Cationic Polystyrene Nanosphere
Toxicity Depends on Cell-Specific
Endocytic and Mitochondrial Injury

Pathways

Tian Xia,™* Michael Kovochich,™* Monty Liong,* Jeffrey I. Zink,** and Andre E. Nel™5*-*

*Division of NanoMedicine, Department of Medicine, *Department of Chemistry & Biochemistry, SThe Southern California Particle Center, and *California NanoSystems
Institute, University of California, Los Angeles, California 90095. “These authors contributed equally to this work.

ecause of the rapid growth in the

nanotechnology industry, a large

number of novel engineered nano-
materials (NMs) are being produced and in-
troduced to the marketplace." This in-
creases the likelihood that workers in the
nanotechnology industry, consumers, and
ultimately the environment could come
into contact with these materials. Because
of their small size, large surface area, surface
reactivity, chemical composition, and other
unique physicochemical properties, engi-
neered nanoparticles (NPs) are capable of
interacting with biological components or
systems, many of which are nanoscale op-
erations.” It is not a surprise, therefore, that
academia, government, industry, and mem-
bers of the public have expressed great
concern about the possibility that engi-
neered NMs could lead to adverse biologi-
cal effects in humans and the environment.
In fact, these concerns have led to the es-
tablishment of a new science, nanotoxicol-
ogy, which aims to understand the physico-
chemical principles and biological pathways
by which engineered NMs could lead to ad-
verse biological outcomes. This information
is key toward developing screening assays,
risk assessment, exposure assessment, dose
calculations, and formulation of regulatory
policy.'™

Some of the leading paradigms that

have emerged as potential predictors of
biological injury include the ability of semi-
conductor materials, metal oxides, and
metal contaminants to generate reactive
oxygen species (ROS) and oxidant injury."”
However, oxidant injury is by no means the
only paradigm for injury, and material char-
acteristics that contribute to cellular uptake,
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ABSTRACT The exponential increase in the number of new nanomaterials that are being produced increases
the likelihood of adverse biological effects in humans and the environment. In this study we compared the effects
of cationic nanoparticles in five different cell lines that represent portal-of-entry or systemic cellular targets for
engineered nanoparticles. Although 60 nm NH,-labeled polystyrene (PS) nanospheres were highly toxic in
macrophage (RAW 264.7) and epithelial (BEAS-2B) cells, human microvascular endothelial (HMEC), hepatoma
(HEPA-1), and pheochromocytoma (PC-12) cells were relatively resistant to particle injury. While the death
pathway in RAW 264.7 cells involves caspase activation, the cytotoxic response in BEAS-2B cells is more necrotic
in nature. Using fluorescent-labeled NH,-PS, we followed the routes of particle uptake. Confocal microscopy
showed that the cationic particles entered a LAMP-1 positive lysosomal compartment in RAW 264.7 cells from
where the particles could escape by lysosomal rupture. A proton pump inhibitor interfered in this pathway.
Subsequent deposition of the particles in the cytosol induced an increase in mitochondrial Ca®* uptake and cell
death that could be suppressed by cyclosporin A (CsA). In contrast, NH,-PS toxicity in BEAS-2B cells did not involve
the LAMP-1 endosomal compartment, stimulation of proton pump activity, or an increase in mitochondrial Ca>*.
Particles were taken up by caveolae, and their toxicity could be disrupted by cholesterol extraction from the surface
membrane. Although the particles induced mitochondrial damage and ATP depletion, CsA did not affect
cytotoxicity. Cationic particles were taken up into HEPA-1, HMEC, and PC-12 cells, but this did not lead to lysosomal
permeabilization, increased Ca>* flux, or mitochondrial damage. Taken together, the results of this study
demonstrate the importance of cell-specific uptake mechanisms and pathways that could lead to sensitivity or
resistance to cationic particle toxicity.

KEYWORDS: cationic nanoparticle - nanotoxicology - endocytosis -
mitochondria - cell death

subcellular localization, and interaction
with biomolecules need to be considered.’
Such material characteristics include NP
size, hydrophobicity, surface charge, and
surface coatings; these are key determi-
nants for particle binding and wrapping by
the surface membrane as well as defining
the possible route of endosomal uptake.
These are principles to keep in mind dur-
ing the development of biological assays
that can be used to screen for the poten-
tial bioadverse effects of NMs. These screen-
ing platforms could allow us to develop a
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Figure 1. Cell viability/death detection by the MTS assay and Pl stain-
ing. (A) After stimulation with NH,-PS particles at doses of 6-100
rg/mL for 16 h, cells were incubated with the MTS reagent for 30
min, and the absorbance was measured at 490 nm. All the MTS val-
ues of different doses were normalized according to the control val-
ues (no particle exposure), which were regarded as 100% cell viabil-
ity. (B) Similar to the experiment in A, during which cells were stained
with 47.5 pg/mL Pl and immediately analyzed by flow cytometry.
The percentage of Pl-positive (M1-gated) cells was scored by
Cellquest, as shown in Figure S1. (C) After overnight stimulation of
RAW 264.7 cells with 25 png/mL of the different types of PS nano-
spheres, cell viability was determined using the MTS assay. In order
to show the critical effects of size, we also included a 200 nm NH,-PS
particle. (D) The NH, group on the nanospheres was changed to
COOH, whereupon the RAW 264.7 cells were treated with 25 pg/mL
of each particle type before performance of the MTS assay. *p < 0.01
compared with control. Data are representative of three separate ex-
periments with at least three wells per treatment.

more rapid assessment of materials that are potentially
hazardous or potentially safe.’® This could assist in pri-
oritizing which materials should be studied in more
depth. Without the availability of predictive toxicologi-
cal assays, our ability to provide safety assessments for
the large number of emerging NMs could prove to be
an overwhelming task. Thus, nanotechnology should
try to avoid the conundrum faced by the chemical in-
dustry where only a few hundred of more than 40 000
industrial chemicals have undergone toxicity testing.
Due to this backlog, we are faced with new forms of
chemical toxicity on an annual basis.

