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ue to their small size and large

surface-to-volume ratio, engi-

neered nanomaterials have unique
properties that are different from those of
the corresponding bulk material and enable
new applications in catalysis," electronics,?
photonics,® and medicine.* The large
surface-to-volume ratio of the nanomateri-
als, however, also creates more potential for
toxic interactions.’~” Consequently, even
for materials with overall low chemical reac-
tivity and thus low chemical toxicity, poten-
tial dangers are related to morphological
parameters such as the size and shape as
well as to surface properties and charge. Al-
though our understanding of the interac-
tions of engineered nanomaterials with
cells and tissue is incomplete, engineered
nanomaterials are already used in consumer
products including electronics, cosmetics,
and automotive and medical products, and
the number of applications in a wide field of
industries is steadily increasing. If the num-
ber of nanoparticle applications develops as
projected,’ a large-scale distribution of en-
gineered nanomaterials in the environment
is realistic, resulting in significant exposure
levels for humans. To assess the potential
threat of the engineered nanomaterials, to
develop effective treatment strategies after
exposure, or to “engineer-out” potential
hazardous properties in engineered nano-
materials, a fundamental understanding of
the interactions between nanoparticles and
living cells is mandatory.

The exact nature of the interactions be-
tween nanoparticles and cells depends on
the nanoparticle exposure route, as this will
determine the point of contact between hu-
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ABSTRACT The ability to assess the risks of human exposure to engineered nanomaterials requires
fundamental understanding of the fate and potential cytotoxicity of nonbiodegradable nanoparticles, for instance,
after oral uptake. In this study, we quantify the impact of nanoparticles with low chemical toxicity on the intestinal
membrane in a human intestinal in vitro model. Differentiated human colorectal adenocarcinoma cells, Caco-2,
were cultured on a permeable support where they form an epithelial monolayer separating an apical and basal
compartment. This model system allows a systematic characterization of the effect of nanoparticles on the cell
viability as a function of size, surface chemistry, concentration, and incubation time. We used polystyrene (PS)
nanoparticles (20 and 40 nm diameter) with two different surface chemistries (carboxylic acid and amines). The
experiments performed show a strong decrease in cell viability as a response to nanoparticle exposure. Incubation
times of =4 h are sufficient to induce dramatic losses in cell viability after an additional induction period of
4—12 h. Mapping the temporospatial distribution of dead cells in the Caco-2 cell monolayer using optical
microscopy reveals that the nanoparticles induce apoptosis in individual cells, which then propagate across the
cell monolayer through a “bystander killing effect”. Addition of catalase, which selectively decomposes hydrogen
peroxide, leads to a significant decrease in apoptosis levels, indicating that hydrogen peroxide causes the spread of
apoptosis across the monolayer. Our findings confirm that ingested nonbiodegradable nanoparticles represent a
potential health risk due to their detrimental impact on the intestinal membrane by destroying their barrier
protection capability over time.

KEYWORDS: nanotoxicity - apoptosis - bystander killing - engineered
nanomaterials - oxidative stress - nano—bio interface

man tissue and nanomaterials. Potential
routes of nanomaterial exposure include in-
halation, dermal contact, and ingestion.8~1°
During digestion of food, the transit time
through the small intestine is about 4—8
h."" Hence on ingestion, nanomaterials
reach the gastrointestinal tract and remain
in contact with the intestinal epithelium for
about 4—8 h. In the gastrointestinal tract,
epithelial cells form a monolayer lining the
intestinal lumen, and this epithelium forms
a barrier that separates the sterile body in-
terior from the harsh conditions of the lu-
men. Abnormal intestinal barrier function,
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specifically increased intestinal permeability, has been
indicated in a series of intestinal diseases, most notably
inflammatory bowel diseases including Crohn'’s dis-
ease.'? The potential impairment of the intestinal mem-
brane through nonbiodegradable nanomaterials could
represent a pathogenic link between nanoparticle ex-
posure and inflammatory bowel disease and raises fur-
ther concerns about human exposure to engineered
nanomaterials.

Simple intestinal epithelium consists of a layer of po-
larized cells in which each cell has two distinct surfaces:
the apical surface facing the lumen and the basal sur-
face facing the serosal environment. The individual
neighboring cells have tight junctions which connect
the individual enterocytes into a functional membrane.
The intestinal membrane can be emulated by Caco-2
cells grown on a porous support. The cells form a mono-
layer of polarized epithelial cells with tight junctions
that have an enterocyte-like morphology and express
brush-border enzymes.' The Caco-2 system is an estab-
lished enterocyte in vitro model system which has been
widely used in the past to develop effective carriers for
enhanced oral uptake of drugs and vaccines.*'* It has
been shown that Caco-2 cells absorb'® and
transcytose'”'® nanoparticles in the 20 —100 nm size
range. By co-culturing Caco-2 cells with microfold cells,
better known as M cells, the Peyer’s patch tissue can be
simulated.’?° The sparsely distributed M cells sample
and transcytose antigens from the lumen of the small
intestine and present them to lymphocytes on the basal
side. It has been shown that the Peyer’s patch regions
also play a significant role in the gastrointestinal uptake
of nano- and micrometer-scaled particles.’?'~2° An-
other gastrointestinal uptake mechanism that has been
observed is persorption,® which refers to the paracellu-
lar absorption of nano- and microparticles through the
gut lumen into the body. In paracellular absorption, the
nanoparticles are not transported across the cells as in
transcytosis but instead pass between the cells. Per-
sorption was found to occur efficiently through breaks
in the tips of villis or through degrading and extruding
enterocytes.?> This observation, however, raises the
question whether nanoparticle exposure can enhance
persorption by damaging enterocytes and underlines
the need for a better understanding of the mechanism
by which nanomaterials potentially impact the stability
and integrity of the intestinal membrane as a whole.

