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Abstract Iron oxide nanoparticles offer unique possi-
bilities due to the change in their physico-chemical
parameters when synthesized on the nanoscale
(10−9 m) compared to their bulk forms. While novel
uses exist for these materials when synthesized as nano-
particles, their unintended effects on the human body
and specifically during pregnancy remain ill defined. In
this study, an iron oxide nanoparticle, α-Fe2O3, was
employed and the potential toxicity due to exposure
was assessed in the widely used model human placental
cell line BeWo b30. These cells were grown as epithelia,
and subsequently assessed for their epithelial integrity,
reactive oxygen species production and cellular viabili-
ty, ultrastructural and morphological disruption, and
genotoxicity as a result of exposure to α-Fe2O3 nano-
particles. Transepithelial electrical resistance indicated
that exposure to the large (50 and 78 nm), but not small
(15 nm) diameter particles of α-Fe2O3 nanomaterial

resulted in leakiness of the epithelium. Exposure to the
large diameters of 50 and 78 nm resulted in increases in
cell death and reactive oxygen species. Disruption of
junctional integrity as monitored by immunolocalization
of the tight junction protein ZO-1 was found to occur as a
consequence of exposure to large diameter NPs. It was
found that there was reduction in the number of microvilli
responsible for increased surface area for nutrient absorp-
tion after exposing the epithelia to large diameter NPs.
Finally, genotoxicity as assessed by DNAmicroarray and
confirmed by QPCR indicated that the large diameter
particles (78 nm) induce apoptosis in these cells. These
data indicate that large (50 and 78 nm), but not small
(15 nm) α-Fe2O3 nanoparticles disrupt the barrier func-
tion of this epithelium as assessed by in vitro analysis.
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DAPI 4′,6-Diamidino-2-phenylindole
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ICB Intracellular buffer
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SEM Scanning electron microscopy
TEER Transepithelial electrical resistance
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ZO-1 Zonula Occludens-1
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Background

Ferric oxide nanoparticles (NPs) stand at the cornerstone
of molecular imaging (Amstad et al. 2011; Kievit and
Zhang 2011) water remediation (Guo et al. 2007;
Westerhoff et al. 2008), and industry (Zhou et al.
2002; Wu et al. 2006) due to the unique physico-
chemical properties on the nanoscale (10−9 m) com-
pared to their bulk forms. In this work, NP is defined
on the basis of material diameter. Iron oxide NPs are
commonly synthesized as crystals ofα-Fe2O3, γ-Fe2O3,
or Fe3O4 depending on their intended use. Furthermore,
synthesis of small (e.g., <20 nm in diameter) iron oxide
NPs such as γ-Fe2O3 result in production of
superparamagnetic NPs, whereas those diameters syn-
thesized >20 nm are antiferromagnetic (Gupta and
Gupta 2005; GUPTA et al. 2007; Kievit and Zhang
2011; Wahajuddin 2012). This transition in diameter
concomitant to a change in magnetism is underscored
by the fact that these small diameters can be employed
as a contrast agent during magnetic resonance imaging.
In water systems, α-Fe2O3 NPs serve as sorbents for
groundwater remediation (Blowes et al. 1997). Further-
more, in these water systems, α-Fe2O3 NPs were shown
to be stable (He et al. 2008; Zhang et al. 2010; Zhang
et al. 2012a). This investigation employed a model iron
oxide NP, α-Fe2O3, whose physico-chemical parame-
ters are well defined in the literature (He et al. 2008), and
whose primary particle diameter can be controlled dur-
ing synthesis (Zhang et al. 2010; Zhang et al. 2012b).
Previous studies conducted in the Caco-2 cell model
indicate that adsorption of α-Fe2O3 NPs is diameter-
dependent (Zhang et al. 2010). For these reasons, the
effects of exposure to α-Fe2O3 were subsequently
assessed after exposure to an in vitro model of human
syncytiotropoblasts, the cell barrier that interfaces ma-
ternal and fetal circulation in the placenta.

In eutherian mammals including humans, develop-
ment of the fetus occurs inside the uterus of the mother.
After fertilization, the embryo hatches from a glycopro-
tein rich matrix known as the zona pellucida and im-
plants into the endometrial stroma of the mother (Aplin
1996). The first primitive epithelium of the embryo is
known as the trophectoderm and later differentiation of
the tissues takes place to form a placenta. The placenta
parasitizes the circulatory system of the mother to sup-
ply the fetus with nutrients (Pijnenborg 1990). In
humans the direct interface of the maternal blood supply
with the embryo is a cell layer of cytotrophoblasts

referred to as a syncytiotrophoblast. This single cell
layer is underlain by cytotrophoblasts, basement mem-
brane, and fetal capillaries which provide for a number
of essential functions required for normal pregnancy
including: nutrient and metabolite transport, immune
function, gas exchange, and clearance of fetal waste
and toxins (King 1992).

Due to the ethical limitations surrounding the use of,
and availability of human tissues, investigators have
relied on immortalized cell lines in order to study
in vitro events such as implantation (Denker 1993; John
et al. 1993; Grummer et al. 1994; Mardon et al. 2007;
Hannan et al. 2010), syncytialization (Wice et al. 1990),
drug, nutrient, oxygen (Rytting and Audus 2005; Bode
et al. 2006; Rytting and Audus 2007; Rytting and Audus
2008; Morck et al. 2010), and NP transport (Kulvietis
et al. 2011; Cartwright et al. 2012). The BeWo b30 cell
line can be employed for these tasks and was subcloned
from the parental cell line (Pattillo and Gey 1968; b30 is
hereafter referred to as BeWo) to more closely resemble
that of an in vivo trophoblast cell (van der Ende et al.
1987; van der Ende et al. 1990). While a number of
studies have employed the BeWo model to assess the
toxicity and transport of a variety of NPs, to our knowl-
edge, there has yet to be a study assessing the potential
effects of α-Fe2O3 NPs and a model for the human
placenta (Saunders 2009; Menezes et al. 2011;
Pietroiusti et al. 2013). Furthermore, the body of litera-
ture related to NP transport and toxicity during early
fetal development remains ill-defined.

In a seminal study by Semmler-Behnke et al. (2007),
it was shown that gold NPs can cross the placental
barrier in rats after maternal intravenous or intratracheal
administration and these NPs were found in fetal target
organs (Semmler-Behnke et al. 2007; Semmler–Behnke
et al. 2008). Studies conducted employing the mouse
model through the combined use of inductively coupled
plasma-mass spectroscopy (ICP-MS) and transmission
electron microscopy (TEM) clearly demonstrated that
NPs are found in the placenta, liver, and brain of devel-
oping pups after NP (SiO2/TiO2) administration through
the maternal tail vein (Yamashita et al. 2011). Subcuta-
neous injection of TiO2 NPs has been shown to cross the
placenta and damage the genital and nervous system of
developing pups (Takeda et al. 2009). Furthermore,
studies employing the BeWo cell model demonstrated
that fluorescent polystyrene NPs cross the placenta in a
diameter-dependent fashion (Cartwright et al. 2012),
NPs were able to induce DNA damage across BeWo
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epithelial barrier (Bhabra et al. 2009), and this was
subsequently found to be dependent on the barrier thick-
ness (Huppertz 2011; Sood et al. 2011). For these rea-
sons this study assessed the effects of a well character-
ized NP, α-Fe2O3, in the BeWo cell model in order to
define the potential toxicity of these NPs in an in vitro
model of the human placenta.

In this study, it was hypothesized that α-Fe2O3 NPs
would have diameter-dependent effects upon in vitro
exposure to a model human placental epithelium. If α-
Fe2O3 NPs have diameter-dependent effects on the ep-
ithelium, then a number of predictions follow: (a)
transepithelial electrical resistance (TEER) as a monitor
of epithelia intactness will report differences in epithe-
lial integrity after exposure to NPs of different diame-
ters; (b) cellular viability as measured by Live/Dead®
analysis and reactive oxygen species production will be
directly influenced by the diameter of the NPs; (c)
junctional integrity of the epithelium will be directly
influenced by the diameter of the NPs; (d) morpholog-
ical differences will accrue as a result of the diameter of
the NP employed; and (e) genotoxicity will be influ-
enced by the NP diameter.