In our own attempts to develop predictive toxicol-
ogy approaches to NM testing, we have previously
demonstrated that cationic polystyrene (PS) nanoparti-
cles with an NH, attachment to their surfaces are asso-
ciated with a high rate of toxicity in macrophages.® Cat-
ionic particle toxicity at the cellular level could translate
into clinical toxicity, as evidenced by the development
of acute pulmonary edema in textile paint sprayers that
are exposed to polycationic paint particles.®"" More-
over, it has been demonstrated that the same polyca-
tionic paint polymers induce pulmonary injury in ham-
sters and rats after tracheal instillation or inhalation
exposure.'®'" Similarly, it has been demonstrated that
NH,-PS nanospheres induce pulmonary inflammation
and thrombosis in hamsters, while naked or COOH-
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modified PS had little or no effect.’ Polycationic NPs
can also induce rapid bacterial clearance from a growth
medium, implying that the release of these materials
into the environment could also lead to adverse eco-
logical consequences.’? Thus, although NH,-PS does
not represent an actual commercial product that is
likely to lead to real-life exposures, the availability of
these experimental particles represents an important
tool for understanding cationic NP toxicity.

>In this article, we dissect the mechanism of the
NH,-PS cytotoxicity as a paradigm for cationic NP in-
jury. It has previously been suggested that the cellular
uptake of cationic particles into a lysosomal compart-
ment could lead to cytotoxicity by effects on the acidi-
fying proton pump.'?® According to the proton sponge
hypothesis, polyamine groups with high proton bind-
ing affinity could lead to buffering and exaggerated
proton pump activity. This toxicity is thought to result
from chloride influx to maintain charge neutrality,
thereby leading to osmotic swelling and rupture of the
lysosome.* Indeed, an endosomal escape strategy is
widely used for plasmid, DNA, and drug delivery; these
carrier systems are specifically designed to be sensitive
to the luminal pH of the endosomes. In addition to ef-
fects on lysosomal function, cationic molecules have
also been shown to target cell membranes through
strong binding to phospholipid components, which
can lead to membrane disruption or fusogenic
activity."®

To study cationic particle toxicity in mammalian
cells, we used fluorescent labeling and cellular imag-
ing to follow the cellular fate of the NH,-PS nano-
spheres in five different cell lines, namely a macroph-
age (RAW 264.7) and epithelial (BEAS-2B), hepatocyte
(HEPA-1), endothelial (HMEC), and pheochromocytoma
(PC-12) cell lines. We demonstrate differential cellular
uptake pathways that could be engaged in cell-specific
injury via mechanisms such as lysosomal rupture, intra-
cellular calcium flux, and mitochondrial injury.

RESULTS

Differential Toxicity of NH,-PS Nanospheres in Different Cell
Types. We have previously shown that cationic PS nano-
spheres exert toxic effects in the macrophage cell line,
RAW 264.7.° In order to compare this to the possible
toxic effects of NH,-PS in bronchial epithelial (BEAS-2B),
hepatoma (HEPA-1), human microvascular endothelial
(HMEC), and pheochromocytoma (PC-12) cells, the cul-
tures were co-incubated with increasing amounts of the
particles for different lengths of time (1-16 h), fol-
lowed by performance of the MTS assay. Cell viability
was expressed as the percent dehydrogenase activity
compared to that of untreated control cells (100% vi-
ability). Figure 1A demonstrates a clear and dose-
dependent decrease in MTS activity in RAW 264.7 and
BEAS-2B cells after 16 h, while PC-12, HEPA-1, and HMEC
showed a significant decline in cell viability only at
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doses >50 wg/mL (Figure 1A). These differences are re-
flected by comparing the IC, values of the particles in
three separate experiments: RAW 264.7 = 8.2, BEAS-2B
= 12.1, HEPA-1 = 84, HMEC = 86, and PC-12 = 90 p.g/
mL. We confirmed that the decline in MTS activity rep-
resents actual cell death, as determined by increased
propidium iodide (PI) uptake (Figures 1B and S1). Fig-
ure S2A shows a time-dependent decrease in MTS activ-
ity in RAW 264.7 and BEAS-2B cells.

In order to confirm that the observed toxic effects
are linked to the NH, substitution on the particle sur-
face, two different approaches were used. First, we
compared NH,-PS with carboxy-labeled (COOH-PS)
and non-labeled (PS) nanospheres. This demonstrated
that only 60 nm NH,-PS but not similarly sized PS or
COOH-PS particles could induce decreased MTS activ-
ity (Figure 1C). Primary particle size is important in this
assay since 200 nm NH,-PS microspheres were inactive
(Figure 1C); this was true for a dose up to 200 wg/mL.
Similar results were obtained in BEAS-2B cells (not
shown). In the second approach, the amine groups
were modified to carboxylate groups before toxicity
testing (Figure 1D). This chemical transition leads to a
significant reversal of particle toxicity (Figure 1D). In or-
der to see if the toxicity of the NH, group can be caused
by other cationic groups, we used 60 nm PS particles
that contained an amidine [R,,C(=NH)NH,] attachment.
Although this induced significant toxicity in RAW 264.7
cells, the level of cell damage was decreased compared
to that observed with NH,-PS (Figure S2B). The re-
duced level of toxicity could relate to the relatively
high rate of proton saturation of the amidine group.