The ability of individual cells in the intestinal mem-
brane to interact and communicate can be expected
to have important implications for the toxicity of nano-
materials. This is cumbersome since there is experimen-
tal evidence that even nanoparticles with low chemi-
cal reactivity and toxicity can induce cell death. TiO,
nanoparticle exposure, for instance, is associated with
an increase in reactive oxygen species (ROS) in human
airway epithelial cells (BEAS-2B), which triggers the acti-
vation of cytosolic caspase-3 and chromatin condensa-
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tion.3! In bronchoalveolar carcinoma-derived cells
(A549), ZnO nanoparticles induce elevated levels of
ROS, resulting in lipid peroxidation, cell membrane leak-
age, and oxidative DNA damage.3? A priori it cannot be
excluded that in a network of interacting cells (as in the
case of an epithelial membrane) nanoparticle-induced
cell death signaling spreads between adjacent cells.
One potential outcome could be a rapid propagation
of apoptosis across the membrane even at compara-
tively low nanoparticle concentrations which could
compromise the intestinal membrane integrity.

As a first step toward an improved understanding
of the nanoparticle—enterocyte interactions in the in-
testinal membrane, we will record a baseline for the ef-
fect of nonbiodegradable nanoparticles on the cell vi-
ability and integrity of a monolayer of differentiated
Caco-2 cells. We deliberately chose nanoparticles made
from a material with low chemical reactivity for these
studies: polystyrene (PS). The overall low chemical tox-
icity?* of the applied particles enabled us to investigate
the nanotoxicity arising from the size and surface chem-
istry and nonbiodegradable nature of the particles.
Our studies are motivated by the need for a better un-
derstanding of the mechanisms of nanoparticle—cell in-
teractions in the intestinal epithelium as well as by the
existing challenge of developing functional nanoparti-
cles with low cytotoxicity for biomedical applications.>®
PS nanoparticles are candidates for nonviral gene deliv-
ery in gene therapy?* as they can be synthesized with
narrow size distributions over a large size range with
defined surface functionalities. A quantitative under-
standing of the impact of specific nanoparticle material
properties on the intestinal epithelium will advance
our understanding of the threats related to an oral ad-
ministration of these nanomaterials.

RESULTS AND DISCUSSION

Quantification of Nanoparticle Uptake. In all of our stud-
ies, we used fluorescent PS nanoparticles because they
enable a convenient localization after cellular uptake
using confocal laser scanning microscopy. In the first set
of experiments, we characterized the uptake efficiency
of three different nanoparticles: carboxylic-acid-
functionalized 20 nm (20ca1,) and 40 nm (40..p) PS par-
ticles and amino-functionalized 40 nm particles (40,min).
This choice of particles enabled us to test the effect of
particle size and surface chemistry on the uptake effi-
ciency of small spherical PS particles. In the cell culture
medium (pH 7.4) used for the uptake experiments (see
Materials and Methods), 40,min particles are partially
protonated whereas the 20, and 40, particles are
partially deprotonated. Zeta potential measurements
show that, under these conditions, the carboxylic-acid-
functionalized nanoparticles are negatively charged
(C = —30 = 5 mV) and the amine beads are positively
charged (£ = 28 = 10 mV).
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the relative cytoplasmic nanoparticle concen-
trations is difficult based on the fluorescence
images in Figure 1 because the investigated
particles differ in size and dyes. Instead, we
calculated relative uptake efficiencies by inte-
grating the fluorescence intensities over all
confocal sections through a Caco-2 monolayer
and then normalizing (i) by the number of
cells in the scan and (ii) by the fluorescence in-
tensity of a 10 nM solution of the correspond-
ing PS nanoparticles recorded in a fluorime-
ter under defined conditions. The highest
calculated efficiency was set to 1, and the effi-
ciencies for the other particles were scaled ac-
cordingly. The resulting relative uptake effi-
ciencies are plotted in Figure 2.

The 20,1, particles have overall the high-
est uptake efficiency at 6.6 nM and are up-
taken by a factor of ~5 more efficiently than
the 40, particles, whose uptake efficiency is
approximately a factor of 2 better than that of
the 40,y particles. The uptake efficiencies
for 0.3 nM nanoparticle solutions are lower
by a factor of ~2, but the overall trends be-
tween the particles remain the same as those
observed for 6.6 nM solutions.

Cellular Distribution of Uptaken PS Nanoparticles.
We probed the distribution of the uptaken PS

Figure 1. Confocal microscopy shows efficient uptake of fluorescent R L X
PS nanoparticles into the cytoplasm of Caco-2 cells. Whereas the nanoparticles within individual cells using
nucleus remains dark, the cytoplasm shows a high degree of fluores- confocal microscopy. Optical sectioning using

cence. The figure shows a comparison between different concentra-
tions of nanoparticles added to the monolayer: (a) 0.3 nM, 20, PS . .
nanoparticles, (b) 6.6 nM, 20...», PS nanoparticles, (c) 0.3 nM, 40, PS ~ ar€ shown as side bars to Figure 1a—f. These
nanoparticles, (d) 6.6 nM, 40..., PS nanoparticles, (e) 0.3 nM, 40.,in PS  scans show large fluorescent agglomerates

nanoparticles, (f) 6.6 nM, 40,,;, PS nanoparticles. The images also that are spread throughout the cytoplasm, in-
show, in the side panels, side views of scans through the respective L . "
monolayers. The cells exhibit intense areas of fluorescence through- dicating collection of endocytosed nanoparti-

out the cytoplasm for both 0.3 and 6.6 nM particle solutions. cles into endosomes or lysosomes.>%37 Inter-
estingly, even after an incubation time of 16 h,
we did not observe a systematic enrichment of the fluo-
rescent particles on the basal side, which argues against
an efficient transcytosis of the particles on the time
scale of our experiments. We also probed the solution

z-scans through individual ~10 um thick cells

Membranes of differentiated Caco-2 cells that were
considered intact based on trans-epithelial electrical re-
sistance (TEER)*® measurements were incubated with
the nanoparticles for 16 h under growth conditions in
the incubator at 37 °C and then fixed and imaged us-
ing confocal laser scanning microscopy. As we discuss
in more detail below, the viability of the Caco-2 cells

started to decrease when the particle concentration 1.04 T
was raised to above 0.3 nM (corresponding to 0.8 2> CJo03nm
pg/mL for 20 nm particles and 6.4 pwg/mL for 40 nm par- S o8
ticles), and at a concentration of 6.6 nM (17.5 and 139.9 3‘:3
rg/mL), the cell viability dropped to below 50% in the ; 0.6+
case of the carboxylic-acid-functionalized particles. We g -
focused in our investigation of the cell—nanoparticle in- Z ’
teractions primarily on this concentration range where -.E 0.2
distinct changes in the cell viability become apparent. E