Results

Large, but not small, non-functionalized α-Fe2O3 NPs
disrupt BeWo epithelial integrity

If a population of NPs exist that exhibit diameter-
dependent effects, it is anticipated that gross alterations
in epithelia integrity will occur after exposure to NPs of
different diameters. In order to test this, three different
mean diameters of α-Fe2O3 NPs (small NPs defined as
15, and the large diameter NPs as 50 and 78 nm) were
synthesized and subsequently employed, and each
group displayed a narrow hydrodynamic diameter
(Table 1). Diameters were confirmed by transmission

electron microscopy (TEM; Fig. 1) each exhibiting a
homogenous, colloidal NP population for each diameter
tested. The physicochemical parameters of these parti-
cles have been extensively characterized elsewhere (He
et al. 2008; Zhang et al. 2010; Zhang et al. 2012b), but
briefly, a change in ζ-potential from positive to net
negative as a result of incubation in medium containing
supplements (i.e., fetal bovine serum and antibiotics)
was observed as might be expected due to NP adsorp-
tion of serum components and/or the ionic strength of
the culture medium (Kreuter 1994; Ehrenberg et al.
2009; Maiorano et al. 2010). Extensive characterization
of these NPs with respect to time can be found in
Supplemental Table 1.

As predicted, application of different NP populations
(i.e., the small diameter of 15, and large diameters of 50,
and 78 nm) resulted in significant changes in
transepithelial electrical resistance (TEER) at a consis-
tent mass concentration of 100 μg/mL (i.e., 33 μg/mm2)
for each diameter tested (Fig. 2a; see also Supplemental
Figure 1 A). The mass concentration of 100 μg/mL was
employed as a starting point since data concerning hu-
man exposure is limited and the effects of iron oxide
NPs on the placenta are heretofore undefined (Saunders
2009; Sood et al. 2011). Furthermore, the concentration
employed in this study is consistent with the concentra-
tions employed in other studies (Buyukhatipoglu and
Clyne 2011; Kalive et al. 2012), and during specialized
imaging techniques (Mishra et al. 2010; Mahmoudi
et al. 2011). It was found that the initial disruption
(i.e., drop in TEER) occurred at 24 h after applying the
NP-containing medium to the apical chamber of the
Transwell® insert for large, but not small NPs. After
24 h epithelia exposed to both large populations of NPs
(i.e., 50 and 78 nm) continued to decrease in TEER until
the 5 day endpoint. At the 5-day endpoint, TEER was
nearly half its original value for the epithelia exposed to
large NPs. In contrast, it was found that both the un-
treated epithelia and those treated with 15 nm particles at

Table 1 The physico-chemical characteristics of α-Fe2O3 NPs of the three diameters: 15-, 50-, and 78-nm

Hydrodynamic diameter (DLS) Diameter (TEM) Polydispersive index ζ-potential ζ-potential standard deviation

15 nm 15 nm 0.3 −12 mV 26.8 mV

51 nm 50 nm 0.12 −7.5 mV 42.2 mV

94 nm 78 nm 0.25 −12.2 mV 18.5 mV

The narrow polydispersive index of the nanomaterial indicates a homogenous diameter of NPs. Zeta-potential measurements indicate
uniformly stable, positively charged nanomaterial. All measurements were conducted in culture medium containing serum
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a concentration of 100 μg/mL maintained a high TEER
throughout the experiment. In order to determine if
application of NPs results in a permanent decrease in
TEER a wash experiment was performed and terminal
data (5 day endpoint) were assessed. It was found that
untreated specimens had a significant, albeit modest
increase in TEER at the 5-day endpoint. In this study,
untreated was defined as those epithelia not exposed to
nanomaterials at any time. However, epithelia treated
with 15- and 78-nm α-Fe2O3 NPs and washed before
12 h resulted in no difference in TEER and a significant
decrease in TEER, respectively (Fig. 2b). In the histo-
gram, the gray and white bars correspond to the 12 h
TEER value (gray bars) and the 5-day TEER endpoint
value (white bars).

The dosimetry necessary to disrupt epithelial integri-
ty for large NPs was subsequently assessed by titering
down the concentration of 78 nm particles (Fig. 2c, d). It
was found that exposure to 20-, but not 10 μg/mL
concentrations of 78 nm NPs resulted in loss of TEER
similar to the 100 μg/mL treated epithelia shown in
Fig. 2a. This no-loss in TEER scenario of exposure
below amass concentration of 10μg/mLwas confirmed
for all other diameters of NPs (Fig. 2d; see also Supple-
mental Figure 1 B).

Large diameter nanoparticles evoke increased reactive
oxygen species (ROS) and cell death

In order to determine if the loss of epithelial integrity
assessed as a change in TEER was due to cytotoxic
mechanisms resulting in cell death, reactive oxygen
species and subsequently cell death were investigated
as a function of time. Under normal conditions (<10 cell
per 1.4×105 μm2), BeWo epithelia contained very few
cells positive for reactive oxygen species as measured
over the 1.4×105 μm2 field of view in phase contrast,
epifluorescent overlay micrographs (Fig. 3a, all

micrographs are representative of 3.5×104 μm2). BeWo
epithelia were stimulated to produce reactive oxygen by
the addition of 5 μMH2O2 overnight (8 h) supplement-
ed into culture medium (Fig. 3b). Under these condi-
tions, as a positive control for ROS, approximately 150
cells were positive for reactive oxygen species as mea-
sured by fluorescence of 2′,7′-dicholorofluorescein and
this accounted for the majority of the total cells (220
cells per 1.4×105 μm2). At both 1- and 3-days post
treatment, the small diameter NP population
(Fig. 3c, d) was not found to elicit large numbers of
cells positive for ROS. However, a statistically signifi-
cant difference between untreated and the 15 nm,
100 μg/mL-treated epithelia 1 day after exposure was
noted (Fig. 3i). Further, both 50- and 78-nm diameter
NPs at a concentration of 100 μg/mL after 1- and 3-days
in culture showed a significant increase in cells positive
for ROS (Fig. 3e–i).

If large-diameter NPs result in an increase in ROS, it
might be expected that cell death occurs subsequent to
this event. Cellular viability was assessed through the
use of ethidium homodimer-1. Ethidium is a cell-

Fig. 2 TEER disruption is NP diameter as well as concentration
dependent. a The graph illustrates the change in TEER after
application of different diameters of α-Fe2O3 at a concentration
of 100 μg/mL. Both 50- and 78 nmNP treated epithelia follow the
same trend, whereas the 15-nm diameter exposure followed the
trend of the untreated specimens. b Epithelial exposure to large-
diameter NPs do not recover at the 5-day endpoint. The 12-h
TEER value is shown in gray and the 5-day endpoint value is
shown in white. c Application of 78 nm α-Fe2O3 at a mass
concentration of 50- and 20 μg/mL appears to disrupt TEER. d
Exposure to 10 μg/mL for all α-Fe2O3 diameters tested results in
no change compared to the untreated specimens. As indicated in
the “Methods” section, TEER levels off at its maximum value of
40 Ω cm2 3 days after seeding BeWo cells. The NPs were applied
after this 3-day culture period which is denoted as t=0 in the
graphs. All experiments were conducted at least three independent
times where n=3; error bars appear smaller than the data point
marker for some points