In order to determine whether the decrease in cell
viability in RAW 264.7 and BEAS-2B cells is due to
caspase activation or DNA cleavage, D2R trifluoroace-
tate was used to assess caspase activation in the hydrol-
ysis of the fluorescent substrate (Figure S3A), while Dye-
Cycle Orange was used to assess the generation of
hypodiploid DNA (Figure S3C)."® Interestingly, while
NH,-PS nanospheres induced an increase in the per-
centage of RAW 264.7 cells showing caspase activation
and hypodiploid DNA, there was a relative paucity and
slow onset of similar events in BEAS-2B cells (Figure
2A,B). In order to determine whether these results re-
flect different mechanisms of cytotoxicity, we also
looked at mitochondrial events that are often associ-
ated with the onset of cell death. This was determined
by studying JC-1 fluorescence to assess the percentage
of cells in the population with decreased mitochon-
drial membrane potential (AW,,) (Figure S3B) as well
as measuring cellular ATP content. While cationic NPs
induced a dramatic decline in cellular ATP content in
both cell types, there was a more dramatic and faster
rate of AW _ decline in RAW 264.7 cells (Figure 2C,D). All
considered, these changes are compatible with an apo-
ptotic process in RAW 264.7, while BEAS-2B cells failed
to exhibit evidence of caspase activation or DNA cleav-
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Figure 2. Elucidation of the mechanism of cytotoxicity using assays
for caspase activation, DNA cleavage, mitochondrial membrane po-
tential (AW,,)), and cellular ATP content. After the cells were stimulated
with 25 pg/mL of NH,-PS for 1, 2, 4, 6, and 8 h, the above cellular re-
sponses were assayed as described in the Materials and Methods and
Supporting Information (Figure S3). Caspase activation, DNA degrada-
tion, and AW, decline were expressed as the percentage of cells in
the population showing the indicated changes (see Figure S3). Cellu-
lar ATP content was expressed as a percentage of the ATP content of
control cells, which was regarded as 100%. *p < 0.01 compared with
control. Data are presented from three separate experiments.

age. Moreover, the decrease in cell viability and ATP
content in BEAS-2B cells, together with the features of
perinuclear clustering of mitochondria and intracellular
calcium overload that will be discussed later, is more
suggestive of necrotic cell death. HEPA-1, HMEC, and
PC-12 cells were relatively resistant to the effects of
NH,-PS (Figure 1A) and showed little or no change in
caspase activation, DNA cleavage, AV, and ATP con-
tent (Figure S4).

Cellular Uptake, Subcellular Processing, and Toxicity of
Fluorescent-Labeled NH,-PS Nanoparticles. We have previ-
ously hypothesized that the cytotoxic effect of cationic
PS nanospheres could involve lysosomal rupture in
RAW 264.7 cells.® According to the proton sponge hy-
pothesis, polyamine groups with a high buffering ca-
pacity lead to exaggerated proton pump activity that
will otherwise be shut down by an increase in
acidity.”' Due to the concomitant CI~ uptake to main-
tain electro-neutrality, it has been proposed that os-
motic swelling leads to rupture of the endocytic vesicles
and particle deposition in the cytosol.'® In order to
study lysosomal rupture, the NH,-PS nanospheres were
FITC labeled (FITC-NP) to follow their intracellular fate.
Although fluorescence labeling leads to a minor in-
crease in particle aggregation, as demonstrated by
transmission electron microscopy (TEM, Figure S5A)
and light scattering (Table 1), this effect was negated
by the inclusion of fetal calf serum (FCS) proteins in
the complete medium (Table 1). When compared
against the non-labeled particles, there was a small
but significant reduction in the level of toxicity in RAW
264.7 cells (Figure 3A). This effect was even more accen-
tuated in BEAS-2B cells (Figure S6). A possible explana-
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TABLE 1. Physical Characterizations and IC5, of the Nanospheres®

aqueous — DMEM
particle type size (nm) PDI zeta potential I(f:nlx;e/"rjl)
NH,-PS, 60 nm 63 — 415 0120 —0.284 +358—>-3.7 8.2

FITG-NH,-PS, 60 nm 332 —306  0.301 —0.284  —0.27 —-26.65 146
amidine-PS, 70nm 71 —319 0.045—0347  +456 —-49 345
NH,-PS, 200 nm 297 —250  0.195—0.205 +5.61—-11.0 not toxic

“Particle size distribution and zeta potential were measured using a ZetaPALS as described in the
Materials and Methods. The reported mean particle size (average diameter) is calculated on the
basis of an intensity-weighted average. PDI is the polydispersity index. IC5, was determined us-
ing the MTS cell viability assay as described in the Materials and Methods. DMEM = Dulbecco’s
Modified Eagle Medium.

tion is that FITC labeling affects the zeta potential of
the particle, but not to the extent that it changes all the
available NH, groups (Table 1). However, at acidifica-
tion levels (pH < 4) that can be achieved in the lysoso-
mal compartment, it is interesting that the particles re-
gain a positive charge (Figure S5B). This could influence
particle toxicity in cells that utilize this uptake route
(see later). FITC-NP did not exert toxic effects in HMEC,
PC-12, or HEPA-1 cells (not shown).