The confocal sections in Figure Ta—f show clear fluo- 0.0

20carb 40carb 40amine

rescence staining of the cells, indicative of nanoparti- . . o .
| ke for both 0.3 and 6.6 "M soluti falli Figure 2. Relative uptake efficiencies as determined through
cle uptake, for both 0.3 and 6.6 nM solutions ot all inves-  ;¢qca) microscopy (see text) for two PS nanoparticle con-

tigated PS nanoparticles. A quantitative comparison of  centrations in the growth medium (0.3 and 6.6 nM).
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Figure 3. Live/dead assay for Caco-2 cell monolayer after 16 h of incubation with PS nanoparticles at different concentra-
tions. (a) Control without PS nanoparticles (b1) 0.3 nM of 20,1, (b2) 0.3 nM of 40,,,, (b3) 0.3 M of 40, (1) 6.6 NM of 20,1,

(c2) 6.6 nM of 40,1, (c3) 6.6 NM of 40, min.

in the basal compartment for fluorescence but did not
detect any, confirming that transcytosis rates were low.

Effect of Nanoparticle Concentration, Surface Chemistry, and
Particle Size on Cell Viability. Having shown that the PS
nanoparticles are uptaken by the cells and that the ef-
fective cytoplasmic nanoparticle concentration de-
pends on the nanoparticle surface chemistry, we set
out to investigate how nanoparticle exposure impairs
the viability of Caco-2 cells. Previous studies have indi-
cated that PS particles with 400 nm diameter signifi-
cantly affect the cell viability of Caco-2 cells, and one
of these studies reported excessive cytokine release as
a response to PS nanoparticle exposure.3®3° In our cur-
rent work, we extend the scope of these studies by in-
vestigating the impact of significantly smaller PS par-
ticles with diameters between 20 and 40 nm and with
different surface chemistries on the cell viability of
Caco-2 cells. Fluorescence microscopy in combination
with appropriate live/dead cell stains enabled us to
monitor the temporospatial distribution of dead cells
in a monolayer of Caco-2 cells that is incubated with
growth medium containing nanoparticles at a defined
concentration. Optical microscopy with single cell reso-
lution is particularly useful for mapping specific pat-
terns of dead cells in the cell monolayer and for moni-
toring how these patterns evolve as a function of space
and time. In the epithelial membrane, the individual
cells are not independent from each other but coupled
through intercellular interactions, and the temporospa-
tial distribution of dead cells provides some informa-
tion about how these interactions are influenced by the
nanoparticles.

>\ VOL. 4 = NO.7 = THUBAGERE AND REINHARD

In a first set of experiments we investigated the in-
fluence of the particle concentration and surface charge
on the cell viability. To that end, Caco-2 cells were incu-
bated with PS nanoparticle solutions of various concen-
trations (0.3—6.6 nM) in growth medium for 16 h. Then
the cells were fixed and analyzed after live/dead stain-
ing in the fluorescence microscope (for details, refer to
the Materials and Methods section). We show represen-
tative fluorescence images for a control sample (incuba-
tion for 16 h without nanoparticle exposure) in Figure
3a. Images for two 20.,, nanoparticle concentrations
(0.3 and 6.6 nM) after 16 h incubation are shown in Fig-
ure 3b1,c1. The images for 0.3 and 6.6 nM solutions of
40,1 particles are shown in Figure 3b2,c2, and the im-
ages of 40,.;, particles are shown in Figure 3b3,c3. Live
cells appear green, and dead cells appear red. We note
that the colors in Figure 3 arise exclusively from the live/
dead stain. The fluorescence of the PS nanoparticles
could be suppressed using appropriate filter combina-
tions. From optical inspection of Figure 3, it becomes
immediately clear that the cell viability decreases with
increasing nanoparticle concentration. In addition, the
cytotoxic effect of the nanoparticles is also prominent
through some cell detachment from the membrane. We
observe a number of large blank spots in the mem-
brane in Figure 3c1—c3, which are absent in the con-
trol samples without nanoparticle exposure. This find-
ing is a first indication of nanoparticle-induced
apoptosis in the cell monolayer since apoptotic cells
have been observed before to detach from growth sub-
strates as well as from neighboring cells.*’ Figure 3b,c
shows overall similar trends for all investigated PS
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Figure 4. Cell viability as a function of concentration for (a)

20carb, (b) 40,0, and (c) 40,min PS nanoparticles. The incuba-
tion time was constant (16 h). Results are expressed as per-
centage of cells referred to the control. Values are means =
standard deviation (SD) of 10 experiments.

nanoparticles. A detailed comparison of the influence
of nanoparticle size and charge as a function of particle
concentration requires a quantitative analysis of the
cell viability. To that end, we computed the ratio of
dead cells on the membranes after a 16 h incubation
period. The results of 10 independent experiments are
plotted as a function of particle concentration in Figure
4. For the 20,1, particles, we observed a broad concen-
tration range across which the particles do not signifi-
cantly affect cell viability. For concentrations =4.0 nM,
the cell viability remains >90%. At 6.6 nM, the cell vi-
ability then suddenly drops to ~40%. For the 40.,, par-
ticles, the cell viability shows a gradual decrease al-
ready at lower particle concentrations. At a
concentration of 4.0 nM, the cell viability has decreased
to ~78%. A further increase of the particle concentra-
tion in the growth medium results in a further large
drop in cell viability down to ~35%. In the case of the
40,min Nanoparticles, we do not observe a decrease in
cell viability of comparable magnitude as observed for
the carboxylic-acid-functionalized particles in the inves-
tigated concentration range of =12.0 nM. The cell vi-
ability exhibits a continuous gradual decrease down to
~62% at a particle concentration of 12.0 nM. This value
is approximately a factor of 2 higher than that ob-
served for 6.6 nM solutions of the 40.,,, particles, under-
lining a clear dependence of the particle cytotoxicity
on the surface chemistry of the particles.