�

Fig. 1 TEM analysis of α-Fe2O3 NPs. TEM demonstrates a narrow distribution of the primary particle diameter for the nanomaterial
employed in this study. a is the 15 nm NP. b is the 50 nm diameter and c is the 78 nm diameter. The scale bar is 100 nm
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permeate probe, which upon nuclear-membrane disrup-
tion intercalates into DNA. Upon intercalation, ethidium
undergoes a 40-fold increase in fluorescence, and this
event can be monitored by an epifluorescent micro-
scope. In this figure, 1.4×105 μm2 was analyzed per
micrograph, whereas 3.5×104 μm2 was shown in order
to permit adequate magnification. Under normal condi-
tions, healthy BeWo epithelia at the 1 and 3 day time
points analyzed as an area of 1.4×105 μm2 had very few
dead cells (1±1, 10±3, respectively; Fig. 4a, all micro-
graphs shown are representative of 3.5×104 μm2). Un-
der conditions employed to assessmaximal cell death, (a
positive control for cellular death; saponin treatment), it
was found that 217±6 cells died (Fig. 4b). Notable
differences were found between the small (15 nm) and
large (50 and 78 nm) NP treatments at a concentration of
100 μg/mL; there appeared to be a diameter-dependent
increase in cell death (Fig. 4). After 1 and 3 days,
epithelia treated with 15 nm particles were not signifi-
cantly different from untreated epithelia (Fig. 4c, i).
However, at both the 1 and 3-day time points, it was
found that epithelia treated with 50 nm particles
contained significantly more dead cells than untreated
epithelia (Fig. 4e, f, i). Further, 78 nm treated epithelia
also resulted in significantly more dead cells than un-
treated epithelia (Fig. 4g–i).

Large (78 nm) diameter α-Fe2O3 NPs disrupt
intercellular tight junctions

Epithelial leakiness, as evidenced by the decrease in
TEER, suggested the possibility of disruption of inter-
cellular junction integrity. In order to test the prediction
that the tight junctions, that must exist to maintain
TEER, were disrupted as a result of NP exposure, a
laser-scanning confocal approach was employed. It is
well accepted that the apical localization of the tight
junction protein ZO-1 labels intercellular tight junctions
as well as indicating terminal differentiation of the epi-
thelium (Anderson et al. 1989; Bement et al. 1993;
Matter et al. 2005). Both the untreated and NP-treated
specimens had a similar nuclear organization as evi-
denced by emission of the nuclear probe 4′,6-
diamidino-2-phenylindole (DAPI; Fig. 5a, d). Analysis
of the antibody to ZO-1 in untreated specimens demon-
strated the conventional honeycomb arrangement of
tight junctions surrounding each cell (Fig. 5b, c). How-
ever, after a 24-h exposure toα-Fe2O3 at a concentration
of 100 μg/mL ZO-1 was disrupted with breaks in the

continuous distribution of ZO-1 surrounding each cell
(Fig. 5e, f). In some areas indicated by the white arrows
ZO-1 was found to be completely absent though under-
lying nuclei (blue) were seen (Fig. 5e, f). It was found
that the 15-nm-treated specimens were similar to
the untreated, normal distribution of ZO-1
(Supplemental Figure 2).

The bulk of large (78 nm) diameter α-Fe2O3 NPs
internalize through actin-mediated endocytosis,
and accumulate at different cellular planes of the z axis
as a function of time

Epithelial leakiness, as evidenced by a decrease in
TEER, suggested the possibility of disruption of inter-
cellular junction integrity. In order to test this as well as
to assess the intracellular NP localization a TEM ap-
proach was employed. Untreated BeWo epithelia
contained moderately polarized cells. Each cell had an
electron-dense cytoplasm with numerous membrane-
bound vesicle and organelles (Fig. 6a). After 4 h of
incubation in NP-containing medium at a concentration
of 100 μg/mL NPs were found internalizing apparently
by a phagocytotic mechanism (Fig. 6b, c). Figure 6b
shows membrane invaginations (white arrows)
engulfing agglomerated NPs, whereas Fig. 6c shows a

Fig. 3 ROS analysis indicates that larger diameter α-Fe2O3 result
in significant increases in ROS. At the 1-day time point, the
epithelia had few cells positive for ROS (green) for every 1.4×
105 μm2 field of view that was observed (a). A positive control for
ROS was conducted to illustrate high numbers of cells positive for
reactive oxygen (b). After 1 day of exposure to the 15 nm NPs, a
statistically significant increase is ROS was observed (c) and this
number of ROS positive cells appears to decrease at the 3-day
endpoint (d). e After 1 day of exposure to the 50-nm NPs, an
increase in ROS was observed, and in contrast to the 15-nm
specimens, this statistically significant increase was observed after
3 days as well (f). This increase in ROS at both 1 and 3 days was
also observed for the 78-nm-treated specimens (g, h). i Quantifi-
cation of the cells positive for ROS is shown in the histogram. In
all the cases, data is shown as mean±standard error and p<0.05
was considered significant. Note that the histogram is shown as
log-fold change on the y axis. The histogram represents 1.4×
105 μm2 of epithelium while the micrographs are representative
of 3.5×104 μm2 of the epithelium to permit adequate magnifica-
tion. The scale bar is 50 μm. Light gray boxes indicate 1-day post-
exposure, while dark gray boxes indicate 3 days post-exposure.
The white arrows point to ROS puncta. All comparisons are made
between untreated and NP-treated epithelia at their respective time
points. All experiments were conducted at least three independent
times

�
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similar event with NPs encapsulated in a vesicle (black
arrows). Later, at the 8-h time point (Fig. 6d, e), NPs
appeared to sediment and collect at the plasma mem-
brane interface (Fig. 6d). Further, at this time point NPs
were found concentrated at the lateral margins between
cells (Fig. 6e). At the 16 h time point three distinct
internalized populations of NPs were found (Fig. 7); that
is, one population of large-diameter NPs was found
enclosed within membrane bound vesicles (black ar-
rows), another not membrane-bound (white arrows),
and a third population seemed to be in a vesicle whose
membrane appeared ruptured (white arrowheads; Fig. 7).

If large-diameter NPs are internalized by an actin-
b a s e d m e c h a n i s m ( i . e . , p h a g o c y t o s i s ,
macropinocytosis), then inhibiting actin polymerization
should result in loss or decrease of large-diameter NP
internalization. To test this prediction the fungal toxin
Cytochalasin D, which is known to inhibit actin-
mediated endocytosis (Silverstein et al. 1977) was
employed during NP treatment. Figure 8a illustrates a
representative cell that was exposed to neither Cytocha-
lasin D nor NPs. Electron dense membranes are distin-
guishable, and the actin based projections known as
microvilli are seen. Figure 8b indicated that NP agglom-
erates decorated the apical plasma membrane at 8 h of
NP incubation in combination with Cytochalasin D
incubation. However, after Cytochalasin D inhibition
there appeared to be a small amount of NPs inside the
cell and it appeared as if these NPs were not surrounded
by membrane (Fig. 8c, black arrows). At the 8-h time
point, and consistent with Figs. 7d, e and 8d, a number
of NPs internalized in cells not treated with Cytochala-
sin D are shown.

Alpha-Fe2O3 NPs litter the apical brush-border
and abolish the standing microvillar morphology

TEM analysis demonstrated that these NPs sediment to
the epithelial surface in bulk over time in cell culture
medium at the 8 h time point. If these large-diameter
NPs result in effects that are deleterious to the cell, it
might be expected that initial changes begin to occur at
the cell-NP interface after NP touchdown. Thus, scan-
ning electron microscopy (SEM) was employed to elu-
cidate potential surface changes at this essential biolog-
ical interface. In order to do this, a time-course experi-
ment was conducted with replicate samples at a concen-
tration of 100 μg/mL using the 78 nm diameter as the
model large NP. The scanning electron micrographs in

Fig. 9a–c illustrate the untreated brush-border at the
apical surface of BeWo cells at 1, 3, and 5 days, respec-
tively. Untreated, healthy BeWo cells had approximately
9 microvilli per square micrometer, and the number of
microvilli appeared to extend to and remain at 11 mi-
crovilli per square micrometer over time (Fig. 9g). In
contrast, micrographs of NP- treated epithelia
(Fig. 9d–f) demonstrate a near complete effacement of
the brush-border organization over the same time
course. SEM analysis illustrated clusters of NPs littering
the apical surface of BeWo epithelia (Fig. 9d–f, white
arrow heads). After treatment with NPs, the total num-
ber of microvilli plummeted to fewer than 2 microvilli
per square micrometer (p<0.001; Fig. 9g). Similar to the
distribution of the untreated specimens, the number and
morphology of the 15 nm treated specimens appeared to
not be affected by exposure (Supplemental Figure 3).

