negatively charged) PNP of similar size
(Figure 1). It can be noted that aggregation status of nanoparticles during the 24 h period of
apical exposure could impact flux measurements, although the observed differences in flux
of positively charged PNP vs negatively charged PNP are clearly due to charge (and in part
size) as shown in this and prior studies [24, 27]. The degree of aggregation, assessed by
dynamic light scattering, for amidinated PNP is greater than that for carboxylated PNP (data
not shown), indicating that surface charge is the predominant factor in observed rates of
PNP translocation across MAECM.

In addition to charge-mediated interactions with cell surface glycocalyx [31, 32],
hydrophobicity of particles may play a role in their cellular interactions and subsequent
trafficking. It has been reported that amidine-modified (positively charged) polystyrene
particles (200 nm) have higher hydrophobicity and translocate faster across intestinal
epithelial (Caco-2) cell monolayers than similarly sized carboxylate-modified (negatively
charged) polystyrene particles [33]. Our laboratory also reported that amidine-modified PNP
are more hydrophobic than carboxylate-modified (negatively charged) PNP [23], which may
contribute to more rapid diffusion of amidine-modified (positively charged) PNP through
lipid bilayers of cell plasma membranes and/or promote PNP interactions with cell
membrane components (e.g., coated pits; see below).

Trafficking of 20 nm amidine-modified (positively charged) PNP is not significantly
different from 120 nm amidine-modified PNP across MAECM (Figure 1). Similar flux
profiles were observed for carboxylate-modified (negatively charged) PNP of 20 and 100
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nm. We previously reported absence of size dependency in translocation of PNP of similar
surface charge across MDCK-II as well [27]. Conversely, we reported that smaller PNP (20
nm) translocate across RAECM ~3 times faster than larger PNP (100 or 120nm) with similar
charge [24]. Dos Santos et al [34] studied uptake of carboxyl-modified PNP (40–2000 nm)
using various cell lines, including human glial astrocytoma (1321N1), murine macrophage-
like cells (RAW 264.7), human cervix epithelial cells (HeLa), human lung epithelial cells
(A549) and human brain capillary endothelial cells (HCMEC D3) and reported that, within a
given cell line, uptake of larger PNP is much slower than that of smaller PNP.

Treatment of epithelial cells with EGTA (calcium chelator) increases paracellular
permeability to ions and hydrophilic solutes by changing the distribution of a number of
adherens junctional/cytoskeletal proteins [35–38]. Trafficking of positively charged PNP (20
and 120 nm) across MAECM in the presence of 2 mM EGTA did not change significantly
compared to respective controls, while trafficking of negatively charged PNP (20 and 100
nm) across MAECM in the presence of 2 mM EGTA increased by ~60 and ~40 fold,
respectively (Figure 2). This latter observation could be due in part to the greater
hydrophobicity of positively charged PNP compared to negatively charged PNP, leading to
exclusion of positively charged PNP from disrupted paracellular pathways and/or EGTA-
associated augmentation of the charge-selective properties of tight junctions (i.e., favoring
movement of negatively charged substances through tight junctions). This result indicates
that positively charged (but not negatively charged) PNP do not traverse MAECM via tight
junctional pathways at baseline or following EGTA treatment. These findings, along with
localization of positively charged PNP exclusively inside cells while some negatively
charged PNP can be seen at cell-cell junctions in the presence of EGTA (Figures 5A and
5B), indicate that negatively charged (but not positively charged) PNP may cross EGTA-
treated MAECM in part via paracellular pathways. EGTA treatment may also have
activated/upregulated other pathways (e.g., endocytic pathways which at baseline do not
participate in cellular uptake of negatively (but not positively) charged PNP). When Yacobi
et al [23] applied the same experimental approach, it was found that translocation of both
positively and negatively charged PNP across RAECM takes place predominantly via non-
endocytic transcellular pathways. We also recently showed that PEGylated quantum dots
(core size ~5 nm, hydrodynamic size ~25 nm, amine-, carboxylate- and non-modified) can
traverse EGTA-disrupted tight junctions [29].

Lipid raft-mediated endocytosis (including caveolin-mediated endocytosis, CLIC/GEEC
endocytosis, arf6-mediated endocytosis, flotillin-mediated endocytosis and
macropinocytosis) can be disrupted when plasma membrane cholesterol is decreased [26,
30]. ATI cells are richly endowed with caveolae [39]. One of the ways to disrupt caveolae
formation is to extract cholesterol from cell membranes (e.g., using MBC, a sterol-binding
drug that sequesters cholesterol and inhibits formation of lipid rafts). As seen, 200 µM MBC
markedly decreases flux of CTB, while PNP (carboxylate (negatively charged, 20 and 100
nm)- or amidine (positively charged, 20 and 120 nm)-modified) flux across MAECM did
not decrease (Figure 3), suggesting that translocation of PNP across MAECM does not take
place via lipid raft-mediated endocytosis. Dausend et al [40] reported that cholesterol
depletion did not decrease positively (113 nm) or negatively (121 nm) charged PNP uptake
into HeLa cells. In addition, our laboratory has recently reported that translocation of PNP
(positively and negatively charged) across RAECM or MDCK-II was not decreased in the
presence of 200 µM MBC [23, 27], suggesting that PNP are not taken up into cells via lipid
raft-mediated endocytosis in these two epithelial barriers.