Overall, the observed trends indicate that the 40,,n
particles have a smaller impact on the cell viability of
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the investigated Caco-2 cells than the 40,1 and 20car
PS particles. Our studies show a strong influence of the
particle size on the cell viability. Although the uptake ef-
ficiency is highest for the 20.,, particles, the effect of
these particles on the cell viability is low until a thresh-
old concentration of 6.6 nM in the medium is reached.
In contrast, the larger 40,4, particles exhibit a measur-
able response already at lower particle concentrations,
despite the lower uptake efficiency for the larger
particles.

Time Dependence of Nanoparticle-Induced Changes in the Cell
Viability. The performed investigations of the cell viabil-
ity as a function of particle concentration at a constant
incubation time (16 h) revealed that PS nanoparticles
can have significant detrimental effects on a monolayer
of enterocyte-like Caco-2 cells. For a realistic assess-
ment of the nanoparticle-related threat, the interaction
dynamics needs to be considered, as well. Ingested
food stays in contact with the small intestine for about
4—8 h, and we assume that the nanoparticles remain in
the small intestine for the same period of time in a
first approximation.’” We quantified the impact of
nanoparticle exposure as a function of time by calculat-
ing the cell viability of Caco-2 cells at fixed incubation
times during a total observation time of 16 h. In Figure
5, the resulting cell viabilities for 6.6 nM solutions of
nanoparticles are plotted as a function of time. We in-
cluded parabolic fits as red lines to the experimental
data for the 20, (Figure 5a), 40,1 (Figure 5b), and
40,min (Figure 5¢) particles. In all three cases, the cell vi-
ability decreases over the total observation time. Con-
sistent with our studies of the concentration-
dependent effect of nanoparticle exposure, we find
that over the total observation time of 16 h the
carboxylic-acid-functionalized nanoparticles decrease
the cell viability more strongly than the amino-
functionalized particles.

The dynamics of the loss in cell viability shows inter-
esting differences between the investigated particle
types. For the 40, particles, the initial decrease in cell
viability is overall low in the first 3—4 h, but after this in-
duction period, the cell viability decreases rapidly. In
contrast, for the 20, particles, the differences in the
slope of the cell viability versus time plot between short
and long incubation times are less pronounced, and
we observe a steady drop in the cell viability already
for incubation times <4 h. The decrease in cell viability
for the 20, particles is almost linear over the observed
incubation time. The differences between the 20,
and 40, particles at short incubation times indicate
that the smaller carboxylic-acid-functionalized particles
are more potent at shorter incubation times than the
larger particles. The steeper slope for short incubation
times could arise from an intrinsically higher cytotoxic-
ity of smaller particles or could be a direct consequence
of the higher uptake rates for the smaller particles. As
shown in Figure 2, the 20,4, particles have the highest
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Figure 5. Cell viability as a function of time for Caco-2 cells
incubating in growth medium containing 6.6 nM (a) 20,/
(b) 40,4, and (c) 40,min PS nanoparticles. Results are ex-
pressed as percentage of cells referred to the control. Val-
ues are means = SD of 10 experiments.

uptake efficiency of all investigated particles, and we
expect the cellular nanoparticle concentration to grow
fastest for 20, PS particles. Overall, the decrease in cell
viability occurs slowest for the 40, particles for which
we observed the lowest uptake efficiency, suggesting
that the observed cell viability dynamics is correlated
with the nanoparticle uptake dynamics.

For all investigated particles, independent of the ob-
served differences as a function of particle size and sur-
face chemistry, we observe a substantial drop in cell vi-
ability on the time scales relevant for
nanoparticle—epithelial cell interactions of 4—8 h. Af-
ter 4 h, the fitted cell viability has decreased to 82% for
the 20, particles, to 90% for the 40, particles, and
to 87% in case of the 40, particles. After 8 h, the fit-
ted viabilities have dropped to 63% for the 20, par-
ticles, 65% for the 40, particles, and 82% for 40,min
particles.

All data in Figure 5 were obtained through continu-
ous incubation of the cells in the nanoparticle-
containing medium. We wondered if this continuous in-
cubation in the presence of nanoparticles is necessary
for the observed large decline in cell viability or if a
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Figure 6. Histogram of cell viability observed for 6.6 nM so-
lutions of different PS nanoparticles. In this experiment, the
PS nanoparticle-containing medium was exchanged with PS
nanoparticle-free medium after 4 h. The cells exchanged
with PS nanoparticle-free medium were then incubated for
another 12 h. The reported values are mean = SD of 10
experiments.

shorter exposure to the nanoparticles followed by an in-
cubation in the absence of nanoparticles leads to simi-
lar drops in cell viability. To test this hypothesis experi-
mentally, we incubated Caco-2 with solutions of 6.6 nM
nanoparticles for 4 h and then replaced the
nanoparticle-containing medium with common growth
medium and continued incubation in this PS
nanoparticle-free medium until a total incubation time
of 16 h was reached. Then the cells were fixed and ana-
lyzed using a fluorescent live/dead cell assay. The result-
ing cell viabilities, which are histogrammed in Figure 6,
are very similar to those obtained under continuous in-
cubation conditions. This observation proves that the
nanoparticle uptake that occurs on the biologically rel-
evant time scale of 4 h is sufficient to induce cellular
processes that ultimately terminate in cell death even
without further exposure to nanoparticles. This model
can also explain the strong parabolic time dependency
especially for the 40, particles for which an initial in-
duction period with slower decay of the cell viability is
followed by a faster decline.