Large (78 nm), but not small (15 nm), α-Fe2O3 NPs
elicit cellular changes at the level of the gene

The experiments conducted in the aforementioned text
indicate cellular changes as a result of NP exposure. In
order to investigate the potential that α-Fe2O3 NPs
evoke a response in gene expression, a genome-wide
DNA microarray approach was employed. Through the
use of Agilent human 44 K arrays, it was found that
epithelia treated with 78 nm α-Fe2O3 at a mass

Fig. 4 Live/dead analysis of BeWo epithelia as assessed by phase
contrast, fluorescence overlaymicrographs indicate cell death after
exposure to large-diameter α-Fe2O3 NPs. At 1 day healthy epithe-
lia have about 1 dead cell (red) per 1.4×105 μm2 field of viewwas
observed in both control specimens (a). A positive control for cell
death was conducted to illustrate ethidium fluorescence in the
nuclear area of most cells in the epithelium (b). After 1 day and
3 days post-exposure to 15 nmNPs (c, d), there was no significant
difference compared to controls (a). e After 1 day of exposure to
the 50-nm NPs, an increase in cell death was observed, and this
number was consistent at the 3-day time point (f). Furthermore,
those epithelia exposed to the 78-nm diameter NPs had a high
number of dead cells. iQuantification of cell death is shown in this
histogram. In all the cases, data is shown as mean±standard error
and p<0.05 was considered significant. Note that the histogram is
shown as log-fold change on the y axis. The histogram represents
1.4×105 μm2 of epithelium while the micrographs are representa-
tive of 3.5×104 μm2 of the epithelium to permit adequate magni-
fication. The scale bar is 50 μm. Light gray boxes indicate 1 day
post-exposure, while dark gray boxes indicate 3 days post-expo-
sure. All comparisons are made between untreated and NP-treated
epithelia at their respective time points. All experiments were
conducted at least three independent times

�
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concentration of 100 μg/mL for 72 h resulted in statis-
tically significant (p≤0.05) changes in 799 genes. In
contrast, epithelia treated with 15 nm α-Fe2O3 at a mass
concentration of 100 μg/mL for 72 h were found to have
no statistically significant changes (Fig. 10). In this
study a fold-change cutoff of ±2.0 was selected consis-
tent with other reports (Mutch et al. 2002; Quackenbush
2002). Concerning the 78-nm NP exposure, of the 799
genes that were changed, it was found that 589 genes
were upregulated and 210 genes were downregulated.
Through the use of GeneSpring (Agilent) these numbers
were narrowed and genes that potentially explain epi-
thelial integrity were further interrogated. Downregulat-
ed genes (Table 2) included 2 broad categories: “Tight
junctions,” and “adherens junctions.” It was found that
claudin 19 was suppressed 4.82-fold, as well as a num-
ber of protocadherins which are known to be expressed
during early development (Rampon et al. 2008;
Kokkinos et al. 2010) had fold-changes ranged from
−2 to −7. Upregulated genes (Table 3) included those
involved in actin-binding (actin associated), the

cytoskeleton, and apoptosis. It was found that the ex-
pression ofα-actinin 1 and 3 were enhanced by 2.10 and
2.80, respectively. CapZ mRNA which encodes the
actin filament capping protein was upregulated 5.80-
fold. Three other actin associated genes were found
upregulated from 3.65 to 4.62 and those include genes
encoding dynamin, twinfilin, and tropomyosin. Gamma-
actin was found upregulated 3.33-fold and Keratin 8 and
83 were 6.66 and 9.86-fold increased compared to un-
treated specimens, respectively. Twelve genes were
found upregulated and associated with apoptosis and
those include: Caspase 3 (2.80), caspase 8 (5.36), pro-
grammed cell death 6 (3.89), tumor necrosis factor (TNF)
associated factor 2 (3.69), TNF receptor 5 (2.39), death
associated protein (DAP; 4.59) TNF receptor 12A (2.88),
foxo4 (4.16), heat shock protein 90 A (4.73) BCL2-like 1
(2.18), and death inducer-obliterator 1(3.06).

In keeping with the microarray analysis described in
the preceding text, quantative-RT-PCR (QPCR) analysis
demonstrated that CASP8, and TNFRSF12A, had simi-
lar expression (Fig. 11).

Fig. 5 Tight junctions, as measured by ZO-1 immunofluores-
cence, are perturbed in 78-nm-treated specimens. a Untreated,
healthy BeWo epithelia display the typical honeycomb arrange-
ment of ZO-1 at the intercellular junctions and this appears con-
tiguous across the epithelium. bAfter a 24-h exposure to 78 nmα-
Fe2O3 at a concentration of 100 μg/mL, tight junctions are
disrupted. The distribution of ZO-1 is non-contiguous throughout

the epithelium, and in some areas, ZO-1 appears absent (white
arrows). All specimens were images through the entire z axis at
0.5 μm increments and shown are maximum projection images. In
both the untreated and NP-treated specimens, the epithelia were
treated as replicate samples and grown for 3 days prior to NP
exposure. The scale bar is shown in f
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Fig. 6 TEM analysis of intra- and extracellular NP localization in
BeWo epithelia. a Numerous endocytotic, secretory granules, and
electron dense mitochondria can be seen in untreated BeWo epi-
thelia. b After a single 4-h exposure to the 78 nm α-Fe2O3 NPs at
100 μg/mL, these NPs can be seen in the extracellular space and
beginning to endocytose via large membrane invaginations that
surround agglomerated NPs. The white arrows point to large
membrane protrusions surrounding NPs. c At 4 h, the NPs appear
to be contained in membrane-bound vesicles at the apical region of
the cells. The black arrows point to the electron-dense membrane

surrounding the NPs. d After 8 h in culture, NPs are seen in the
lateral margins between two cells. The white arrows point to the
two different nuclei. e The micrograph represents a magnification
of the region of interest shown as a white box in d. NPs can clearly
been seen as non-membrane-bound and further interdigitating
microvilli are present between the two cells. The black short
arrows point to the membrane of the cell, while the long black
arrows point to interdigitating microvilli. The scale bars are
shown at the lower right corner of each micrograph
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Discussion

A principal finding in this study is that the diameter of a
nanomaterial (α-Fe2O3) elicits differential effects rang-
ing from lethal to almost no effect in an established
model of the human placental epithelium based on the
criteria described in the text below. This investigation
showed that the large α-Fe2O3 NP diameters tested (50,
and 78 nm) deleteriously affect this placental epitheli-
um, while the small diameter NP (15 nm) exhibited
relatively fewer effects in this model system within the
context of points 1–4 described in the text below. This

Fig. 7 NPs represent at least three discrete “populations” of
intracellular NPs. After 16 h of exposure to 78 nm α-Fe2O3, NPs
appear as three discrete populations, that is, some NPs appear
clearly membrane-bound as indicated by black arrows. The sec-
ond population of NPs appear non-membrane-bound (white ar-
rows). The third group are in vesicles that may be rupturing (white
arrowheads). The scale bar is shown at the lower right corner of
each micrograph (1 μm)

Fig. 8 NP internalization is largely, but not completely, inhibited
by disruption of actin-mediated endocytosis. a Untreated speci-
mens have clearly distinguishable membrane-bound vesicles with
apical microlli projections. b After treatment with Cytochalasin D
for 1 h prior to, and during the duration of NP exposure (8 h) NP
endocytosis appears to be disrupted. Black arrows point to clearly
identifiable cell membranes. The nanoparticle agglomerates ap-
pear to decorate the apical surface of the cells. c Low levels of NPs
appear internalized at this time point (8 h.). However, electron-
dense membranes surrounding the NPs were not clearly observed.
d When the NPs are dosed without Cytochalasin D inhibition of
actin, there appears manymore internalized NPs. Thewhite arrows
point to the NPs. The scale bars are in the lower right corner of
each micrograph

�
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investigation clearly showed, through the use of four
orthogonal techniques, that the epitheliumwas disrupted
as a result of exposure to the large (78 nm), but not small
(15 nm), α-Fe2O3 NP diameter: (a) TEER measure-
ments as an indication of epithelial integrity (Claude
1978; Hidalgo et al. 1989; Koeneman et al. 2009) indi-
cated that large, but not small diameter α-Fe2O3 NPs
disrupt the “intactness” of the epithelium. (b) At the

protein level through the use of antibodies directed
against ZO-1, it was shown that these α-Fe2O3 NPs
disrupted the normal arrangement of ZO-1 for large,
but not small α-Fe2O3 NPs. (c) The microarray analysis
indicated gross changes in gene expression for large, but
not small NPs. (d) Finally, ultrastructural and morpho-
logical changes were observed after exposure to large,
but not small α-Fe2O3 NPs.

