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he environmental or occupational

exposure of humans to submicrome-

ter and nanoscale materials is ex-
pected to increase within the next few years
as the result of the increasing use of such
materials in industrial and medical applica-
tions." Particles ranging from 1 nm to 1 um
that enter the respiratory tract can reach
the alveoli at the distal ends of the respira-
tory tree,” where the alveolar type Il epithe-
lial cells that are distinguished by apical mi-
crovilli are found. These cells play critical
roles in the function of the alveoli by secret-
ing pulmonary surfactants that prevent the
alveolar collapse with expiration,® and by
differentiating into type | epithelial cells to
replace damaged cells.* Importantly, alveo-
lar type Il epithelial cells have been shown
to internalize certain particles ranging from
a few micrometers to nanometers in vivo™>®
and in vitro,”~'? and they release
chemokines”~'%'3'* that can recruit inflam-
matory response cells to the affected site.'”
However, the cellular interactions and inter-
nalization pathways of the specific particles,
which drive the cellular responses, are
largely unknown. One of the potentially
more extensive exposures to airborne par-
ticles results from the use of precipitated,
pyrogenic, or gel amorphous silica particles
in a wide range of industrial applications, in-
cluding micro- and nanotechnologies. Ani-
mal studies have shown both adverse ef-
fects of these forms of amorphous silica
particles on the pulmonary system'® and
toxicity to alveolar cells.'”~"® Alveolar type
I epithelial cells that are exposed to submi-
crometer and nanoscale amorphous silica
particles respond with an increase in the in-
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ABSTRACT The growing commerce in micro- and nanotechnology is expected to increase human exposure to
submicrometer and nanoscale particles, including certain forms of amorphous silica. When inhaled, these particles
are likely to reach the alveoli, where alveolar type Il epithelial cells that are distinguished by apical microvilli are
found. These cells play critical roles in the function of the alveoli and participate in the immune response to
amorphous silica and other particles by releasing chemokines. The cellular interactions of the particles, which
drive the cellular responses, are still unclear. Adverse effects of nanoparticles have been attributed, in part, to
the unique properties of materials at the nanoscale. However, little is known about the cellular interactions of
individual or small nanoparticle aggregates, mostly because of their tendency to agglomerate under experimental
conditions. Here we investigate the interaction and internalization pathway of individual precipitated amorphous
silica particles with specific surface properties and size, by following one particle at a time. We find that both
100 and 500 nm particles can take advantage of the actin turnover machinery within filopodia and microvilli-like
structures to advance their way into alveolar type Il epithelial cells. This pathway is strictly dependent on the
positive surface charge of the particle and on the integrity of the actin filaments, unraveling the coupling of the
particle with the intracellular environment across the cell membrane. The retrograde pathway brings a new
mechanism by which positive surface charge supports particle recruitment, and potential subsequent toxicity, by
polarized epithelial cells bearing microvilli.
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flammatory gene expression and the re-
lease of chemokines,?®?" but the underly-
ing mechanism is still unclear.

The harmful effects of submicrometer
and nanoscale particles have been attrib-
uted, in part, to the large surface-area-to-
mass ratio, leading to increased reactivity
and oxidative stress."?223 Under experi-
mental conditions, however, where the lo-
calized concentration is high, nanomaterials
tend to agglomerate, creating larger par-
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ticles that might no longer carry the proper-
ties of the individual particle.>*~2° In addi-
tion, large particles can be easily detected
and phagocytosed by the alveolar mac-
rophages,?” but it is currently thought that
submicrometer and nanomaterials are able
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to escape the alveolar macrophages®® and translocate
across the epithelial cell layer into the circulatory
system.??873° These observations support the idea
that submicrometer and nanomaterials are presented
to alveolar cells in vivo as individual particles or small
submicrometer aggregates, which differ from the larger
particles in their ability to interact with the cell. How-
ever, the cellular interactions and internalization path-
ways of individual submicrometer and nanoscale par-
ticles are largely unknown, including particle
interactions with the alveolar type Il epithelial cells. Par-
ticles can enter the living cell through diverse
mechanisms,?'> which are strongly dependent on the
size and surface properties of the particles.>**> Impor-
tantly, the surface properties also play a key role in par-
ticle toxicity, as was demonstrated with quartz
particles.>*3537 For example, increasing the positive
surface charge by amino groups directly increases par-
ticle uptake® and toxicity.>®

Since the cellular interactions and internalization
pathways of inhaled particles are going to drive the cel-
lular response and ultimately the impact on the pulmo-
nary system, we investigated the surface-dependent in-
teraction of individual or small aggregates of
submicrometer and nanoscale particles, as they are
likely to be presented in vivo. We show that submi-
crometer and nanoscale precipitated amorphous silica
particles are able to travel along filopodia and microvilli-
like structures toward the cell body of cultured alveo-
lar type Il epithelial cells, where they can be internalized
via small membrane vesicles. We find that this retro-
grade motion is strictly dependent on the positive sur-
face charge of the particles, and on the retrograde ac-
tin flow>>*° in these structures. Our observations
indicate that positively charged particles bind nega-
tively charged membrane molecules that, in turn, inter-
act directly or indirectly with the actin filaments within
filopodia and microvilli. As the retrograde flow of the
filaments is generated in these structures, it leads to the
retrograde motion of the membrane molecule and its
bound particle. The retrograde pathway brings a new
mechanism by which positive surface charge supports
particle recruitment, and possibly subsequent toxicity,
by polarized epithelial cells bearing microvilli.