The picture that emerges from our experiments so
far is that carboxylic-acid-functionalized particles im-
pair the cell viability of Caco-2 cells faster and more
strongly than amino-functionalized particles. Exposure
times on the length scale of the transit time of nanopar-
ticles in the small intestine (=4 h) are sufficient to cause
dramatic losses in the cell viability after an induction pe-
riod of 4—12 h.

Apoptosis versus Necrosis. The observed significant de-
crease in cell viability as a function of PS particle size,
surface chemistry, and concentration prompted our in-
terest in the mechanisms underlying the observed cell
death in the Caco-2 monolayers. In principle, the ob-
served nanoparticle-induced processes can be apop-
totic or necrotic. Apoptosis refers to an active pattern
of cell death which is activated by intra- or extracellu-
lar signals, whereas necrosis refers to a passive form of
dying induced by some physical, chemical, or biological
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Figure 7. (a) Co-staining of a Caco-2 cell monolayer with fluorescently labeled annexin V (green) and propidium iodide (red).
(b) Digital image highlighting all areas where red and green superimpose. (c) Digital image in which all areas stained by pro-
pidium iodide are blanked out, leaving only areas that are exclusively stained by annexin V.

factors.*' To determine if the observed cell death was
apoptotic or necrotic, we first performed annexin V and
propidium iodide co-staining experiments. Propidium
iodide is a DNA stain, whereas annexin V binds with
high affinity to phosphatidylserine, which is translo-
cated to the cell surface soon after induction of apopto-
sis.*? Cells that stain with annexin V but not with propid-
ium iodide have intact plasma membranes and show
phosphatidylserine externalization. This behavior is a
strong indicator of early stage apoptosis.

Figure 7a shows a monolayer of Caco-2 cells that
have been incubated with 20,1, nanoparticles at a con-
centration of 6.6 nM for 16 h and then co-stained with
propidium iodide (red) and annexin V (green). Figure 7a
contains both red and green areas, and it is necessary
to analyze the distribution of these areas in more de-
tail. Figure 7b is a digitally rendered image that shows
only those areas in which red and green co-localize. The
cells in these areas are in a state of either late apopto-
sis or necrosis; a further differentiation is not possible
based on Figure 7b alone. Additional information is,
however, provided by Figure 7c, which only contains
those areas that are stained by annexin V but not by
propidium iodide, and thus identifies cells that are in a
state of early apoptosis. Together the findings in Figure
7b,c suggest the coexistence of different stages of apo-
ptosis (early and late) in the Caco-2 cell monolayer af-
ter an incubation with PS nanoparticles for 16 h.

Another frequently used indicator of apoptosis is a
decrease in the mitochondrial membrane potential.**
Our approach to probe the mitochondrial transmem-
brane potential in Caco-2 cells after nanoparticle expo-
sure was based on a conventional fluorescent Mi-
totracker dye, which shows a bright red fluorescence
in the presence of a mitochondrial transmembrane po-
tential. In apoptotic cells, the mitochondrial membrane
becomes permeable and the red fluorescence de-
creases. The staining pattern in Figure 8 confirms re-
duced mitochondrial transmembrane potential in
Caco-2 cells that translocate phosphatidylserine. This
behavior is indicative of apoptosis.

Caspases play a central role in apoptosis, and in-
creased caspase activity indicates apoptosis.** In an ad-
ditional apoptosis assay, we therefore compared the
caspase-3 activity in Caco-2 cells that were incubated
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with PS nanoparticles and unexposed control cells. The
caspase-3 activity was enhanced by a factor >5 in
Caco-2 cells that were incubated with PS nanoparticles
(Figure S1 in Supporting Information). Together with
the observed phosphatidylserine externalization and
the reduced mitochondrial transmembrane potential,
the increased caspase activity is evidence for PS
nanoparticle-induced apoptosis in monolayers of
Caco-2 cells. Although we cannot exclude that indi-
vidual cells undergo necrosis, the results of the per-
formed apoptosis are consistent with apoptosis as the
major cell death mechanism for the Caco-2 cells.
Apoptosis is a natural and well-controlled process
which ensures that cells are replaced when they mal-
function or become diseased, and it therefore plays an
important role in maintaining a correct balance be-
tween cell proliferation and death. Excessive apoptosis
as response to PS nanoparticle exposure as observed in
our experiments here is a clear sign of nanoparticle-
induced cell stress that triggers cellular responses re-
sulting in cell death. PS particles have an overall low
chemical toxicity, however, a priori it cannot be ex-
cluded that the dye leaches out of the fluorescent PS
nanoparticles used in our studies and causes the ob-
served apoptosis. We therefore performed control ex-
periments in which we confirmed that the supernatant
from the fluorescent PS nanoparticles that were cleaned
by centrifugation showed no significant change in cell

Figure 8. Mitochondrial transmembrane potential assay us-
ing fluorescently labeled annexin V and Mitotracker dye. Ap-
optotic cells with reduced transmembrane potential are
bright green with annexin V stain and dull red with mito-
chondrial stain, as opposed to healthy cells being dull green
and bright red.
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viability (see Supporting Information, Figure S2). On
the basis of these control experiments, we exclude a
chemical toxicity of the PS particles as cause for the ob-
served cell death. Instead, we attribute the observed
high levels of apoptosis for Caco-2 cells after PS nano-
particle exposure to cellular stress induced by the up-
take of nonbiodegradable nanoparticles. In order to ob-
tain additional information about the nature and the
underlying mechanisms of the observed cellular stress
in the Caco-2 monolayer, we investigated the tem-
porospatial evolution of apoptosis in the Caco-2 intesti-
nal model next.