Fig. 9 Scanning electron microscopy reveals the effects on the
brush-border of BeWo cells. a–c In untreated cells, there are well-
developed microvilli on the apical surface at days 1, 3, and 5,
respectively. d–f However, after treatment with α-Fe2O3 NPs, the
apical brush-border is nearly abolished (p<0.001). The arrow-
heads point to NP clusters. g The histogram shown quantitation
of microvilli. The number of microvilli is significantly fewer as a

result of NP exposure. Each image was taken at identical magni-
fication and thus the scale bar in f (2 μm) can be compared across
micrographs. Error bars represent mean±standard error. No fewer
than 5 micrographs were scored representing five randomly cho-
sen areas of 1 μm2 per micrograph in four independent
experiments
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The trophoblast layer in eutherian mammals includ-
ing humans forms the interface between the mother and
the developing fetus (Saunders 2009), and further acts as
a selective physiological barrier (King 1992). The data
presented in this report suggest that there are two routes
acting in concert to disrupt the barrier function of the
epithelium. The first route of epithelial disruption can be

attributed to a loss of the intercellular tight junctions. In
this study, it was shown that as early as 12 h in culture,
TEER begins to drop and this drop does not appear to be
recoverable after exposure to large NPs. In addition,
laser scanning confocal analysis demonstrated that ex-
posure to large, but not small NPs disrupted the normal
arrangement of ZO-1, an established marker for tight
junctions (Stevenson et al. 1986; Furuse et al. 1994).
Ultrastructural analysis indicated that NPs accumulate
in the lateral margins between cells. Finally, at the
mRNA level the claudin 19 gene whose protein product
is known to bind ZO-1 and permit tight junction assem-
bly (Lee et al. 2006), was downregulated ∼5-fold. De-
bate has arisen within the scientific community as to the
reliability of TEER measurements (Jovov et al. 1991;
Mukherjee et al. 2004). In particular, a number of factors
are known to affect TEER measurements. In this study,
TEER was found to be similar in magnitude to those
values reported elsewhere (Cartwright et al. 2012). Fur-
ther, in this study, the temperature was controlled for by
equilibrating the epithelia to room temperature before
conducting the measurements (see the TEER subhead-
ing in the “Methods” section for the experimental de-
tails). While much of this work was contingent on
the interpretation of the TEER results, the orthog-
onal techniques of immunocytochemistry and TEM
clearly supported these data. Indeed, during the
initial drop in TEER ZO-1 localization as an indi-
cator of tight junctions was found to be disrupted
after exposure to the large diameter NP (78 nm;
Fig. 5). Furthermore, TEM analysis indicated that

Fig. 10 DNAmicroarray analysis indicates that exposure to 78 nm
α-Fe2O3 evokes statistically significant changes at the level of the
gene at 72 h post-exposure. a The volcano plot indicates that
exposure to 15 nm α-Fe2O3 NPs only slightly changes the fold-
expression of any number of 44,000 genes, none of which are

statistically significant. b Exposure to the 78 nm diameters results
in a number of statistically significant (p≤0.05) changes in expres-
sion (red). The experiment was conducted as biological triplicate on
the same day

Table 2 Microarray analysis indicates that 78 nm α-Fe2O3 NPs
elicit downregulation of mRNA encoding proteins responsible for
intercellular junctions

Relevance GenBank
Accession

Gene Description Fold-
change

Tight
junctions

[NM_148960] CLDN19 Claudin 19 −4.82

Adherens
junctions

[NM_015669] PCDHB5 Protocadherin
α5

−7.36

[NM_018930] PCDHB10 Protocadherin
α10

−4.30

[NM_018932] PCDHB12 Protocadherin
α12

−3.87

[NM_018933] PCDHB13 Protocadherin
α13

−2.03

[NM_018934] PCDHB14 Protocadherin
β14

−4.69

[NM_032101] PCDHGB7 Protocadherin
αb,7

−3.64

Exposure to 78 nm α-Fe2O3 NPs at a concentration of 100 μg/mL
results in downregulation of genes essential for junctional integrity
at the 3-day time point. Claudin 19, a component of tight junctions
is downregulated nearly 5-fold. In addition, a number of
protocadherins are downregulated ranging from 2- to 7-fold. All
data shown represent specimens conducted as biolgical triplicate
where p≤0.05
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NP agglomerates (78 nm) were found distributed
between the lateral margins of cells (Fig. 6d, e).
Since TEER is effectively a measure of the integ-
rity of the tight junctions (Blume et al. 2010), and
the orthogonal techniques indicated a disruption of
the tight junctions during the time there was a
drop in TEER, these data are well supported.

An alternative route to disrupt the barrier function
can be accredited to “holes” in the epithelium as a result
of cell death. This study tested if the diameter of the α-
Fe2O3 NP affects the viability of the epithelium and it
was found that large, but not small α-Fe2O3 NPs in-
duced cell death as measured by ethidium-homodimer
nuclear fluorescence at both 1 and 3 days of NP expo-
sure. Cell death can be attributed to a number of mech-
anisms (Ellis et al. 1991); however, evidence (described
in the subsequent paragraph) was presented in this study
to suggest that cell death is of the apoptosis variety.

Fig. 11 QPCR analysis of cDNA employed during microarray
analysis has a similar expression profile for TNFR12A andCASP8.
Similar results to those obtained during microarray analysis show
that 15 nm exposed specimens show modest changes in expres-
sion, whereas epithelia exposed to the 78 nm diameter have large
changes in gene expression. Error bars represent standard devia-
tion. Relative gene expression was normalized by the α-tubulin
housekeeping gene TUBA1A and calculated by theΔΔCtmethod.
Error bars are shown as mean±SD. Experiments were conducted
as technical triplicates on the same day

Table 3 Microarray analysis indicates that 78 nmα-Fe2O3 NPs upregulate gene involved in apoptosis, and actin bundling and organization