RESULTS AND DISCUSSION

Positively Charged Submicrometer and Nanoscale Particles
Reach the Cell Body by Traveling along Filopodia and Microvilli-like
Structures. Alveolar type Il epithelial cells play critical
roles in the normal function of the alveoli by produc-
ing surfactants and replacing damaged type | epithe-
lial cells.>* These cells also participate in the immune re-
sponse to certain particles and pathogens by releasing
chemokines.” 913712 |nvestigating their interactions
with specific particles could therefore aid in under-
standing their cellular response, and ultimately the im-
pact of the particles on the function of the pulmonary
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system. Here we focus on a non-tumorigenic alveolar
type Il epithelial cell line (C10) that was derived from a
normal lung of an adult mouse. This cell line has been
shown to preserve its characteristic phenotype, includ-
ing lamellar bodies and surface microvilli.*'**> The mi-
crovilli are formed in our cultured cells (Supporting In-
formation). The cells develop an overwhelming number
of elongated structures that can be seen by light mi-
croscopy. Using scanning electron microscopy (SEM),
we confirmed that these structures originate from the
apical cell surface and are part of the microvillar system,
which under our culture conditions consists of mi-
crovilli with different lengths ranging from 100 nm to
several micrometers (Supporting Information). Al-
though the large number and the typical size and distri-
bution of the elongated microvilli seen in the SEM im-
ages correspond to the pattern we see under the light
microscope, a definite distinction between these struc-
tures and other filopodia, which are fewer, thinner, and
often longer, is not possible using light microscopy.
We therefore refer to the shorter and stouter struc-
tures as microvilli-like structures and revert to the more
general term, filopodia, to include all cytoplasmic
extensions.

As discussed in the introduction, the initial interac-
tion of submicrometer and nanoscale particles with
the living cell is likely to occur in vivo at the level of in-
dividual particles or small submicrometer aggregates.
The investigation of dynamic processes that underlie
the interactions and internalization pathways of indi-
vidual particles or small particle aggregates requires
tools that gain insights into living cells with high spa-
tial (nanometer) and temporal resolutions. While indi-
vidual 500 nm particles can be detected and followed
using time-lapse differential interference contrast (DIC)
microscopy, another approach has to be taken for de-
tecting individual 100 nm particles. Here we applied
time-lapse total internal reflection fluorescence (TIRF)
microscopy with single-molecule sensitivity to study
the dynamic behavior of individual 100 nm particles in
the living cell. Using DIC and TIRF microscopy at 200X
magnification, we find that positively charged 100 and
500 nm precipitated amorphous silica particles can
move along filopodia and microvilli-like structures to-
ward the cell body. Figure 1 and the corresponding
movie 1 demonstrate the retrograde motion of 500
nm particles, using a time series of DIC images that
were acquired at 10 s intervals. Each particle is followed
along the sequence of the images with a color-coded
arrow that is added when the particle lands on the cell.
Particles can dwell in their landing spot before starting
to move, or become engaged in the motion immedi-
ately after landing. The particle marked by the red ar-
row demonstrates the immediate motion in the corre-
sponding movie. By the end of the series, the particles
are found by the cell body where other particles are al-
ready accumulated.

www.acsnano.org



originates from the apical surface of the
cell body, as shown in Figure 2b, where the
trajectory of the nanoparticle is overlaid on
the DIC image. Interestingly, the motion
pattern of the nanoparticle, although clearly
directed toward the cell body, includes
both rearward and forward motions, as
demonstrated in the corresponding movie.

Submicrometer and Nanoscale Particles Are
Internalized via Membrane Vesicles That Enter the
Lysosomal Pathway. As particles arrive closer to
the cell body, they are often engulfed by
lamellipodia that surround them and fur-
ther bring them to the cell body, as demon-
strated by the blue arrow in Figure 3 and
the corresponding movie 3. Alternatively,
particles can move up to the cell-body
membrane, where they appear to be inter-
nalized at the site of their arrival, as demon-
strated by the red arrow in the same figure
and corresponding movie.

The internalization of the particles oc-

10 um

Figure 1. Positively charged submicrometer particles (=500 nm) scroll
along microvilli-like structures toward the cell body of alveolar type Il ep-

curs through small membrane vesicles that
bud from the plasma membrane, as shown
in Figure 4a and the corresponding movie
4a. Using the fluorescent (Alexa 647) wheat
germ agglutinin conjugate (WGA), which
binds glycoproteins at the cell membrane,
the origin of cytoplasmic vesicles can be
traced to the plasma membrane. The co-
localization of a 100 nm particle that is
tagged with a fluorescent dye (Alexa 546)

ithelial cells growing in culture. A sequence of DIC images demonstrates  and a small membrane vesicle that origi-

the directed retrograde motion of 500 nm amorphous silica particles,
which are positively charged by amino groups attached to their surface.
The images are selected from a time series that was taken at 10 s inter-
vals. The particles are indicated by color-coded arrows as they appear

nated from the plasma membrane, accord-
ing to its fluorescence tagging by WGA, is
shown in the merged image in Figure 4a.

along the sequence. The cumulative time relative to the firstimage in the  Tpe nanoparticle and the vesicle move to-

sequence is shown in the lower right corner of each image. Particle traces
are generated by tracking the position of each particle from one image

gether in the cytoplasm, as seen in the

to the next in the series and are plotted in the last frame. The cell body movie of the merged images, further sup-

from which the elongated structures originate is outlined with the
dashed line. The traces show the directed motion of the particles and

their accumulation by the cell-body membrane.