Temporospatial Evolution of Apoptosis in a Caco-2 Monolayer.
Unlike for individual cells, in a system of interacting
cells such as the epithelial membrane, the individual
cells are influenced by communication and direct inter-
actions with their neighboring cells. These interactions
can occur through gap junctions and tight junctions as
well as through the release of signaling molecules into
the cellular environment.** Consequently, the response
of a monolayer of cells in which the fate of each indi-
vidual cell is intertwined with that of its neighbors can
differ from that of individual cells. Optical inspection of
the Caco-2 monolayer after fluorescent staining in Fig-
ure 3 suggests that the apoptotic cells are not homo-
genously distributed over the monolayer, but that the
probability of finding an apoptotic cell varies signifi-
cantly as a function of the location of the membrane.
The probability of finding an apoptotic cell is higher
near another apoptotic cell than anywhere else in the
monolayer. To confirm this hypothesis of apoptotic
clustering in Caco-2 cultures, we performed statistical
analysis using the Hopkins statistical method.* This sta-
tistics tests spatial randomness by comparing nearest
neighbor distances from random points and randomly
chosen probes (here, apoptotic cells) and provides an H
factor as quantitative measure for clustering (see Mate-
rials and Methods section).*® The resulting H values lie
in the interval [0, 1]. For randomly distributed apoptotic
cells, the expected value is 0.5, whereas for clustered
apoptotic cells, the value is closer to 0 or 1.

The Hopkins statistics for the distribution of apop-
totic cells in monolayers of Caco-2 cells after incubation
in medium of 6.6 nM nanoparticles are plotted in Figure
9. For all three investigated PS particles, the Hopkins sta-
tistics is clearly shifted with regard to a random distribu-
tion, confirming that the apoptotic cells are clustered. In
developing and renewing systems, clustering of apop-
totic cells is often caused through bystander killing,48
in which a primary apoptotic cell induces apoptosis in vi-
able neighboring cells. Bystander killing implies that a few
primary apoptotic cells can induce and propagate apop-
tosis across the entire intestinal membrane. Several
chemical signals can be sent either by extracellular ma-
trix or through the tight junctions from primary apoptotic
cells to trigger apoptosis in the neighboring cells.*® How-
ever, in the case of an epithelial cell monolayer like
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Figure 9. Hopkins test for the clustering of apoptotic cells in
Caco-2 cell monolayers for (a) 20.ayb, (b) 40car, and (c) 40,min.
The cells were incubated with medium containing 6.6 nM PS
nanoparticles and analyzed after a total incubation time of
16 h. The strong shift of the distribution to the right com-
pared with the Gaussian distribution (black) indicates strong
cell clustering.

Caco-2, the tight junction proteins break down when the
cells undergo an apoptotic death.* Consequently, we will
first focus on an extracellular mechanism as a potential
trigger for the observed apoptosis.

Apoptosis has been associated with oxidative stress
in biological systems, and previous studies have indi-
cated a link between nanoparticle exposure and elevated
levels of oxidative stress.’°~>> Oxidative stress results
from an imbalance between oxidants and antioxidants
in cells exposed to nanoparticles. One strong oxidant in
the cellular environment is hydrogen peroxide (H,0,),
which is produced in the mitochondria, cytosol, and per-
oxisomes as a product of oxidases and superoxide dismu-
tase.”® Among biologically relevant reactive oxygen spe-
cies, hydrogen peroxide is a promising candidate for a cell
death signal messenger since it is comparatively stabile
with a half-life on the order of seconds. H,0, readily pen-
etrates cell membranes, and this ability together with its
relatively long lifetime allows the molecule to diffuse into
a nearby cell and to react with its cellular components.*®
To verify that H,0, is involved in the observed spread of
apoptosis across the membrane, we added catalase to the
nanoparticle-containing medium.**>” This enzyme cata-
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Figure 10. Cell viability for Caco-2 cells incubated with PS
nanoparticles in the presence and absence of catalase. The
cells were incubated with 6.6 nM solutions of the different
nanoparticles for 16 h. Values are means + SD of 10 experi-
ments.

lyzes the decomposition of H,0, into '/,0, and H,0. Since
the catalase cannot cross the plasma membrane and dif-
fuse into cells,*® it only removes H,0, that has been re-
leased by the cells into the extracellular environment. The
comparison of the cell viabilities measured with and with-
out catalase in Figure 10 shows that catalase addition
leads to a strong reduction in nanoparticle-induced apo-
ptosis and confirms that H,0; is the signal mediating the
propagation of apoptosis upon nanoparticle exposure.

On the basis of these observations, we propose the
following model of nanoparticle-induced apoptosis in
the Caco-2 monolayer. Nanoparticle uptake induces
oxidative stress in the Caco-2 monolayer from primary
apoptotic Caco-2 cells, which results in H,0, release.
The released oxidant further increases the oxidative
stress in the immediate vicinity and triggers apoptosis
in neighboring, secondary cells that are in reach
through diffusion on the time scale of its lifetime. The
observed clustering indicates that, in the majority of the
apoptotic cells, cell death is not immediately caused
by the uptaken PS nanoparticles but instead results
from increased levels of H,0, released by primary apo-
ptotic cells in the monolayer. Overall, the observation of
nanoparticle-induced oxidative stress in a monolayer
of Caco-2 enterocyte-like cells and the observed H,0,-
mediated propagation of apoptosis across the mono-
layer confirm concerns about the potential health
threat of ingested nanomaterials.