Studying cellular fluorescence in a flow cytometer
was done initially to follow cellular uptake of the la-
beled particles. This showed both a time- (not shown)
and dose-dependent increase (Figure 3B) in mean fluo-
rescence intensity (MFI) compared to the non-particle-
treated controls. While the magnitudes of increase in
RAW 264.7, HEPA-1, HMEC, and PC-12 cells were com-
parable, BEAS-2B cells displayed a proportionally larger
increase in fluorescent intensity (Figure 3B). We also fol-
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Figure 3. Cellular uptake and cytotoxicity of FITC-labeled
NH,-PS nanospheres. NH,-PS nanoparticles were FITC la-
beled as described in the Materials and Methods. (A) Cyto-
toxicity of NH,-PS before and after FITC labeling was com-
pared in RAW 264.7 cells using the MTS assay. These cells
were exposed to the indicated dose of the particles for 16 h.
Data are representative of three separate experiments. *p
< 0.01 compared with NH,-PS. (B) Dose-dependent particle
uptake as determined by flow cytometry. The inset is a rep-
resentative histogram showing the shift in fluorescence in-
tensity in RAW 264.7 cells treated with 25 pwg/mL FITC-
NH,-PS for 4 h. The fold-increase in fluorescent intensity
was calculated and used to generate the graph, in which all
cell types were compared over the dose range shown.
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Figure 4. Confocal microscopy to study the subcellular lo-
calization of FITC-labeled NH,-PS nanospheres. (A) RAW
264.7 cells were treated with 25 pg/mL FITC-NH,-PS for 2-6
h. After fixation and permeabilization as described in the
Materials and Methods, cells were stained with the lysoso-
mal marker LAMP-1 and visualized using a Lecia 1P-FCS con-
focal microscope. The red and green fluorescent images
that correspond to the merged panel on the left-hand side
are shown in Figure S7. After merging, the percentage of
particles that are co-localized with LAMP-1 (yellow fluores-
cent pattern) was quantified by Image J. (B) The percent co-
localization was calculated in three separate experiments,
each of which examined at least six separate fields. *p <
0.01. (C) Triplicate experiments and assessment of co-
localization were performed in all five cell types after incuba-
tion with FITC-NH,-PS for 6 h. Co-localization was scored as
above.

lowed the intracellular location of the fluorescent par-
ticles by confocal microscopy. First, we assessed
FITC-NP uptake in RAW 264.7 cells in combination with
Alexa 594 staining to detect the expression of the lyso-
somal protein, LAMP-1. Merging of the red and green
fluorescence profiles revealed considerable co-
localization of the particles with LAMP-1 (as demon-
strated by the composite yellow fluorescent staining
pattern in Figures 4A and S7). Scoring of the degree of
overlap by Image J software showed that the percent-
age of particles co-localizing with LAMP-1 decreased
from 84% to 65% to 23% at 2, 4, and 6 h, respectively
(Figure 4B). Moreover, the appearance of the fluores-
cent intracellular particles changed from predominantly
small yellow fluorescent spots at 2 h to a mixed popu-
lation of small and large, mostly green fluorescent spots
at 6 h (Figure 4A). These data are compatible with a
time-dependent change in the subcellular localization
of the particles. In order to determine that the fluores-
cence is indeed particle related, we also looked at the
staining pattern in RAW 264.7 cells that were treated
with FITC alone. This did not reveal any fluorescence up-
take, which, together with dialysis procedures showing
that the FITC group does not dissociate from the par-
ticle surface in cell culture medium, helps to confirm
that the cellular fluorescence obtained with FITC-NP is
likely particle associated.

Similar experiments were conducted in other cell
types, which also show a time-dependent increase in
particle uptake but with varying degrees of overlap
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with LAMP-1 (Figures 4C and S8). Thus, while HMEC
and HEPA-1 cells showed a relatively high degree of
merging with LAMP-1, the extent of co-localization was
much less in BEAS-2B and PC-12 (Figure S8). These dif-
ferences were reproduced in three separate experi-
ments and shown to be statistically significant (p <
0.01) when comparing RAW 264.7 (33%), HEPA-1 (51%),
and HMEC (46%) data to those of either BEAS-2B (8%)
or PC-12 (7%) (Figure 4Q). Interestingly, no change oc-
curred wherein the yellow changed to a predominant
green fluorescent pattern in HEPA-1 and HMEC cells
(not shown). All considered, these data suggest differ-
ent routes of uptake and intracellular processing of par-
ticles in different cell types.

NH,-PS Nanoparticles Induce Lysosomal Permeabilization and
Toxicity That Can Be Reversed by Bafilomycin A1 (BFA) in RAW
264.7 Cells. A more direct demonstration of the ability of
cationic PS nanoparticles to induce lysosomal perme-
abilization was sought using the lysosomotropic dye,
acridine orange (AO). AO uptake in acidic lysosomes
leads to red fluorescence, which dissipates when the
dye leaves this compartment. The accompanying de-
crease in fluorescence intensity can be followed by flow
cytometry, which allows scoring of the percentage of
AO'™" cells as an index of lysosomal permeabilization
(Figure S9A). While it could clearly be demonstrated in
RAW 264.7 cells that their lysosomal permeabilization is
both time- (Figure 5A) and dose-dependent (Figure
S9B), no permeabilization could be observed in any of
the other cell types (Figure 5A). This suggests that lyso-
somal permeabilization plays a key role in NH,-PS toxic-
ity in RAW 264.7 cells. This is in keeping with the confo-
cal data showing a significant reduction of FITC-NP co-
localization with LAMP-1 over time (Figure 4B).