@ Movie 1 in AVI format shows the complete time series, played at 50

times the actual rate.

Figure 2 and the corresponding movie 2 demon-
strate the retrograde motion of 100 nm particles, using
single-molecule fluorescence techniques.*® The images
in Figure 2a are selected from a time series that was ac-
quired using TIRF microscopy at 10 s intervals. The fluo-
rescent spot that is indicated by the arrow in the first
image is estimated to represent one nanoparticle or a
cluster containing two nanoparticles. As described un-
der Methods, the estimation is based on the intensity of
the fluorescent spot and on the size of the spot, which
is near the diffraction limit of the light (3 X3 pixels). The
particle travels along a microvillus-like structure that

www.acsnano.org

porting their association. Using
fluorescence-tagged transferrin, which is
known to be internalized via clathrin-coated
pits, the internalization of the particles via
clathrin-dependent endocytosis can be de-
termined. Figure 4b demonstrates the co-
localization of transferrin and positively charged 100
nm particles within small vesicles, indicating that the
particles can enter the cells via clathrin-mediated en-
docytosis. The internalized particles enter the lysoso-
mal pathway, as determined using LysoTracker, a fluo-
rescent indicator that is specific for acidic membrane
organelles. Figure 4c and the corresponding movie 4c
show the co-localization of fluorescent 500 nm particles
and small acidic vesicles. Most of the particles are en-
cased in the vesicles as individual or small clusters, as in-
dicated by their size and fluorescence intensities. These
acidic vesicles are fused with each other to form late en-
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Figure 2. Positively charged nanoscale particles (=100 nm)
reach the cell body by traveling along microvilli-like struc-
tures in an irregular pattern that includes retrograde and an-
terograde motions. (a) Individual amorphous silica nanopar-
ticles, positively charged with amino groups and tagged
with an average of five fluorescent molecules (Alexa 546),
are identified and tracked using single-molecule fluores-
cence microscopy. A sequence of fluorescence images dem-
onstrates the retrograde motion of an individual 100 nm
particle, which is marked by the arrow in the firstimage. The
cell body is outlined by the dashed line. The fluorescent
spots in the cell body represent internalized particles that
become blurry as the focus follows the traveling particle up
toward the apical cell surface. (b) The motion of the particle
is traced along the time series and is plotted over the DIC im-
age. The origin of the trace is indicated by the arrow, and
the area shown in the fluorescence images is marked by the
dashed lines.

@ Movie 2 in AVI format shows the complete time series
at 50 times the actual rate.

dosomes and lysosomes. The interactions between the
vesicles can be observed in the merged image in Figure
4c, where the larger vesicle, indicated by the arrow, is

seen in contact with smaller vesicles. A dynamic view of
the attachment and possible fusion of the vesicles can

be seen in movie 4c. Since the green and red images are
offset 5 s from each other, some of the merged images

ﬁ\rﬁ(j VOL.1 = NO.5 = ORR ET AL.

Figure 3. Particles that reach the cell body can be engulfed
by extending lamellipodia or become internalized directly at
the cell-body membrane. A sequence of DIC images shows
internalization pathways of positively charged 500 nm
amorphous silica particles. The cumulative time relative to
the first image is indicated at the lower left corner of each
image. The particle that is indicated by the red arrow scrolls
up to the membrane of the cell body, where it seems to be
internalized, while the particle indicated by the blue arrow is
engulfed by a lamellipodium that reaches away from the
cell body. The motion of the two particles is traced through
the time series and plotted in the last frame relative to the
outline of the cell body.

@ Movie 3 in AVI format shows the complete time series
at 50 times the actual rate.

show a slight dissociation between the two dyes, result-
ing from the motion of the vesicle-bound particles dur-
ing the delay between the two images.

Particle Surface Charge and Intact Actin Filaments Are Critical
for the Retrograde Motion of the Particles. The observations
above describe precipitated amorphous silica particles
positively charged with amino groups attached to their
surface. The addition of amino groups to particle sur-
faces has been used to create positive net charge,
which has been shown to underlie the toxicity of cer-
tain particles and macromolecules.>®** While unmodi-
fied precipitated amorphous silica particles have a rela-
tively strong negative net surface charge, with negative
zeta potential { = —40 mV at pH 7.4, the surface-
aminated particles have a positive surface charge with
{ = +22 mV at pH 7.4. Interestingly, we find that un-
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vesicles particles merged

Figure 4. Positively charged submicrometer and nanoscale particles are internalized via membrane vesicles that can be me-
diated by clathrin, and reach the lysosomal pathway. (a) 100 nm particles that are tagged with an average of three fluores-
cent molecules (Alexa 546) are imaged using single-molecule fluorescence techniques. The fluorescent nanoparticle, indi-
cated by the arrow in the middle image, is encased in a membrane vesicle that is labeled with a fluorescent probe of the
plasma membrane (WGA—Alexa 647, left image). The co-localization of the nanoparticle and the vesicle is shown in the
merged image on the right, where image pixels containing both red and green colors turn yellow. (b) 100 nm particles can
be found co-localized with fluorescent transferrin, indicating that the particles can enter the cells via clathrin-dependent en-
docytosis. Transferrin molecules enter the cell (outlined by the dashed line) via vesicles that are budded from clathrin-
coated pits, which are accumulate in the peri-nuclear region. Exposing cells to the particles and the fluorescent transferrin
leads to the co-internalization of particles and transferrin molecules within one vesicle, as indicated by the arrows. (c) 500 nm
particles that are tagged with the fluorescent dye (Alexa-546, middle image), co-localize with membrane vesicles that are
tagged with LysoTracker (left image), a selective dye for acidic membrane organelles. The co-localization is shown by the yel-
low color in the merged image (right image). Most of the particles appear as individual or small aggregates that are tightly
encased in small vesicles. The larger vesicle indicated by the arrow is likely to be a late endosome or a lysosome that is fused
with smaller endosomes, as can be seen in movie 4c. The dissociation that is occasionally seen between the vesicles and
the particles in the merged images in the movie is the result of the motion of the particle-containing vesicles during the 5 s
offset between the green and the red images.