CONCLUSIONS
In this work, we investigated the impact of 20 and
40 nm carboxylic acid and 40 nm amino-functionalized

MATERIALS AND METHODS

Cell Culture and General Experimental Procedures. The hetero-
geneous human epithelial colorectal adenocarcinoma cells,
Caco-2 (American Type Culture Collection, ATCC, number: HTB-
37), were grown in Dulbecco’s modified minimum essential me-
dium (DMEM) containing 25 mM glucose, 3.7 g of NaHCO; L™
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PS particles on a monolayer of enterocyte-like Caco-2
cells. We found that the uptake efficiency is higher for
the negatively charged carboxylic-acid-functionalized
particles than for the positively charged amino-
functionalized particles and higher for smaller 20 nm
than for larger 40 nm PS nanoparticles. All investigated
particles lead to a decrease in cell viability of Caco-2
cells, but the carboxylic-acid-functionalized particles
decrease the cell viability faster and stronger. Follow-
ing the trends for uptake efficiency, we find that the
smaller particles impact the cell viability more strongly
than larger particles. Our studies show that exposure
time of the length scale of the residence time of nano-
particles in the small intestine are sufficient to cause
dramatic losses in the cell viability. The initially uptaken
nanoparticles induce cellular processes that terminate
in cell death within 4—12 h. The dead cells are found to
cluster in the cell monolayer as a result of nanoparticle-
induced apoptosis in the vicinity of primary apoptotic
cells, a process named bystander killing.*” Oxidative
stress in primary apoptotic cells results in the release
of hydrogen peroxide into the extracellular environ-
ment, which then induces apoptosis in neighboring
cells. The spread of apoptosis in the Caco-2 monolayer
is efficiently suppressed in the presence of catalase,
which catalyzes the decomposition of hydrogen perox-
ide to water and oxygen. Our studies show that nonbio-
degradable nanoparticles have a significant impact on
the cell viability in the Caco-2 intestinal membrane
model by triggering apoptosis in individual cells, which
then efficiently propagates across the entire mem-
brane through release of a reactive oxygen species (hy-
drogen peroxide). The in vitro studies indicate that
nanoparticle ingestion poses a health threat by induc-
ing oxidative stress in the intestinal system. Like any in
vitro system, the intestinal model system used in this
work does not have the full functionality of the corre-
sponding in vivo system. For instance, the intestinal epi-
thelium is covered by a protective mucus layer which
can influence the interactions between the nanoparti-
cles and the intestinal membrane. This mucus layer is
absent in our model system. The findings of our in vitro
study are nevertheless important since they identify
nanoparticle-induced oxidative stress in the intestinal
epithelium as a potential health threat related to in-
gested nanoparticles. Further studies with improved in
vitro and in vivo model systems will help to understand
this risk in more detail.

and supplemented with 4 mM L-glutamine, 10% fetal calf se-
rum, 1% nonessential amino acids, penicillin (100 units mL™"),
and streptomycin (100 g mL™") at 37 °C in an atmosphere of
5% CO, and 95% air at 90% relative humidity. After reaching 80%
confluency, they were then seeded onto polyethylene filter cell
culture chamber inserts. We used an accelerated Caco-2 differen-
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tiation model provided by BD Biosciences. The 24-well insert
systems were treated with type 1 rat tail collagen under condi-
tions that allow in situ formation of large collagen fibrils. Caco-2
cells were seeded onto these inserts at 2 X 10° (cells/insert) in
basal seeding medium (BD Biosciences) that was augmented
with serum extender (MITO+, BD Biosciences) and were then in-
cubated for 24 h. The medium on both sides of the membrane
was subsequently exchanged with differentiation medium
(Entero-STIM, BD Biosciences) and incubated for an additional
48 h. The membranes were ready for cytotoxicity assays on the
third day.

The integrity of the cell membrane was tested by measur-
ing the transepithelial electrical resistance (TEER) across the
monolayer using a Millicell-ERS system ohm meter and a corre-
sponding electrode system. The TEER values were measured
prior to the experiment, and only membranes having TEER val-
ues >200 )/cm? were used for the experiment. A TEER value less
than 150 /cm? indicates a compromised or a leaky membrane
(according to the manufactures instructions, BD Biosciences).
These membranes were discarded.

Twenty nanometer and 40 nm fluorescent polystyrene nano-
particles (FluoSpheres, Molecular Probes) were used that con-
tained red fluorescent dyes (20cam, and 40,min: Aexc= 535 NM; Nem
= 575 nm) and (40cap: Aexe= 580 NM; Ny, = 605 nm) enclosed in
the particles. We verified that the dyes did not leach out of the
nanoparticles over the time period of our experiments. After in-
cubation of the PS nanoparticles in neutral and acidic aqueous
solutions for at least 12 h, the particles were spun down and the
supernatant was tested for fluorescence. We did not detect any
significant signal in neutral or acidic solutions. In a second con-
trol experiment, fluorescence nanoparticles were incubated for
16 h in growth medium. Then the particles were spun down, and
the supernatant was tested for its cytotoxic effect by compar-
ing the cell viability of Caco-2 cells incubated in the nanoparticle-
treated buffer with controls incubated in pristine buffer. The
nanoparticle-treated buffer did not lead to a decrease in cell vi-
ability (see Figure S2, Supporting Information).

The charge on these PS particles was determined through
the particles’ surface chemistry. Carboxylic-acid-functionalized
particles are negatively charged, whereas amino-functionalized
particles are positively charged in the growth medium (pH 7.4).
The particles were sonicated for 1 min to separate the particles
prior to use and then resuspended in the growth medium to
yield colloidal solutions of final concentrations of 0.3, 0.9, 2.0,
4.0, and 6.6 nM. The solutions were added to the membranes
and then incubated for 16 h. Finally, the cell viability was quan-
tified using a live/dead cell assay (Invitrogen, USA). At least five
membranes containing about 2 X 10° cells/insert were prepared
and analyzed for each experiment. In order to observe the propa-
gation of nanoparticle effect on the membrane in further detail,
the cell viability was analyzed as a function of time, and samples
were analyzed at 4, 8, 12, and 16 h for the highest nanoparticle
concentration.