Relevance GenBank Accession Gene Description Fold-change

Actin associated [NM_001102] ACTN1 Actinin, alpha 1 +2.10

[NM_001104] ACTN3 Actinin, alpha 3 +2.80

[NM_006135] CAPZA1 Action Capping Protein +5.80

[NM_001043352] TPM3 Tropomyosin 3 +4.32

[NM_007284] TWF2 Twinfilin homolog 2 +4.90

[NM_004723] ARHGEF2 Rho/Rac GEF 2 +3.37

[NM_001005360] DNM2 Dynamin +3.65

Cytoskeleton [NM_001614] ACTG1 Actin, Gamma +3.33

[NM_002273] KRT8 Keration 8 +6.66

[NM_002282] KRT83 Keration 83 +9.86

Apoptosis [NM_004346] CASP3 Caspase 3 +2.80

[NM_033358] CASP8 Caspase 8 +5.36

[NM_013374] PDCD6IP Programmed cell death 6 +3.89

[NM_021138] TRAF2 TNF associated factor 2 +3.69

[NM_001250] CD40 TNF receptor 5 +2.39

[NM_004394] DAP Death associated protein +4.59

[NM_016639] TNFRSF12A TNF receptor 12A +2.88

[NM_005938] FOXO4 Forkhead +4.16

[NM_019885] CYP26B1 Cytochrome P450 B1 +3.76

[NM_007355] HSP90AB1 Heat shock protein 90 A +4.73

[NM_138578] BCL2L1 BCL2-like 1 +2.18

[NM_022105] DIDO1 Death inducer-obliterator 1 +3.06

Exposure to 78 nm α-Fe2O3 NPs at a concentration of 100 μg/mL results in upregulation of genes essential for actin organization and
bundling such as CapZ, γ-actin, among others. Apoptosis appears to be the cause of cell death as initiator and executor caspases are
upregulated as well as the receptors responsible for their activation. All data shown represent specimens conducted as biological triplicate
where p≤0.05
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Concerning apoptosis two signaling mechanisms by
which the cell can commit suicide exist (Reed 2000;
Thorburn 2004; Fulda and Debatin 2006). The extrinsic
pathway can be stimulated by extracellular signaling
ligands that bind to integral membrane death receptors
(Nagata 1997; Thorburn 2004). This ligand-receptor
interaction causes a conformational change in the pro-
tein and permits establishment of a molecular scaffold
known as the death-inducing signaling complex (DISC;
Thorburn 2004). Caspase 8 is a molecular component of
the DISC and upon its release from the DISC has the
potential to activate the executioner caspase, caspase 3
(Fischer et al. 2003).

Genome-wide analysis through the use of DNA mi-
croarray employed during this study indicated that epi-
thelia exposed to large diameter NPs (78 nm) at the same
concentration and exposure duration as the 15 nm spec-
imens elicited a statistically significant (p≤0.05; n=3)
increase in the expression of these pro-apoptotic genes.
Indeed, this study showed that those molecular compo-
nents at the mRNA level are upregulated corresponding
to the extrinsic pathway of cell induced apoptosis
(Table 3). In addition, it was found that mRNA encoding
two receptors of TNFα were upregulated as well as both
caspase 8 and caspase 3. In contrast, it was found that
there were no statistically significant changes in gene
expression after exposure to the 15-nm α-Fe2O3 NPs at
a concentration of 100 μg/mL.

The data presented in this report shows that there are
notable changes in the number of cells positive for reac-
tive oxygen species after treatment with these NPs at both
1 and 3 days post-exposure. Moreover, it is a known
phenomenon that NPs are able to “escape” endosomes
(Verma and Stellacci 2010). The transmission electron
micrographs shown in this study appear to contain some
agglomerated intracellular NPs that have no indication of
electron-dense membranes surrounding the NPs. It is
known that iron oxide NPs elicit the production of ROS
and furthermore rupture of the lysosome as might be the
case for the apparently non-membrane bound NPs found
in this study (Buyukhatipoglu and Clyne 2011). This
increase in intracellular ROS could “jumpstart” a signal-
ing cascade for apoptosis.

Apoptosis is not the only effect of NPs on cells,
subtle effects of NPs on the biology of the cells and
tissues have also been reported. The first paper to de-
scribe what was then referred to as “subtle” effects of
NP exposure demonstrated that NPs (a 70/30 % mixture
of rutile and anatase TiO2) efface the brush-border of

intestinal enterocytes in vitro in a dose-dependent man-
ner (Koeneman et al. 2010; Faust et al. 2012). Subse-
quent studies employing α-Fe2O3 NPs by Zhang et al.
(2010) and later Kalive et al. (2012) at concentrations
ranging from 1 to 300 μg/mL showed a similar micro-
villar disruption as a result of NP exposure (Zhang et al.
2010; Kalive et al. 2012). In the present study a number
of structural proteins related to actin bundling (tropo-
myosin and α-actinin) were found to be upregulated
after exposure to large NPs. Furthermore the actin cap-
ping protein CapZ, which is a known constituent of the
apical region of the microvillus in placental cells
(Heintzelman et al. 1994), was found to have a 5-fold
increase in mRNA expression in the present study. This
apical region referred to as the plus-tips of the microvil-
lus appears in electron micrographs as an electron dense
region and was shown to be the organization center from
which microfilaments emanate during morphogenesis
(Mooseker 1985; Berryman et al. 1995). These data
indicate a change in the normal actin-bundling proper-
ties of the trophoblast epithelium and suggest that at the
mRNA level actin capping as a means to promote actin
disassembly may be the mechanism driving the loss of
microvilli in this cell system at the protein level.

Conclusion

In the present investigation, it was hypothesized that α-
Fe2O3 NPs elicit diameter-dependent effects in an in vitro
model of the human placenta. From this, it would be
predicted that if the diameter of the NP affects the viabil-
ity of the epithelium then exposure to different diameters
would affect the epithelium in different ways. This study
showed that the large diameters of 50- and 78-nm
αFe2O3 disrupted the junctional integrity of the epitheli-
um and subsequently resulted in apoptosis, whereas the
smaller diameter of 15 nm appeared to have little effect
on the epithelium and did not show those gross changes
observed after exposure to large diameters. Since the
fetal/maternal interface is responsible for selectively shut-
tling nutrients to the placenta, acting as a barrier to the
mother’s immune components, and permitting waste and
gas exchange, junctional disruption or apoptosis of these
cells could result in pregnancy complications, or result in
fetal malnutrition. Future studies will interrogate the sig-
naling events responsible for apoptosis at the protein
level as this remains to be elucidated.
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Methods

Synthesis of α-Fe2O3 NPs

All α-Fe2O3 NPs were synthesized by Dr. Wen Zhang in
the laboratory of Dr. Chen at Georgia Institute of Technol-
ogy according to the method of Penners and Koopal
(Penners and Koopal 1986; Zhang et al. 2011; Zhang
et al. 2012b). Briefly, 20 mMFeCl3 in 4mMHCl solution
was incubated at 100±0.1 °C in a forced-convection oven.
Different diameters of α-Fe2O3 NPs were obtained at
different incubation times of approximately 30 min, 5 h,
and 8 h for the three sizes (15, 50, and 78 nm) used in this
study. The suspension was centrifuged (Eppendorf centri-
fuge 5430R, Germany) at 5,000×g for 30 min, and the
supernatant was discarded. The concentrated α-Fe2O3

NPs were stored in deionized (DI) water (Millipore,
>18.2 MΩ) at pH 4±0.1 adjusted by hydrochloride acid.

The morphology and particle diameters were exam-
ined with a Philips CM-12 TEM operating at an accel-
erating voltage of 80 kV. Hydrodynamic diameters ofα-
Fe2O3 NPs dispersed in DI water or culture media were
determined by a dynamic light scattering (DLS) instru-
ment (Malvern Instruments, Zetasizer Nano, ZS instru-
ment). The concentration ofα-Fe2O3 NPs in suspension
was determined by an Induced Coupled Plasma-Optical
Emission Spectrometry (ICP-OES, Thermo iCAP 6300,
USA). The concentration of α-Fe2O3 NPs was
expressed mg/L of ferric ion.

Cell culture

BeWo (b30) cells were obtained from Dr. Erik Rytting
(UTMB, Galveston, TX), and used with permission from
Dr. Alan Schwartz. Cells were maintained in T-75 flasks
(Corning, Manassas, VA) coated with 50 μg/mL human
placenta collagen (Sigma Aldrich, St. Louis, MO) as
described elsewhere (Bode et al. 2006). Briefly, culture
medium was replenished daily with DMEM:F-12 con-
taining 1 % antibiotics (10,000 IU/mL penicillin/
10,000 μg/mL streptomycin/25 μg/mL amphotericin B;
Cellgro, Manassas, VA), and 15 % fetal bovine serum
(Atlanta Biological, Lawrenceville, GA), and incubated
in a humidified chamber of 5 % CO2 in air at 37 °C.
Upon 80 % confluence, the cells were subcultured at a
1:10 dilution. Subculturing was accomplished by briefly
incubating the cells in Ca2+/Mg2+-free phosphate buff-
ered saline (PBS), followed by a 5-min incubation in
0.25 % trypsin/2.21 mM EDTA in Hanks Balanced Salt

Solution (Cellgro, Manassas, VA) until the cells were no
longer adherent to the culture plastic as assessed by phase
contrast microscopy. The trypsin was neutralized, re-
moved, and the cells were resuspended to the appropriate
cell dilution.