@ Movie 4a in AVI format shows the complete time series for panel a.

@ Movie 4c in AVI format shows the complete time series for panel c.

modified amorphous silica particles are unable to move
along filopodia and microvilli-like structures. Although
not all the positively charged particles that land on
these structures eventually move, none of the unmodi-
fied particles that we observed on filopodia and
microvilli-like structures moved from their landing spot
(Figure 5a). To quantify these observations, we
screened cells grown in 35 mm plates at 60-70% cell

Www.acsnano.org

confluence over a 2 h time window, starting at the
time of adding the particles to the culture plate. This
time window allows us to capture the particles while

in motion. An average of 18 positively charged 500 nm
particles undergoing retrograde motion was found per
plate during the 2 h time window (19 particles in plate
1, 15 particles in plate 2, and 21 particles in plate 3). The
same experiment was repeated with unmodified par-
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Figure 5. The directed motion of the particles along microvilli-like struc-
tures is strongly dependent on particle surface charge and intact actin fila-
ments. (a) Unlike positively charged amorphous silica particles with amino
groups on their surface, unmodified particles carry a negative net charge
at pH 7.4. Unmodified particles that land on microvilli-like structures (ar-
rows in the second image) do not move, as demonstrated by the particles
being in the same position 19 min later (arrows in the third image). (b)
Treating the cells with cytochalasin D, a toxin that caps the (+) end of ac-
tin filaments and eventually leads to depolymerization of the filaments,
arrests the motion of the particles along filopodia and microvilli-like struc-
tures. The effect of the toxin is demonstrated by the position of the par-
ticles, which stays the same over time.

ticles. While particles landed on filopodia and microvilli-
like structures, none of them moved from their original
position (analysis of variance (ANOVA): F = 7.7, P =
0.0004). These observations indicate that the retrograde
motion of the particles is dependent on electrostatic in-
teractions between negatively charged molecules in
the plasma membrane and the positively charged sur-
face of the particles.

Directed motion of molecules and organelles in the
cellular environment often relies on cytoskeletal ele-
ments. Filopodia and microvilli are rich with actin fila-
ments that could play a role in the retrograde motion
of the particles. To explore a role for actin filaments in
this motion, we used toxins that interfere with the in-
tegrity of the filaments. We found that latrunculin, a
highly potent drug that leads to depolymerization of
the filaments, degrades the filopodia and microvilli-like
structure within minutes. We therefore used cytochala-
sin D, a more moderate toxin that caps the (+) end of
the filaments and prevents the addition of new mono-
mers, leading to depolymerization of the filaments over
time. Figure 5b shows cytochalasin-treated filopodia
and microvilli-like structures. Most of the structures lost
their apparent firmness and became flat, probably as

W) VOL.1 = NO.5 = ORR ET AL

the result of filament degradation. However, some of
the thicker microvilli-like structures, such as the one at
the bottom of the image, kept their general morphol-
ogy. In spite of the relatively well preserved morphol-
ogy, positively charged 500 nm particles that land on
these structures do not move, as demonstrated by their
unchanged position over more than 25 min. Under con-
trol experiments, we observed an average of 17 par-
ticles undergoing retrograde motion during the 2 h
time window described earlier (16 particles in plate 1,
20 particles in plate 2, and 15 particles in plate 3). An av-
erage of 1 particle undergoing retrograde motion was
observed in plates treated with cytochalasin D (0 par-
ticles in plate 1, 2 particles in plate 2, and 1 particle in
plate 3). ANOVA showed a significant difference (F =
7.7, P = 0.0006) between the control and drug-treated
plates. These observations indicate that the integrity of
the actin filaments is critical to the motion of the
particles.

To investigate the possibility that the retrograde
motion of the particles is powered by adenosine triph-
osphatase (ATP)-dependent mechanisms, we incubated
the cells in a glucose-free medium with 10 mM sodium
azide and 6 mM 2-deoxy-p-glucose to deplete ATP.
However, no significant difference was observed in the
number of particles undergoing retrograde motion un-
der control and ATP-depleting conditions. An average
of 16 positively charged 500 nm particles undergoing
retrograde motion was observed under control condi-
tions (18 particles in plate 1, 15 particles in plate 2, and
14 particles in plate 3), and an average of 13 particles
was observed under ATP-depleting conditions (ANOVA:
F = 7.7, P = 0.12). These observations indicate that
the retrograde motion of the particles can occur with-
out the contribution of myosin or other ATP-dependent
motor proteins.