Visualization of Cellular Uptake of Nanoparticles. Three days after
Caco-2 seeding (2 X 10° cells/insert), cells were transferred into
growth medium containing nanoparticles and incubated at 37 °C
in an atmosphere of 5% CO, for the specified amount of time
ranging from 4 to 16 h. Cells were washed with phosphate buff-
ered saline (PBS) and then fixed using a 4% aqueous solution of
fresh paraformaldehyde, washed, and then visualized with an
Olympus confocal laser scanning microscope (CLSM, Olympus
Co. Ltd., Tokyo, Japan). All images were compiled using Image J
software (NIH, USA) and are used as representatives of the origi-
nal data.

Determination of Cell Viability. The effect of the PS nanoparticles
on the cell viability as a function of particle charge, size, concen-
tration, and incubation time was quantified using a commercial
live/dead cell assay (Invitrogen, USA). The performed assay con-
sists of calcein acetoxymethyl (calcein AM) and ethidium
homodimer-1 (EthD-1). Live cells have intracellular esterases
that convert nonfluorescent, cell-permeable calcein AM to the in-
tensely fluorescent calcein (\exe= 495 NM; Nery= 515 Nm).
Cleaved calcein is retained within cells. Dead cells have dam-
aged membranes; EthD-1 therefore enters the damaged cells
and becomes fluorescent after binding to nucleic acids. EthD-1
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(Nexc = 495 Nm; Ay = 635 nm) produces a bright red fluores-
cence in cells with damaged membrane or dead cells. The cal-
cein AM and ethidium homodimer-1 mix is used to differentiate
live (green) cells from dead (red) cells.

The live/dead assay was performed after exposing the Caco-2
cell monolayers to specified concentrations of PS nanoparticles
(ranging from 0.3 to 6.6 nM) for specified incubation time (rang-
ing from 4 to 16 h). The fluorescent dyes were mixed in PBS
buffer and incubated with the cells for about 15 min. The cells
were then fixed in 4% aqueous solution of fresh paraformalde-
hyde and washed. Confocal laser scanning microscopy was used
to probe the uptake of the fluorescent nanoparticles as a func-
tion of time and concentration. Appropriate filter sets allowed in-
dependent visualization of PS nanoparticles (Aer, = 575/605
nm), live (\ery = 515 nm), and dead cells (\er, = 635 nm).

Apoptosis Assays. The dying cells were further differentiated
into apoptotic and necrotic cells using different apoptosis as-
says. All assays were performed with Caco-2 cells that were incu-
bated for 16 h with 20, PS nanoparticles at a concentration of
6.6 nM. Phosphatidylserine translocation was detected using the
Viybrant Apoptosis Assay Kit #2 (Invitrogen, USA). The assay con-
sists of Alexa488-labeled annexin V (Aeyc= 488 nm; Nemy = 525
nm), which is an anticoagulant having a high binding affinity to
the phosphatidylserine in the cell membrane and the DNA stain
propidium iodide. The kit was used according to the manufac-
ture’s protocol. Changes in the mitochondrial transmembrane
potential were detected using a combination of Alexa488-
labeled annexin V and the Mitotracker dye (Vybrant Apoptosis
Assay Kit #11, Invitrogen, USA), whose red fluorescence inten-
Sity (Nexc= 550 NM; Aem = 595 Nm) depends on the mitochon-
drial transmembrane potential. The kit was used according to the
manufacture’s instructions, and control experiments were per-
formed that confirmed that fluorescence bleed-through from the
201 particles did not impair the ability to detect differences in
the mitochondrial transmembrane potential. In a third assay, the
caspase activity in Caco-2 cells was quantified using the En-
zChek Caspase-3 Assay Kit #2 (Invitrogen, USA). This kit detects
apoptosis by providing a reliable method for assaying caspase-3
activity. The basis for the assay is the rhodamine 110 derived
substrate Z-DEVD-R110. This substrate is a nonfluorescent bisa-
mide that is first converted by caspase-3 to the monoamide and
then to the bright green fluorescent rhodamine 110 (\exc= 496
nm; Aem = 520 nm). The kit was used according to the manufac-
turer’s instructions.

Clustering Analysis Using the Hopkins Statistic. For spatial analysis
of clustering, we use the complete spatial randomness (CSR)*~%'
hypothesis and calculate the Hopkins statistics.*%? It is a sensi-
tive and dimensionless method that allows an easy comparison
between different experiments.®’ This approach was used by
Zhang et al. to analyze the clustering of immunolabels on a cell
membrane.®’ Our analysis is based on the Matlab toolbox pro-
vided by Zhang et al. This program evaluates the nearest neigh-
bor distances between random points and randomly chosen
dead cells. The Hopkins statistic is defined as

u
H=U+w
with U = 2™ 1d%(s;,S) and W = >/ 1d?(pi.S). Here m is the cho-
sen number of random points s; = (x;y;), and the chosen num-
ber of random dead cells of a set S with coordinates px = (Xiyi)-
The parameter d is the interpoint distance. The H values lie in the
interval between 0 and 1. In the case of spatial randomness
event, H = 1/2. For clustering events, H ~ 1. After calculating
the H values, the probability density function f(H) is found as

m—1,;m—1
fiH) = (1—H"'H
(m— D2m — 1)!

Finally, H (abscissa values) and f(H) (ordinate values) are plot-
ted together as histograms of the relative frequency distribu-
tion. For random dead cell distributions, the histogram of the
relative frequency distribution assumes a Gaussian curve cen-
tered at H = 0.5. On the contrary, for clustered distribution, the
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obtained histogram is shifted from the expected curve for ran-
dom distribution.

Fluorescence Microscopy. Cell viability and apoptosis were quan-

tified using a wide field fluorescent microscope (Olympus Co.
Ltd., Tokyo, Japan) with appropriate filter sets to distinguish be-
tween the various dyes.

Supporting Information Available: Figures S1 and S2. This ma-

terial is available free of charge via the Internet at http://pubs.ac-

s.org.
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