NP-containingmediumwas prepared as described by
Koeneman and coworkers (Koeneman, Zhang et al.
2010). Briefly, water-soluble α-Fe2O3 at a stock con-
centration of no less than 2000mg/L was sonicated with
a Fisher Scientific model 100 probe sonic dismembrator
at the maximum setting of 28 W (RMS) for no less than
2 min. After applying the NPs to the appropriate volume
of medium required to obtain the final working concen-
tration, a second round of sonication, prior to exposure
to epithelia was performed according to the aforemen-
tioned settings. All NP concentrations used in this study
were calibrated to equal the concentration employed
during TEER analysis depending on the area of the
culture vessel (i.e., 33 μg/mm2=100 μg/mL in a
Transwell® insert).

Transepithelial electrical resistance

Cells were grown on collagen-coated, 0.4 μm pore,
6.5 mm Transwell® Inserts (Corning, Manassas, VA),
and were allowed to grow until an intact monolayer
formed as described elsewhere (Cartwright et al.
2012). Typically, the monolayer and TEER is
established 3 days post-seeding (Cartwright et al.
2012) and this timepoint was used in all experiments
reported in this study as “day 0,” and the values obtained
were in agreement with recent reports (Li et al. 2013).
Before measurements were taken, the 24-well plate was
set in the dark on an air curtain for 15 min to equilibrate
to room temperature. A thermometer was placed in
blank well containing 1.5 mL of medium, and only after
the medium was room temperature were the measure-
ments taken. Measurements were consistently taken
in order. Three different measurements were taken
from each insert and averaged. TEER measure-
ments were conducted with an EVOM (World
Precision Instruments, Inc., Sarasota, FL) and
TPX2 “chopstick” electrodes (World Precision In-
struments Inc., Sarasota, FL). Resistance was
assessed only after the electrode was calibrated
with a CaliCell (World Precision Instruments,
Inc., Sarasota, FL) to ensure accurate readings.
Background res i s t ance was measured by
employing a blank inserts (n=3) with medium
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only and no cells. TEER is calculated from the
following equation:

RTEER ¼ RC–RB½ �XA

Where RTEER is the transepithelial electrical resis-
tance represented in Ω cm2; RC is the resistance of the
cells in Ω; RB is the resistance of the blank (Ω); and A is
the surface area of the membrane insert (cm2). There
were several populations of “blanks” depending on the
experiment; however, control blanks are defined as in-
serts containing no cells bathed in 300 μL of medium in
the apical chamber and 1 mL of medium in the basal
chamber. For experiments assessing TEER for NP-
treated epithelia, the blank is redefined as an insert
containing no cells, but incubated with medium contain-
ing the total working concentration of the nanomaterial
at a consistent volume in the apical chamber as de-
scribed earlier in the text (i.e., 300 μL at×μg/mL
NPs), and with 1 mL of medium containing no NPs in
the basal chamber. In each case, no fewer than three
blank inserts were averaged to obtain the “blank” resis-
tance required to calculate TEER values. All TEER
values were normalized to percent TEER based on the
average percent of the epithelia for 3 consecutive days
prior to NP application. NP containing medium was
applied once at day 0 to the apical chamber alone. Each
insert received the same amount of medium; The apical
chamber contained 300 μL and the basal chamber
contained 1 mL of culture medium. Cell culture medium
was replenished every 24 h. Each experiment was re-
peated at least three times where (n=3).

ROS analysis

BeWo cells were seeded on human placenta collagen-
coated glass bottom dishes (Sigma Aldrich, St. Louis,
MO; MatTek, Ashland, MA) and grown for 3 days
corresponding to the maximal TEER as described in
the sections in the above text (i.e., the “day 0”
timepoint). The cell permeate reactive oxygen species
indicator, H2DCFDA (Molecular Probes; D-399) with
aid from 0.02 % Pluronic F-127, was bath-applied to the
epithelia. Once the reduced fluorescein derivative enters
the cell, esterases can cleave acetate groups and the
probe can be oxidized by ROS. Upon oxidation
H2DCFDA is converted to 2′,7′-dicholorofluorescein
and exhibits a bright green fluorescence. This cocktail
was applied to epithelia for 30 min in a humified

incubator, subsequently washed several times in pre-
equilibrated Ca2+/Mg2+-containing PBS (37 °C), and
imaged as detailed in the preceding text. A positive
control for reactive oxygen species was employed by
applying 5 μM H2O2 in standard cell culture medium
overnight (8 h) and later assessing fluorescent cells. No
fewer than five randomly chosen fields of view were
imaged and the entire field of view scored for fluores-
cence in each specimen. Each experiment was repeated
three times where (n=3).

Live/dead analysis

The live/dead cytotoxicity assay (Molecular Probes;
L-3224) was used to identify dead cells. Briefly, the
red-fluorescent ethidium homodimer-1 is excluded by
intact cells indicative of cell viability. However, when
membrane integrity is compromised during cellular
death, ethidium binds to nuclear DNA and undergoes
an increase in intensity (40-fold increase in fluores-
cence; Gaugain et al. 1978). Thus, cells that are dead
have intense nuclear fluorescence. To indentify dead
cells in the epithelium, BeWo cells were seeded on
human placenta collagen-coated glass bottom dishes
(MatTek, Ashland, MA) until confluence. Ethidium
was made 10 μM in standard culture medium and the
cells were incubated for 40 min in a humified chamber
at 37 °C. The cells were subsequently washed in Ca2+/
Mg2+-containing PBS to remove any unbound
ethidium, standard culture medium was replaced, and
the plates were immediately imaged in the dark on a
Nikon Eclipse TE300 inverted microscope equipped
with a stage warmer and a Hamamatsu Orca CCD
camera. Each experiment was repeated three times
where (n=3).

Transmission electron microscopy

All reagents and materials were purchased from Elec-
tron Microscopy Sciences (Hatfield, PA) unless other-
wise indicated. In all cases describing cytological fixa-
tion, EM grade formaldehyde and glutaraldehyde were
opened and used fresh from vials stored under N2 gas.
Cells were seeded on collagen-coated aclar and cultured
as described in the preceding text. To obtain resin-
embedded monolayers, the cells were cytologically
fixed for 2 h in sodium cacodylate buffer (pH 7.2) made
2 % with formaldehyde/2 % glutaraldehyde. The spec-
imens were washed extensively to remove the excess
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fixative and subsequently post-fixed in 1%OsO4 for 1 h
in the dark at room temperature. After extensive washes
in Nanopure™water, the cells were incubated overnight
in 0.5 % uranyl acetate in Nanopure™ water at 4 °C.
Specimens were dehydrated in an increasing graded
series of ethanol and infiltrated with Spur’s embedding
medium and polymerized overnight at 60 °C. Seventy
nanometer sections (corresponding to silver interference
patterns) were cut on a Leica Ultracut E equipped with a
diamond knife (Diatome, Hatfield, PA), and collected
on formvar-coated, carbon-stabilized copper grids. The
section-containing grids were stained with uranyl ace-
tate and Sato’s lead citrate, allowed to air dry overnight,
and imaged on a Phillips CM-12 TEM fitted with a
Gatan 791 CCD camera.