GFP —Actin Clusters in Filopodia and Microvilli-like Structures
Move toward the Cell Body in the Same Retrograde Pattern and
Rate as the Particles. Actin filaments at the leading edge
of many cells undergo a continuous cycle of assembly
at their distal barbed end and disassembly at their
proximal end. This treadmilling underlies a process
termed “actin retrograde flow”, which plays an impor-
tant role in cell migration or axonal growth cone guid-
ance, among other cellular processes.>® The mechanism
underlying the actin retrograde flow has been studied
intensively in the leading edge of the growth cone, but
less is known about this process in microvilli. Previ-
ously, it was thought that both actin treadmilling and
certain myosin molecules power the flow. However, re-
cent observations demonstrate that the retrograde flow
of actin in the peripheral domain of the axonal growth
cone can be driven only by actin treadmilling.*® The
flow of actin has been suggested to underlie the retro-
grade motion of membrane receptors when they are
activated by their ligands.*>*® To explore the possibil-
ity that the retrograde flow of actin within the filopodia
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Figure 6. A retrograde actin flow is detected in filopodia and microvilli-like structures using GFP—actin, and just like the
retrograde motion of the particles, this retrograde flow is inhibited by cytochalasin D. (a) The transfection of alveolar type
Il epithelial cells with GFP—actin leads to fluorescent filopodia and microvilli-like structures that often contain small fluores-
cent clusters, which are distinguished from the diffused signal. Following the clusters over time reveals their retrograde mo-
tion toward the cell body. The images are selected from a time series that was taken at 32 s intervals. Two clusters that are
marked by arrows move toward the cell-body edge on the left side of the images. The cumulative time relative to the firstim-
age is indicated in the lower right corners. (b) Treating transfected cells with cytochalasin D leads to fragmented filaments
and the arrest of the actin flow, as clearly demonstrated in the corresponding movie 6b. The two upper images were taken
before adding cytochalasin D, showing the retrograde motion of the cluster indicated by the arrow. The two lower images
were taken after addition of the drug, where the cumulative time relative to the time of applying the drug is shown in the
lower right corner. These images show that the cluster stopped moving after addition of the drug, and the filaments became
fragmented. (c) Images of 500 nm fluorescent particles are overlaid on images of a cell expressing GFP—actin. The white
and yellow arrows point to an actin cluster and a particle, respectively. The images demonstrate that the particle and the ac-
tin cluster move together toward the edge of the cell body at the top of the image.

@ Movie 6a in AVI format shows the time series for panel a at 107 times the actual rate.

@ Movie 6b in AVI format shows the complete time series for panel b at 107 times the actual rate.

and microvilli-like structures powers the retrograde mo-
tion of the particles, we transfected the cells with the
green fluorescent protein (GFP) chimera of actin. Trans-
fected cells show fluorescent filopodia and microvilli-
like structures, where distinct fluorescent clusters can
occasionally be identified. These clusters can undergo
a retrograde motion, as demonstrated in Figure 6a and
the corresponding movie 6a. The arrows in the images
point to a couple of clusters that move toward the
edge of the cell body on the left side of the image.

Www.acsnano.org

When transfected cells are treated with cytochalasin D,
the actin flow is halted and the filaments become frag-
mented or depolymerized over time, as shown in Figure
6b and the corresponding movie 6b. The inhibition of
actin flow by the drug is in agreement with the current
understanding of the mechanism underlying this mo-
tion, where actin treadmilling powers the flow. A series
of overlaid images of a 500 nm particle and a cell ex-
pressing GFP—actin is shown in Figure 6¢. The white
and yellow arrows point to the particle and the actin
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Figure 7. The retrograde flow of actin clusters in filopodia and the retrograde motion of the particles along these struc-
tures occur at the same rate. (a) Root-mean-square displacements (rmsd) of 60 particles (left) and 25 actin clusters (right)
are plotted over the time intervals, demonstrating the directed motion of the particles and the actin clusters. (b) The aver-
aged rmsd for the particles (left) and the actin clusters (right) are fitted with a linear line (red), and the average velocities are
estimated from the slope of the line, showing 12.3 nm/s for the particles and 12.4 nm/s for the actin clusters.

cluster, respectively, which move together toward the
cell body at the top of the image.

To verify that the clusters and particles move at the
same rate, the motion rates of 60 particles and 25 ac-
tin clusters were quantified. Figure 7a shows root-
mean-square displacements (rmsd) of the particles
(left) and the actin clusters (right). By fitting a linear
line to the averaged rmsd of the particles (Figure 7b,
left) and the actin clusters (Figure 7b right), the esti-
mated velocities can be calculated, showing 12.3 and
12.4 nm/s for the particles and the clusters, respectively.
These values were verified by calculating velocities of
each of the 60 particles and the 25 actin clusters, using
the first and last positions in their respective trajectory.
The averaged values show 11.6 = 3.8 and 13.9 = 3.4
nm/s for the particles and the clusters, respectively. The
values indicate that the retrograde flow of actin and
the retrograde motion of the particles occur at the same
rate. Together with the observation that capping the
(+) end of the filaments arrests the retrograde flow of
actin and the retrograde motion of the particles, these
values indicate that the retrograde motion of the fila-
ments underlies the retrograde motion of the particles.