In order to more directly demonstrate the role of
the proton pump in NH,-PS toxicity in RAW 264.7 cells,
we made use of bafilomycin A1 (BFA), a v-ATPase inhibi-
tor that prevents endosomal acidification. Two ap-
proaches were used to determine the BFA effects. First,
confocal microscopy was used to assess intracellular
particle localization in relation to LAMP-1 staining. This
demonstrated that the drug exerted a significant effect
on particle colocalization with LAMP-1 (Figure 5B). Thus,
the addition of BFA increased the degree of co-
localization from 39% to 65% at 6 h (Figure 5B). This ef-
fect was statistically significant in three repeat experi-
ments (Figure 5C), indicating that inhibition of proton
pump activity leads to enhanced lysosomal retention.
This notion is further supported by the size of the par-
ticle aggregates and differences in the yellow and green
fluorescent patterns (Figure 5B). The second experi-
ment with BFA was to look at cellular toxicity. Using Pl
uptake, we demonstrated that BFA decreases NH,-PS
toxicity in a dose-dependent manner (Figure 5D). In
contrast, BFA had no effect on the decreased cellular vi-
ability in BEAS-2B cells or on the intracellular localiza-
tion of the labeled particles in other cell types (not
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Figure 5. Assessment of particle effects on lysosomal integrity as de-
termined by flow cytometry and confocal microscopy. (A) Assessment
of lysosomal integrity by assessment of fluorescence intensity in a
flow cytometer. After treatment with 25 pg/mL NH,-PS for 3 and 6 h,
cells were stained with AO and analyzed by flow cytometry to detect
the population of AO'" cells, as shown in Figure S9. The M1-gated
population was expressed as percent of total cells at 3 and 6 h. (B) Rep-
resentative confocal display showing particle co-localization profile
with LAMP-1 in the absence or presence of 60 nM BFA. Cells were
treated with 25 pg/mL of the particles for 6 h. (C) Statistical analysis
of the percent co-localization in the absence or presence of BFA in
three separate experiments, in which at least six separate fields were
analyzed in each experiment. *p < 0.01. (D) Dose-dependent protec-
tion of NH,-PS-induced cytotoxicity in RAW 264.7 cells by BFA. Data
are representative of three separate experiments.

shown). These data confirm the importance of a lysoso-
mal processing pathway and the role of the proton
pump in cationic particle toxicity in RAW 264.7 cells.
These data also suggest a different mechanism of toxic-
ity in BEAS-2B cells.

NH,-PS Toxicity in BEAS-2B Cells Is Dependent on Caveolar
Uptake and Can Be Reversed by Methyl-3-cyclodextrin (MbCD). Al-
though NH,-PS nanospheres are toxic to BEAS-2B cells,
there is no indication of lysosomal permeabilization,
suggesting an alternative route of cellular uptake and
toxicity. Caveolae have recently emerged as an impor-
tant route for viral uptake that can bypass the tradi-
tional endosome/lysosome route.'”'® In order to test
this pathway, BEAS-2B cells were treated with FITC-NP,
following which we stained for caveolin-1 localization
with an Alexa 594-labeled antibody. Confocal micros-
copy demonstrated a high degree (64%) of overlap be-
tween FITC-NP and red fluorescent caveolin-1 in
BEAS-2B cells (Figure 6A). In order to demonstrate that
caveolae are important for cellular uptake, we used
the inclusion of these structures in lipid rafts on the sur-
face membrane to see if we can interfere in particle up-
take. Caveolae can be disrupted by the sterol-
sequestering agent, methyl-3-cyclodextrin (MbCD),
that extracts cholesterol from the lipid rafts. Indeed, af-
ter treating BEAS-2B cells with MbCD, we confirmed by
confocal imaging (Figure 6B) and flow cytometry (not
shown) that lipid raft disruption leads to decreased
FITC-NP uptake. Furthermore, MbCD significantly re-
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Figure 6. Particle uptake in BEAS-2B cells is dependent on
caveolae and can be disrupted by cholesterol depletion. (A)
Confocal microscopy to show co-localization of NH,-PS with
caveolin-1 in BEAS-2B cells. Cells were treated with 25
prg/mL FITC-NH,-PS for 6 h before cellular preparation and
staining with anticaveolin-1 Ab. Cells were examined using
a Lecia 1P-FCS confocal microscope, and representative im-
ages are shown. (B) BEAS-2B uptake of FITC-NH,-PS in the
absence or presence of 1 M MbCD. The cell membrane was
stained with 5 pg/mL red fluorescent wheat germ aggluti-
nin (WGA). (C) Comparison of NH,-PS cytotoxicity in RAW
264.7 and BEAS-2B cells pretreated with 1 wM MbCD, be-
fore incubation with 25 p.g/mL NH,-PS for 6 h. Cellular viabil-
ity was determined by PI uptake. *p < 0.01 compared with
NH,-PS. Data are representative of three separate
experiments.

duced NH,-PS-induced cell death in BEAS-2B cells (Fig-
ure 6C). In contrast, this drug increased particle toxicity
in RAW 264.7 cells (Figure 6C).

Ultrastructural and Functional Studies Demonstrating a Key
Role for Intracellular Ca>* and Mitochondria in Cationic Particle
Toxicity. We have previously shown that NH,-PS nano-
spheres induce mitochondrial damage in RAW 264.7
cells.? Ultrastructural resolution by electron microscopy
(EM) confirmed that the cationic particles induce early-
onset (<4 h) swelling of this organelle, following which
cristae disappear from structurally damaged mitochon-
dria (Figure S10). This results in a vacuolar cellular ap-
pearance in which the appearance of myelin figures in
the vacuolae suggests the mitochondrial origin (Figure
S10).