Scanning electron microscopy

Poly-D-lysine-coated cover slips were purchased
(BD Bioscience, San Jose, CA) and subsequently
coated with human placenta collagen at 5 μg/cm2.
The cover slips were extensively washed in PBS
and BeWo cells were seeded at 4×105 cells/mL.
Epithelia were washed briefly with PBS and cyto-
logically fixed for 30 min in 100 mM sodium
cacodylate buffer (pH 7.2) made 2 % formalde-
hyde/2 % glutaraldehyde at room temperature.
Specimens were washed through several changes
of sodium cacodylate buffer (pH 7.2) and post-
fixed in 1 % OsO4 for 60 min in the dark. Fol-
lowing post-fixation, the epithelia were washed
with Nanopure™ water and dehydrated in an in-
creasing graded ethanol series. Samples were dried
through the critical point of CO2 (Balzers),
mounted on aluminum stubs, and sputter coated
with approximately 5 nm of palladium-gold in a
vacuum (Technicks Hummer II). Images were col-
lected on a JOEL JSM-6300 scanning electron
microscopy equipped with an IXRF digital imag-
ing system. Each experiment was repeated a min-
imum of four times (n=4)

Cytochalasin D treatment to prevent actin-mediated
endocytosis

Cytochalasin D binds to g-actin and prevents f-actin
formation and subsequent actin-mediated endocytosis.
Cytochalasin D was purchased from Sigma Aldrich and
made 10 mM in cell culture tested dimethylsulfoxide

(ATCC). This stock dilution was stored at -20 °C in
10 μL aliquots and thawed just prior to use. Prior to
NP treatment, a dose response analysis (unpublished
data) for Cytochalasin D was conducted and it was
found that application of 1 μM Cytochalasin D 30 min
prior to, and during the duration of NP incubation (≥8 h)
resulted in a loss of f-actin, but maintained cellular
viability. The final working concentration of 1 μM
was employed in all subsequent studies.

Immunocytochemistry

Unless otherwise stated, all reagents used for immuno-
cytochemistry were purchased from Sigma Aldrich (St.
Louis, MO). Confluent epithelia were treated and main-
tained as replicate samples at their respective time
points. The epithelia were briefly washed in PBS equil-
ibrated to 37 °C, and subsequently cytologically fixed in
100 mM PBS made 2 % with formaldehyde prepared
fresh from paraformaldehyde for 30 min at room tem-
perature. Epithelia were permeabilized with an intracel-
lular buffer (ICB) made 2 % with formaldehyde and
0.1 % Triton X-100 for 30 min at room temperature in
the dark. ICB contains the following: 100 mM KCl,
5 mM MgCl2, and 20 mM HEPES™ (pH 6.8). The
epithelia were washed three times for 15 min per wash
in ICB made 1 % with bovine serum albumin (ICB-
BSA) at room temperature. After this blocking step, the
primary antibody (anti-ZO-1, Invitrogen ZO1-1A12
[formerly from Zymed]) was applied at a 1:500 dilution
in an antibody dilution buffer (ICB modified to contain
0.1 % Tween-20 and 1 % non-fat dry milk) and incu-
bated overnight at 4 °C. The following day the epithelia
were washed three times for 15 min each in ICB-BSA.
The fluorophore-conjugated secondary antibody used in
this study, which permitted visualization of the primary
antibody, was goat-anti-mouse Alexa-488. The second-
ary antibody was used at a 1:500 dilution in antibody
dilution buffer and incubated overnight at 4 °C. The
following day, the epithelia were washed three
times for 15 min each in ICB. Visualization of
the nuclei was accomplished by employing DAPI
(Molecular Probes) diluted in ICB for 15 min. The
cover slips were subsequently mounted on slides
in drops of Vectashield (Vector Labs) and sealed
with optically clear nail polish. Images were col-
lected with a Leica SP5 laser scanning confocal
microscope housed in the W.M. Keck Bioimaging
Facility at Arizona State University. The images
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represent 0.4 μm optical Z-sections obtained
through the entire volume of the cells for confocal
analysis. Optical sections were reconstructed using
Leica Imaging Software to represent a maximum
projection image. The images shown are represen-
tative of four independent experiments where n=3.

Microarray analysis

mRNA isolation

All plastic cultureware employed during microarray anal-
ysis was certified as “Nuclease-free.” Messenger RNA
(message) was isolation by the Purelink® RNA method
(Ambion) according to the manufacturer’s instructions.
Briefly, three confluent 60 mm2 culture plates for each
condition (i.e., untreated, 15 nm treated, and 78 nm treat-
ed) for a total of nine plates were washed in ice-cold PBS,
scrapped, at the respective times, with a rubber policeman
and collected in ice-cold PBS. PBS was removed, re-
placed with lysis buffer, and mechanically disrupted with
five strokes of a Dounce homogenizer. Message was
subsequently isolated on membranes and eluted into col-
lection tubes through the use of TE buffer. RNA was
stored in a mechanical freezer at -80 °C until use.

aRNA amplification and microarray analysis

Messenger RNA was thawed on ice and analyzed for
total RNA content with a Nanodrop™ spectrophotom-
eter. RNAwas aliquotted into non-stick PCR tubes at a
total concentration of 1,000 ng per tube. Reverse tran-
scription “master mix” was prepared and DNA was
transcribed in a hybridization oven at 42 °C for 2 h.
Complementary DNA (cDNA) was subsequently pre-
pared at 16 °C for 2 h. The cDNA was purified and
transcribed into amino allyl RNA. The aRNAwas puri-
fied and the yield was assessed. Depending on the
specimen Alexa-fluor 555 or Alexa-fluor 647 was
coupled to the aRNA, the former representing the un-
treated specimens, while the latter represents the NP-
treated specimens. Dye-coupled aRNA was purified,
fragmented and equal concentrations of untreated and
treated aRNA was pooled. The samples were subse-
quently hybridized on Agilent Human 4×44 K arrays
at 60 °C for 16 h, scanned, and analyzed with
GeneSpring (Agilent Technologies, Inc., Santa Clara,

CA). Data represent biological replicates conducted on
the same day.

Q-PRC analysis

The same mRNA that was employed for microarray
analysis was used to confirm relative fold-changes for
the CASP8 and TNFR12A genes. Reverse transcription
was accomplished with the qScript cDNA synthesis kit
according to the manufacturer’s instructions (Quanta
Biosciences, Gaithersburg, MD). This cDNAwas used
as a template for quantative PCR analysis through the
use of Brilliant III CYBR® Green (Agilent Technolo-
gies, Inc., Santa Clara, CA). Briefly, equal amount of
template were amplified and fluorescence was moni-
tored and analyzed by the ΔΔCt method (Livak and
Schmittgen 2001). The housekeeping gene, TUBA1A,
which encodes the protein α-tubulin, was used to nor-
malize data. The CASP8 amplicon was generated with
primers corresponding to the forward: CAGTGAAGAT
CTGGCCTCCC and reverse: TGCGGAATGTAGTC
CAGGCT sequences. The TNFR12A gene product was
amplified with forward AAGGAACTGCAGCATTTG
CA and reverse CCTCTAGGAAGGAGGGCACC
primers according to the manufacturer’s recommenda-
tions (Integrated DNA Technologies, San Diego, CA).
Data represent biological replicates conducted on the
same day. Error is shown as mean±SD.

Data analysis

In this manuscript an independent experiment is defined
as three or more technical replicates conducted on the
same day. Unless otherwise stated, all data represent at
least three independent experiments conducted on dif-
ferent days. Student’s t-test was performed through the
use of GraphPad software and a p value of ≤0.05 was
considered statistically significant. Error was calculated
in Excel and is shown as mean±SEM. In some cases
error bars appear smaller than the data point marker. All
comparisons are made between untreated and NP-
treated epithelia at their respective time points unless
otherwise indicated.

Microarray data was analyzed through the use of
GeneSpring and the data appears as three biological
replicates conducted on the same day. Only those genes
that whose change represented p≤0.05 were considered
for subsequent analysis. Quantitative PCR analysis was
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conducted on the same day as three technical replicates.
Both microarray and QPCR are shown as mean±SD.
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