The Retrograde Motion Unravels the Coupling of Inorganic
Submicrometer and Nanomaterials with the Intracellular
Environment across the Cell Membrane. As illustrated in Fig-
ure 8, our observations indicate that positively charged
particles bind a negatively charged membrane mol-
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ecule that, in turn, interacts directly or indirectly with
the actin filaments within filopodia and microvilli. As ac-
tin monomers are added to the filaments at the distal
tip of these structures, a retrograde motion of the fila-
ments is generated, leading to the retrograde motion of
the membrane molecule and its bound particle. A retro-
grade movement of specific membrane receptors, in-
cluding their specific ligands and ligand-coated patho-
gens, has been shown or inferred,”**° but these highly
specific and evolved interactions between receptors
and their ligands cannot account for the nonspecific in-
teraction of a ligand-free inorganic material with the
cell membrane. Studies of cationic polymeric particles

membrane
molecule

docking

p:ir\; / |
t
()‘: ‘ﬁ(ﬁ‘ )

- actin
monomer

Figure 8. lllustration of the emerging mechanism underly-
ing the retrograde recruitment pathway of positively
charged submicrometer and nanoscale inorganic particles.
See text for discussion.
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or liposomes developed for DNA delivery suggest elec-
trostatic interactions between the positively charged
particle and negatively charged anionic proteoglycans,
such as heparan sulfate or chondroitin sulfate pro-
teoglycans.>® Certain members of this family are trans-
membrane proteoglycans° that indirectly interact with
actin filaments.>' These molecules might be the link be-
tween the nanoparticles and the actin filaments, a pos-
sibility that we are currently investigating.

The Retrograde Pathway Brings a New Mechanism by Which
Positive Surface Charge Supports Particle Recruitment and
Potential Subsequent Toxicity. Inorganic or polymeric par-
ticles have been found tightly associated with
microvilli,'®3> but the consequence of this association
was not understood. Using SEM combined with electron
dispersive spectroscopy (EDS), we also observed these
tight associations between positively charged particles
and the base of microvilli on the apical surface of our cells,
as demonstrated in Figure 9. These associations were
more readily observed near the cell body after 1-2 h of in-
cubation with the particles. Our findings provide a new in-
sight into this association. The retrograde recruitment
pathway that we describe is only one pathway by which
the particles can gain access into the cytoplasm of these
cells. We observed both 100 and 500 nm positively
charged particles within alveolar type Il epithelial cells
treated with cytochalasin D, although to a lesser extent
than their internalization by nontreated cells (observa-
tions not shown). The attenuated internalization of the
particles could result from interfering with the endocytic
process itself,>*>* and with the retrograde recruitment of
the particles. Coating submicrometer polystyrene par-
ticles with amino groups to increase their positive sur-
face charge has turned relatively nontoxic particles into
particles that are highly toxic to phagocytic cells in cul-
ture.>® Together with the observation that the internaliza-
tion of polymeric particles in primary stem cells and sev-
eral cell lines in culture is increased with the increase in
the amino groups on their surface,*® the observed in-
crease in toxicity could result from the increase in par-
ticle internalization. The positive charge densities of mac-
romolecules has been thought to facilitate their
interaction with the cell membrane and account for the
increase in their toxicity that was observed with increases
in their positive charges.***® Our observations bring a
new mechanism by which positive surface charge could
lead to increased particle internalization and potential
toxicity in polarized epithelial cells bearing microvilli.

METHODS
Cell Culture, Transfection, Drugs, and Probes. The alveolar type Il ep-
ithelial cell line, C10, was used in these studies. C10 is a non-

tumorigenic cell line that was derived from normal adult mouse
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Figure 9. Positively charged 100 nm amorphous silica particles are found at
the base of microvilli in the apical surface of the cells. Using EDS to identify
the elemental composition of structures seen by SEM, it was possible to dis-
tinguish between 100 nm amorphous silica nanoparticles and the smaller
microvilli found at the apical surface, which are often the size and shape as
these particles. The amorphous silica nanoparticle indicated by the arrow in
the upper image (lower magnification) and the lower image (higher magni-
fication) was identified by the silicon peak in the elemental spectrum.

lung and has been shown to preserve its characteristic lamellar
bodies and microvilli*'*? (Supporting Information). The cells
were grown in CMRL 1066 growth medium, supplemented with
10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin, all from Invitrogen (Carlsbad, CA). Cells were
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Figure 10. Transmission electron micrographs of the 500 nm (panel 1) and
100 nm (panel 2) precipitated amorphous silica particles used in our experi-
ments. The images indicate that the particles are colloidal and disperse.
The average diameter, found by measuring 50 particles per size, is 462 =
20.5 and 92.2 * 13.2 nm for the larger and smaller particles, respectively.
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grown in 35 mm glass coverslip bottom plates (WP, Sarasota,
FL) and imaged in physiological buffer (162 mM Nacl, 2.5 mM
KCl, 1.0 mM CaCl,, 10 mM glucose, 10 mM HEPES, pH 7.4) con-
taining 1% BSA (Fisher) to avoid particle clustering. For measur-
ing actin flow, cells were transfected with the plasmid for
GFP—actin, kindly provided by Stefano Vicini (Georgetown Uni-
versity). Transfection was done using LipofectAmine (Invitrogen)
in the growth medium with no serum, and the cells were stud-
ied 24-48 h after transfection. To cap the (+) end and depoly-
merize F-actin, cells were incubated with 5 wM cytochalasin D
(Sigma, St. Louis, MO) in their normal growth medium for 20 min
and washed before imaging. ATP depletion was done by incu-
bating the cells in glucose-free DMEM (Invitrogen) supple-
mented with 10 mM sodium azide and 6 mM 2-deoxy-p-glucose.
The cells were pre-incubated with the depletion medium for
20-30 min before addition of the particles, and were observed
while in the depletion medium. Wheat germ agglutinin—Alexa
647 (WGA—Alexa 647, Molecular Probes/Invitrogen) was used to
tag the plasma membrane. Cells were imaged while being ex-
posed to the probe (20 .g/mL). Fluorescent transferrin (Molecu-
lar Probes/Invitrogen) was used to detect clathrin-dependent en-
docytosis. Cells were incubated with transferrin (10 p.g/ml) and
the particles for 30-60 min at 37 °C and washed before imaging.
LysoTracker (Molecular Probes/Invitrogen) was used to tag acidic
vesicles and organelles. Cells were incubated with the probe (1
nM) and the particles for 30-60 min at 37 °C and washed before
imaging.