EM analysis in BEAS-2B cells shows a different evolu-
tion of mitochondrial ultrastructural changes, starting
with mitochondrial condensation at 4 h, before leading
to structural damage and mitochondrial disappear-
ance at 16 h (Figure 7). The mitochondrial damage can
also be followed by confocal microscopy, in which these
organelles are revealed by staining for complex V in-
hibitor protein (Figure S11A). Again, this demonstrated
the disappearance and condensation of mitochondria.
All considered, these ultrastructural changes suggest
that the mitochondrion is a prominent target for cat-
ionic particle toxicity in RAW 264.7 and BEAS-2B cells.
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NH,-PS
4 hr

NH,-PS
16 hr

Figure 7. Electron microscopy to determine the ultrastruc-
tural changes in BEAS-2B cells after exposure to 10 pg/mL
NH,-PS for the indicated time period. Panels on the left de-
pict magnification at 4800 %, while panels on right depict
magnification at 15000 to show the mitochondrial details.
Notice the mitochondrial shrinkage at 4 h, followed by or-
ganellar disappearance, thereby yielding vacuolar express-
ing cells at 16 h. The comparison figure for RAW 264.7 cells
is shown in the Supporting Information (Figure S10).

No noticeable mitochondrial damage occurred in
HEPA-1, PC-12, and HMEC (not shown), in keeping with
the lack of toxicity in these cells (Figure 1).

Figure 2 demonstrates that cationic particles exert
functional effects on mitochondria. Although there are
a number of mechanisms by which cationic nano-
spheres could induce mitochondrial damage, one pos-
sibility is an effect on intracellular Ca?* flux. Mitochon-
dria play an important role in regulating the
intracellular calcium concentration, [Ca®*], through
their ability to sequester this divalent cation from the
cytosol. This buffering effect could lead to an increase
in mitochondrial Ca®*, [Ca®"],,,. [Ca®*],,, is one of the
key regulators of the permeability transition pore
(PTP)."*=2" [Ca%*], and [Ca®"],,, were assessed by look-
ing at Fluo-3 and Rhod-2 fluorescence, respectively (Fig-
ure 8). While NH,-PS could induce a dose-dependent in-
crease in [Ca®"], in RAW 264.7 and BEAS-2B cells, the
magnitude of the change was bigger in the former cell
type (Figure 8A). In contrast, HEPA-1 (Figure 8A), PC-12
(not shown), and HMEC (not shown) exhibited only
minimal increases at high particle concentrations.
Rhod-2 fluorescence showed an even more striking dif-
ference between RAW 264.7 and BEAS-2B cells, with
the former cell type showing a robust increase in
[Ca®*],, at particle doses >25 wg/mL, while the latter
cell mounted only a weak response at the highest par-
ticle concentration (Figure 8B). HEPA-1, PC-12, and
HEMC did not exhibit an increase in [Ca®™],,.

Since the foregoing data suggest that mitochon-
drial calcium uptake could play a critical role in the ob-
served toxicity in RAW 264.7 and BEAS-2B cells, we as-
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Figure 8. Flow cytometry analysis showing differential effect of NH,-PS on cytosolic and mitochondrial calcium levels, in-
cluding the CsA effect on cellular viability. (A) Comparison of the cytosolic Ca®* levels in cells treated with the indicated
amount of NH,-PS for 6 h as detected by Fluo-3 fluorescence. (B) Comparison of the mitochondrial Ca®* levels using Rhod-2
in a similar experiment. (C) Pl uptake comparing the cytotoxicity of NH,-PS in RAW 264.7 and BEAS-2B cells in the presence
or absence of CsA. The cells were pretreated with 2 uM CsA, followed by exposure to 25 pg/mL of NH,-PS for 6 h. Data are
representative of three separate experiments. *p < 0.01, compared to NH,-PS.

sessed the effect of cyclosporine A (CsA) on cell death.  for 16 h, followed by bronchoalveolar lavage (BAL).
CsA interferes in the ability of the Ca®"-dependent PTP  The BAL fluid was analyzed for total protein content,
regulator, cyclophilin D,'®~2! to engage in pore open- LDH levels, and cell counts as described in our previ-
ing.'® Pl uptake studies reveal that, while CsA was ca-  ous publication?? (Figure 9). NH,-PS induced signifi-
pable of a significant reduction of NH,-PS cytotoxicity cantly more protein in the BAL fluid than the other par-
in RAW 264.7 cells, this drug had no protective effects ticle types (Figure 9A). Similarly, NH,-PS induced a

in BEAS-2B cells (Figure 8C). These data suggest that, significant increase in LDH levels compared to the other
while intracellular Ca®* release plays a role in initiating  particle types, which nonetheless did induce signifi-

cellular apoptosis in RAW 264.7 cells (Figure 2), mito- cant changes themselves (Figure 9B). While all the par-
chondrial damage in BEAS-2B cells proceeds indepen- ticle types did induce an increase in BAL cell counts, the
dent of Ca%*-triggered PTP opening. This finding is increases in the total, macrophage, and neutrophil cell
compatible with the lack of caspase activation and DNA  counts were significantly higher for NH,-PS compared

cleavage in the latter cell type (Figure 2). However, to COOH-PS or PS (Figure 9C). This experiment provides
rapid ATP depletion, AWV, decline, and ultrastructural proof-of-principle that inhalation exposures could pos-
changes in BEAS-2B indicate that mitochondria are in-  sibly lead to adverse health outcomes, as demonstrated
volved in particle toxicity. Since we have previously by the clinical experience of the development of acute
shown that ambient ultrafine particles damage and pulmonary edema and inflammation in spray paint

lodge in mitochondria, we asked whether FITC-NPs co- ~ workers exposed to cationic polymeric particles.'®
localize with mitochondria. This was accomplished by
performing fluorescence staining for the complex Vin-  DISCUSSION

hibitor protein, as described in Figure S11A. No particle In this study we compared cationic particle effects
colocalization with mitochondria could be seen in ei- in five different cell types that represent portal-of-
ther RAW 264.7 or BEAS-2B cells (Figure S11B). Thus, al-  entry (macrophages and epithelium) or systemic
though NH,-PS induces mitochondrial damage in (HEPA-1, HMEC, and PC-12) cellular targets for engi-
BEAS-2B cells, this utilizes an unknown mitochondrial neered NPs. Although NH,-PS nanospheres were highly
route that is downstream from caveolar uptake. toxic in RAW 264.7 and BEAS-2B cells, HMEC, HEPA-1,