Involvement of clathrin-mediated endocytosis in uptake/translocation of various NP in cells
and tissues has been reported. For example, uptake of positively charged PNP into MDCK-II
cells [27], cationic polysaccharide NP prepared from maltodextrin into airway epithelial
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cells [41], PEGylated D,L-polylactide (PEG-PLA) NP into HeLa cells [42] and fullerenic
NP into rat fibroblasts and rat hepatoma cells [43] all were reported to take place via
clathrin-mediated endocytosis. The assembly unit of clathrin, triskelion, is a three-legged
structure comprised of three heavy and three light chains. Assembly of the triskelion leads to
formation of a net-like basket (clathrin-coated pit) at the cell plasma membrane. The
maximum diameter of clathrin-coated pits is ~100–150 nm [40]. The most abundant proteins
found in clathrin-coated pits are clathrin and the heterotetrameric adaptor protein 2 (AP-2)
[44]. Chlorpromazine causes clathrin and AP-2 to relocate to multivesicular bodies, causing
inhibition of clathrin-mediated endocytosis [23, 29]. Treatment of MAECM with 28 µM
chlorpromazine in this study led to ~60–80% decrease in trafficking of amidine-modified
(positively charged, 20 and 120 nm) but not carboxylate-modified (negatively charged, 20
and 100 nm) PNP (Figure 3), consistent with the notion that positively (but not negatively)
charged NP preferentially associate with clathrin-coated pits and are subsequently taken up
into/translocated across certain (but not all) epithelial barriers.

Charge-dependent clathrin-mediated uptake of positively (but not negatively) charged PEG-
PLA NP into HeLa and MDCK-II cells has been reported [42, 45]. Recently, our laboratory
also reported charge-dependent clathrin-mediated endocytosis of positively charged (but not
negatively charged) PNP (20 and 120 nm) across MDCK-II [27]. In this regard, our data on
greater trafficking of positively charged (compared to negatively charged) PNP across
MAECM may be governed by a similar charge-dependence of clathrin-mediated
endocytosis. However, clathrin-mediated trafficking of positively charged PNP across
epithelial barriers appears to be cell- and/or species-specific, since trafficking of the same
PNP (i.e., 20–120 nm, amidinated or carboxylated) across RAECM does not appear to take
place via clathrin-mediated endocytosis [23]. Importantly, flux across MAECM of
transferrin (at an apical concentration of 500 µg/mL), known to be taken up into epithelial
cells via clathrin-mediated endocytosis [23, 46], is ~3 times greater than that across RAECM
(Supplementary Information, Figure S1), consistent with the possibility that the difference in
the predominant mechanism(s) of amidinated PNP translocation across RAECM vs
MAECM is due in part to the different capacities for clathrin-mediated transcytosis in these
two epithelial barriers.

The membrane scission protein dynamin is a large GTPase which forms a helical polymer
around the constricted neck of newly formed cell plasma membrane invaginations and, upon
GTP hydrolysis, mediates fission of the vesicle from the plasma membrane. Dynamin is
essential for formation of caveolin- and clathrin-coated vesicles and is involved in some
other lipid raft-mediated processes [26]. Dynasore is a small cell-permeable molecule that
acts as a selective non-competitive inhibitor of the GTPase protein dynamin. This inhibitor
has been shown to block dynamin-dependent endocytosis by inhibiting dynamin GTPase
and thus blocking formation of intracellular vesicle liberation from cell membranes [47].
Our data showing that the presence of 80 µM dynasore decreases trafficking of positively
charged PNP across MAECM most likely reflect decreased trafficking via clathrin-mediated
pathways, since caveolae-mediated process(es) do not appear to be involved (Figure 3). We
reported recently that dynasore decreases trafficking of 20 and 120 nm positively charged
(but not 20 and 100 nm negatively charged) PNP across MDCK-II [27]. We also reported
that dynasore has no effect on trafficking of the same positively or negatively charged PNP
across RAECM, indicating that PNP trafficking across RAECM does not take place via
endocytosis that requires dynamin activity [23].