Particle Characterization. Amorphous silica particles of 100 and
500 nm size were obtained commercially as unmodified bare
particles (Polysciences, Inc.) or particles modified with amine
groups (Corpuscular, Inc.,, Cold Spring, NY). The amination of the
particles was also done in our laboratory as described below.
The particles were synthesized by solution precipitation meth-
ods to form spherical disperse particles. The precipitation meth-
ods lead to silica particles that are negatively charged, prevent-
ing hard aggregate formation during precipitation and allowing
the formation of disperse particles. Zeta potentiometry of the
unmodified particles at pH 7.4 resulted in { = —40 mV. Particles
modified with amine groups had { = +20 mV at pH 7.4. The so-
lution precipitation methods, which occur at ambient or rela-
tively low temperatures, result in the formation of amorphous
silica particles. The formation of amorphous particles was con-
firmed for our particles by X-ray and electron diffraction. The col-
loidal disperse nature of the particles was confirmed using trans-
mission electron microscopy (TEM, Figure 10). The size
distribution was determined from TEM images of 50 particles
per size group, showing 462 *+ 20.5 and 92.2 = 13.2 nm for the
larger and smaller particles, respectively.

Particles were sonicated by placing the tube with the par-
ticle solution in a bath sonicator before being applied to the
cells. Our experimental approach allowed the identification of in-
dividual particles by either DIC (500 nm) or fluorescence (100
nm) microscopy. Individual 500 nm particles were pursued.
When studying 100 nm particles, individual or small aggregates
containing two or three nanoparticles were pursued. The estima-
tion of the number of nanoparticles found within a fluorescent
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spot is described below. Particles were added to the cells at con-
centrations that were adjusted theoretically>* and experimen-
tally to give an exposure in the order of 10-300 particles per cell,
as estimated by DIC and fluorescence imaging (0.5 p.g/mL for
500 nm particles and 0.1 pg/mL for 100 nm particles, ina 1 mL fi-
nal volume over a 35 mm plate). Identical concentrations were
added when comparing between treatments.

Surface Amination and Fluorescence Tagging of the Particles. Particles
were aminated either commercially or in our laboratory with (3-
aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, St. Louis,
MO). The 500 nm bare particles were reacted with APTES in tolu-
ene at 80 °C for 6 h. APTES solution amounts were 1.5 times the
amount that would give monolayer coverage. After reaction, the
particles were separated by centrifugation and washed repeat-
edly in toluene and ethanol. Commercial 100 nm aminated par-
ticles were separated from aqueous suspension by adding a few
drops of 1 M HClI to the suspension to reduce the pH to ~2-3
and centrifuging the particles. The particles were then repeat-
edly washed in dimethylformamide (DMF, Sigma-Aldrich). The
100 and 500 nm particles were dye-labeled by reacting the suc-
cinimidyl ester-conjugated Alexa Fluor 546 (Molecular Probes/In-
vistrogen) directly with amine groups on the particles. The par-
ticles were placed into DMF at ~25 mg/mL and dispersed by
ultrasonication, and various amounts of the dye in DMF were
added to the suspensions. Reaction occurred at room tempera-
ture for 2-3 h under rotation. After reaction, the particles were
separated by centrifugation and repeatedly washed in DMF, eth-
anol, and water. Unmodified particles were tagged with fluores-
cent molecules by reacting silanated dye with hydroxyl groups
on the silica surface. The dye was silanated by reacting the dye
(50 g/50 pL ofDMF) with 50 pL of a 2 mM APTES solution in
DMF for 2 h at room temperature under rotation. Silica particles
were hydrated in a humidity chamber for 1-2 h and placed into
anhydrous toluene (at ~5 mg/mL) concentration. The silanated
dye solution was diluted in 1 mL of DMF, and various amounts of
dye solution were added. The suspensions were heated to 90
°C for 6 h and cooled, and the particles were separated by cen-
trifugation. The particles were repeatedly washed in toluene and
ethanol and then dried by lyophilization. The dye concentra-
tions were controlled to achieve low coverage of dye molecules
per particle. The number of dye molecules per particle was esti-
mated as described below, and the solution concentrations were
adjusted accordingly to achieve an average of three dye mol-
ecules per particle.

Fluorescence and DIC Microscopy. A total internal reflection (TIRF)
fluorescence laser microscope (Axiovert 200, Zeiss) equipped
with a 100X oil-immersion objective (Plan-Apochromat, N.A. =
1.4, Zeiss) and a 2X relay lens in the emission path to the CCD
camera was used. The overall magnification was 200X, leading
to 100 nm per image pixel. A green laser (Nd:YAG Verdi V-10, Co-
herent) was used to excite the particles (Alexa 546) at 532 nm,
a blue laser (Innova, Coherent) was used to excite GFP—actin at
488 nm, and a red laser (dye laser CR-599, Coherent) was used to
excite WGA—Alexa-647 at 632 nm. The lasers were coupled by
a fiber coupler to the TIRF module, and the illumination inten-
sity was set to 8 mW at the input to the objective. Shutters, con-
trolled by the CCD controller, were set in front of the laser beams
to produce 100 ms laser exposures. Dichroic mirrors (Chroma
Technology) were set to split the emissions of GFP and Alexa 546
at 550 nm, and to split the emissions of Alexa 546 and Alexa
647 at 600 nm. Fluorescence images were acquired by a back-
illuminated nitrogen-cooled CCD camera (Spec-10 1340700,
Roper Scientific) with 90% quantum efficiency and single-
molecule sensitivity. It is estimated that one intensity count in
the CCD image corresponds to two detected photons. DIC im-
ages were taken at 200X magnification, using the above CCD
camera.