Cationic PS Nanoparticles Induce Pulmonary Inflammation in and PC-12 cells were relatively resistant to this damage.
Mice. In order to determine whether neutral, NH,-PS, or  These differences may lie in the innate nature of these
COOH-PS nanospheres induce similar responses in the  cells types, since macrophages and lung epithelial cells
intact lung as in tissue culture cells, 100 g of each par-  possess distinctive first-line-of-defense features in the
ticle type was administered by intratracheal instillation ~ pulmonary milieu compared to the other cell types. This

Cell counts
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Figure 9. Differential pulmonary toxicity in Balb/c mice receiving intratracheal instillation of 100 pwg/mL of particles for 16 h.
(A) Total protein content in bronchoalveolar lavage fluid (BALF) was detected using the Bradford method. (B) LDH content
in BALF was detected using an LDH detection kit as described in Materials and Methods. (C) Differential cell counts as ex-
pressed for total number of cells, macrophages, neutrophils, and epithelial cells. Data are representative of two separate ex-
periments. *p < 0.01 and **p < 0.05 compared to control. #p < 0.05 compared with other particle types.
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TABLE 2. Summary of Cellular Events in Response to NH,-PS Nanospheres®

cell uptake lysosomal permeability 1 (@)
RAW264.7  LAMP-17 endosome +++ +4++
BEAS-28 caveolae - ++
HMEC LAMP-1" endosome - -
HEPA-1 LAMP-1* endosome - -
PC-12 ? - -

cell

2+ -
1@, | AW, ATP death inhibitors
+++ +++ +++ apoptosis BFA CsA

++ +++ necrosis MbCD

- - cytotoxic at high dose only ~ none

- - cytotoxic at high dose only ~ none

none

“The number of plus signs is a semiquantitative measure according to which + refers to 5-33% value of highest cellular responses, + + to 33—66%, and + + + to

>66%. A <<5% value change was considered as equivocal (—).

is compatible with our findings that these two cell lines
exhibited a high potential toward superoxide genera-
tion and [Ca® "], flux upon cationic particle exposure
compared to other cell types. While the cell death path-
way in RAW 264.7 cells is apoptotic in nature, the cyto-
toxic response in BEAS-2B cells proceeded independent
of caspase activation. Using fluorescent-labeled NH,-
PS, we followed the routes of particle uptake and pos-
sible relationship to cellular damage. Confocal micros-
copy showed that the cationic particles entered a
LAMP-1 positive compartment in RAW 264.7 cells, from
which the particles could escape by inducing lysoso-
mal rupture. A proton pump inhibitor could interfere
in this pathway. Subsequent deposition of the particles
in a non-lysosomal compartment induced an increase
in cytosolic and mitochondrial Ca®* flux that could be
linked to cytotoxicity based on sensitivity to CsA. In con-
trast, NH,-PS toxicity in BEAS-2B cells did not require ly-
sosomal processing, stimulation of proton pump activ-
ity, or an increase in [Ca®"],,.. Instead, in these cells the
particles were taken up by caveolae, and their toxicity
could be disrupted by removal of membrane choles-
terol with cyclodextrin. Although the cationic particles
induced mitochondrial damage, ATP depletion, and cy-
totoxicity in BEAS-2B cells, CsA did not affect cell death.
While cationic particles were taken up in a LAMP-1 posi-
tive compartment in HEPA-1 cells, this did not lead to ly-
sosomal permeabilization, increased Ca?™" flux, mito-
chondrial damage, or cell death. A similar lack of toxicity
and failure to interfere in mitochondrial function was
seen in HMEC and PC-12 cells. All considered, these data
show cell-specific differences in cationic PS nanoparti-
cle processing and toxicity, which are summarized in
Table 2.

There is growing recognition that endocytosis plays
a fundamental role in the regulation of a wider range
of cellular functions.?®* As demonstrated in this study,
cationic NP uptake by endosomes has an effect on pro-
ton pump activity, intracellular Ca®" flux, and mito-
chondrial function. While it is beyond the scope of this
article to discuss in detail all the biological pathways as-
sociated with particle endocytosis, it is worth consider-
ing the importance of the lysosome in RAW 264.7 cyto-
toxicity. The cationic charge on the particle surface is
likely responsible for the initial binding to the surface
membrane, as suggested by previous findings that
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polyamine-PS microparticles engage in strong ionic in-
teractions with the negatively charged cell mem-
brane.?* Particle uptake by this mechanism is depend-
ent on primary particle size, since 200 (Figure 1) and 600
nm cationic PS microspheres® lacked the toxicity of
the 60 nm particles. Once inside the lysosomal compart-
ment, the NH,, group on the particle surface is thought
to perturb proton pump activity. According to the pro-
ton sponge hypothesis, the high H" buffering capacity
of titratable amines (such as NH,) could interfere in en-
dosomal acidification.’'* This leads to exaggerated
proton pump activity, osmotic swelling, and ultimately
the rupture of the lysosome. This explains the interfer-
ence in particle relocation and cytotoxicity by BFA (Fig-
ure 5). In contrast, non-titratable polyamines that ex-
hibit a fixed positive charge (e.g., amidine) function less
efficiently as a proton sponge, which could explain
why amidine substitution on the particle surface was
less toxic (Figure S2).