These findings obtained using in vitro models may not directly correlate with in vivo
trafficking of PNP due to the presence of other factors in the lungs of live animals.
Interactions of inhaled/instilled nanoparticles with lung resident macrophages (and other
blood-borne cells) and/or alveolar fluid components (e.g., surfactant) may play important
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role(s) in the fate of inhaled/instilled nanoparticles. It has been reported that alveolar
macrophages can phagocytose nanoparticles (e.g., iridium, and gold) [6, 48]. Surfactant may
modify the surface properties of inhaled/instilled nanoparticles which reach the alveoli [49,
50]. Interestingly, we found that serum in culture media did not significantly affect charge-
dependent trafficking of PNP across RAECM (unpublished observations), suggesting that
modification of PNP did not lead to major alterations in mechanisms underlying PNP
translocation across RAECM. Correlation of in vitro and in vivo findings of PNP-alveolar
epithelial interactions will require further in vivo studies.

In summary, we have shown that translocation of amidine-modified (positively charged, 20
and 120 nm) PNP across MAECM occurs transcellularly and involves clathrin/dynamin-
dependent endocytosis. Translocation of carboxylate-modified (negatively charged) 20 and
100 nm PNP across MAECM likely occurs both transcellularly (via non-endocytic
pathways) and paracellularly. Greater trafficking of amidine-modified (positively charged)
PNP compared to that of carboxylate-modified (negatively charged) PNP of similar size
across MAECM may be related primarily to the charge-selective behavior of clathrin-
mediated endocytosis. Since PNP do not traverse RAECM via endocytic mechanisms [23,
24], we conclude that nanoparticle interactions with epithelial barriers are both nanoparticle
physicochemical property (e.g., surface charge and size)- and epithelial cell type-specific.
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Figure 1.
Flux of PNP (amidine-modified (positively charged) 20 and 120 nm and carboxylate-
modified (negatively charged) 20 and 100 nm) across MAECM at apical [PNP] of 176 µg/
mL measured at 24 h (n=6). * = significantly different from flux of 20 and 120 nm amidine-
modified (positively charged) PNP, respectively.
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Figure 2.
Effects of 2 mM EGTA in both apical and basolateral bathing fluids on flux of PNP
(amidine-modified (positively charged) 20 and 120 nm and carboxylate-modified
(negatively charged) 20 and 100 nm) assessed at 24 h across MAECM at apical [PNP] of
176 µg/mL. Flux of amidine-modified (positively charged) PNP did not increase in the
presence of 2 mM EGTA, while flux of carboxylate-modified (negatively charged) PNP
increased significantly in the presence of 2 mM EGTA (n=5). * = significantly different
from respective control.
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Figure 3.
Effects of inhibition of lipid raft-mediated, clathrin-mediated and dynamin-dependent
endocytosis on flux of amidine-modified (positively charged, 20 and 120 nm) PNP across
MAECM at 24 h. Apical [PNP] = 176 µg/mL. PNP flux across monolayers treated with 200
µM MBC did not decrease (n=3), while that across monolayers treated with either 28 µM
chlorpromazine or 80 µM dynasore markedly decreased by 75% and 80%, respectively,
compared to corresponding controls (n=5–6). Flux of cholera toxin subunit B (CTB, apical
concentration of 50 µg/mL; n=6) was measured across MAECM as positive control for
caveolin-mediated endocytosis, showing 98% inhibition in the presence of MBC. * =
significantly different from respective control.
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Figure 4.
Midsection confocal images of MAECM exposed at 37°C apically to (A) PNP (120 nm
amidine-modified, positively charged) or (B) PNP (100 nm carboxylate-modified,
negatively charged) at 176 µg/mL for 24 h. Cell borders are stained for ZO-1 (red in panel A
and green in panel B), nuclei are stained by DAPI (blue) and PNP appear green in panel A
and red in panel B. PNP are largely intracellular (i.e., not at cell-cell junctions or in nuclei).
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Figure 5.
Midsection confocal photomicrographs are shown for MAECM treated with 2 mM EGTA
and exposed to apical [PNP] of 176 µg/mL (120 nm amidine-modified (positively charged)
PNP in green in panel A or 100 nm carboxylate-modified (negatively charged) PNP in red in
panel B) for 24 h. Cell-cell borders (ZO-1 staining) appear red and green in panels A and B,
respectively, while nuclei are blue in both panels. In panel B, a few PNP may be seen in
disrupted cell-cell borders (arrows).
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Figure 6.
Confocal photomicrograph showing internalized PNP (120 nm amidine-modified, positively
charged)) and clathrin heavy chain in MAECM after 1 h of apical exposure to 176 µg/mL
PNP. Nuclei are blue, clathrin heavy chain is red and PNP appear green (panel A). In panel
B, association of color intensities for PNP (green) and clathrin heavy chain (red) is seen
along the line segment depicted in panel A, representing an example of 11 different line
graph analyses.
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