Detecting Individual Nanoparticles Using Single-Molecule Fluorescence
Imaging. The particles were tagged with 1-5 fluorescent mol-
ecules, which allowed the application of single-molecule fluores-
cence techniques for detecting individual nanoparticles and es-
timating the number of nanoparticles within a fluorescent spot.
The single-molecule fluorescence technique was described ear-
lier in detail.*® Briefly, three criteria were used to identify indi-
vidual fluorophores. (1) The size of the fluorescent spot should

www.acsnano.org



be at the diffraction limit, which is about half of the excitation
wavelength, or 3X3 pixels (300 nm?), under our experimental
conditions. (2) The fluorescent spot blinks and photobleaches in
one discrete step. (3) The intensity of the fluorescent spot falls
within the intensity distribution of single fluorophores, diluted
to picomolar concentrations in agarose, and imaged after being
spin-coated on a glass slide. The expected fluorescence intensity
of a single Alexa 546 molecule under our specific experimental
conditions using TIRF microscopy is 136 = 70 counts per 3X3
pixels. This value was determined by the peak of the fluores-
cence intensity distribution that was generated by imaging hun-
dreds of individual dye molecules. The intensity distribution of
individual 100 nm fluorescent particles, diluted in agarose and
spin-coated on a glass slide, peaks at 367 * 175 counts. These
values indicate that the nanoparticles were tagged on average
with ~3 dye molecules per particle. To ensure that our studies
are focused on the cellular interactions of individual nanoparti-
cles or small, nanoscale aggregates, we used the diffraction limit
size (33 pixels) and the expected fluorescence intensity of 3
dye molecules (~400 counts) to detect individual fluorescent
particles or estimate the number of particles within a small
aggregate.

Calculating the Position of Individual Particles. Although the spatial
resolution of fluorescence imaging is limited by the diffraction
limit of light, we** have developed analytical methods that al-
low us to study the spatial behavior of individual fluorescence-
tagged molecules or particles with 20-40 nm resolution by fol-
lowing the center of the fluorescent spot. The center of
individual fluorescent spots was determined by a Gaussian mask
algorithm using iterations of the following equation:

x= (Z is,.,.G,,.)/(z 5,6, m

Siis the photon counts at pixel (i), and Gjisa two-dimensional
(2D) Gaussian function with a peak x and a full width at half-
maximum (fwhm) that equals 300 nm, which is given by the
point-spread function of the microscope. Because G;; depends on
x, the calculation of x is iterated until x is converged. The accuracy
of the Gaussian mask algorithm was tested both experimentally
and by mathematical simulations, which indicated that the
accuracy of the fitting is within 20—40 nm. The fluorescence
intensity of each spot was calculated by the summation of 3X3
pixels area, which is at the diffraction limit size. For a 2D Gaussian
profile with 300 nm at fwhm, 60% of the fluorescence intensity
falls within the 3X3 pixels (100 nm/pixel). The center of the
particles that were imaged by DIC microscopy is based on the
approach described earlier®® and on the observation that a DIC

image of each particle consists of a pair of black and white peaks.

Briefly, a typical 21X21 pixel image of a sphere is chosen as a
“kernel” segment (K). The 2D cross-correlation C(x,y) of every DIC
image data, /(x,y) and K, is then calculated. In the image of C(xy),
only one Gaussian-shape positive peak appears for each particle.
The maximum value in that peak is the center of the particle.

Calculating Root-Mean-Square Displacement and Velocity. The trajec-
tories of individual particles were acquired by following the cen-
ter of the particles, which were calculated as described above,
from one frame to the next in the series. The trajectories of ac-
tin clusters were done by following the x,y coordinates of the
leading edge of the clusters. These trajectories were used to
compute the following values. The rmsd values of individual par-
ticles are defined by eq 2,

RMSD = V<r(®> 2

where ris the distance between steps, in time t. The velocity of
individual particles and actin clusters was calculated using eq 3,

v=Ad/t 3
where Ad is the distance between the first and the last positions
in the trajectory, and t is the time it takes to reach the last

position.
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Scanning Electron Microscopy. SEM was performed using a LEO
982 field-emission scanning electron microscope (FE SEM) oper-
ated at 3 keV. Electron dispersive spectroscopy instrumentation
(Oxford) was used for the elemental identification of the nano-
particle material. SEM sample preparation included the conven-
tional fixation in 2.5% glutaraldehyde, followed by three washes
in phosphate buffer and gradual dehydration in ethanol series.
Samples were further processed by critical point drying, sput-
tered with a very thin carbon layer, and observed at 3 keV in the
SEM.
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Supporting Information Available: Scanning electron micro-
graphs of alveolar type Il epithelial (C10) cells grown in culture,
showing the formation of microvilli at the apical membrane of
the cells. In panel a, the microvilli are formed with different
lengths ranging from 100 nm to several micrometers; in panel
b, farther away from the center of the cell, the microvilli become
more sparse and the number of elongated microvilli is increased;
and in panel ¢, closer to the edge of the cell, some of the elon-
gated microvilli (indicated by white arrows) land on the glass
bottom of the dish. This information is available free of charge
via the Internet at http://pubs.acs.org.
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