How does lysosomal rupture lead to apoptosis? A
number of cell death pathways have been linked to ly-
sosomal leakage, including leakage of lysosomal en-
zymes that truncate Bid or activate Bax, activate phos-
pholipases, activate pro-caspases, or damage the
mitochondrial outer membrane, leading to the release
of cytochrome ¢ and other pro-apoptotic factors.?>2°
This is in accordance with previous demonstrations that
an increase in lysosomal pH is capable of interfering in
the apoptogenic effects of some lysosomotropic
agents.?”?® Alternatively, the released cationic NP could
target mitochondria or other cellular organelles such
as the endoplasmic reticulum (ER) directly. In RAW 264.7
cells, we demonstrated that the cationic NPs induced
an increase in [Ca®"], and [Ca®*],,, and that CsA could
interfere in cytotoxicity (Figure 8). These findings sug-
gest that the mitochondrial response could be trig-
gered by the increase in [Ca®*].. In the attempt to buffer
this increase, the rise in [Ca®"],,, could exceed the PTP
threshold, thereby triggering the release of pro-
apoptotic factors.®=2" Once a single mitochondrion un-
dergoes large-scale PTP opening, this could trigger a
wave of Ca®" release events that spread through the
cell, leading to progressively more mitochondrial
involvement.'®~2! Damage to the mitochondrial inner
membrane could increase ROS production that causes
further lysosomal disruption.?” Taken together, these
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data suggest that crosstalk between the lysosome and
mitochondria could play an important role in determin-
ing apoptosis in RAW 264.7 cells. It is possible that the
ER may be involved in this event because of its close in-
teraction with the mitochondrion in maintaining cellu-
lar Ca®" homeostasis and apoptosis.?®>°

How do we explain BEAS-2B toxicity, which is char-
acterized by prominent mitochondrial damage but no
sign of caspase activation (Figures 2 and 7)? Confocal
microscopy demonstrated that the fluorescent-labeled
particles co-localize with caveolae and that disruption
of these cholesterol-rich membrane domains prevents
particle uptake and cytotoxicity (Figure 6). This suggests
that caveolae play a role in cytotoxicity (Figures 6 and
7). It has previously been shown that caveolae affect
cellular viability by interfering in cellular proliferation
signals.3’ It is also known that caveolae affect intracel-
lular Ca®™* flux and mitochondrial function.*33 For in-
stance, caveolin-1 is an inhibitor of platelet-derived
growth factor growth signals, which are involved in
the regulation of cellular apoptosis at the mitochon-
drial level.?? Caveolin-1 also increases sensitivity to ap-
optosis induction by bromocriptine in pituitary ade-
noma GH3 cells.>* In addition, caveolin-1 associates
with molecules that are crucial for Ca?* handling, in-
cluding voltage-dependent calcium channels and the
ER protein, calreticulin.®> These results suggest that ca-
veolae and the ER form a functional unit that could con-
tribute to the regulation of the [Ca®*],. The ER itself is
composed of multiple domains, among which the
smooth ER (SER) interacts with mitochondria to regu-
late Ca®" sequestration and apoptosis.>*® Moreover, mi-
tochondria associate directly and are in close communi-
cation with the ER.° It is noteworthy that we did not
observe evidence of caspase activation in BEAS-2B cells,
in spite of the fact that that NH,-PS leads to increased
[Ca®"], mitochondrial damage, ATP depletion, and cy-
totoxicity (Figures 1, 2, 7,and 8). Mitochondrial damage
in these cells is characterized by initial mitochondrial
condensation. While the significance of mitochondrial
condensation is unknown, this phenomenon has previ-
ously been shown to coincide with a decrease in AW,
and cellular ATP levels during cellular injury by acti-
vated complement components and exotoxin A.3637
The proposed basis of this injury includes damage to
the mitochondrial membrane that is responsible for K™
and H,0 loss. Although this could be due to direct par-
ticle contact with a mitochondrion, we did not ob-
serve direct colocalization of the FITC-NP with mito-
chondria (Figure S11).

It is worth mentioning that, in the growing litera-
ture dealing with gene, DNA, and plasmid delivery by
cationic polymers (polyplexes) and cationic lipids (li-
poplexes), it has been reported that the uptake and pro-
cessing of these microsized delivery systems depend
on acidifying lysosomes and caveolae.*®*™*' Moreover,
it is known that many of these non-viral transfection
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systems can induce cellular toxicity and apoptosis
based on their cationic charge and interference in pro-
ton pump activities.’>'>38 |t has also been reported
with polyplexes prepared from the cationic polymer,
polyethyleneimine, that there are cell-dependent varia-
tions in endocytosis, perturbation of the proton pump,
and induction of toxicity.>~*?> Depending on the domi-
nant mechanism of cellular uptake, it was demon-
strated that it is possible to interfere in polyplex up-
take by inhibitors of the caveolae-dependent pathway
as well as the use of bafilomycin A1.39™%

Interestingly, the cationic PS nanospheres had no ef-
fect on cellular toxicity in HEPA-1, HMEC, and PC-12 cells
(Figure 1). Although the cationic particles entered a
LAMP-1 compartment in HMEC and HEPA-1 cells, no ly-
sosomal permeabilization could be detected in these
cells (Figure 5A). While we have no explanation for
these differences at present, these data serve to dem-
onstrate the cell-specific nature of particle toxicity.

Finally, it is appropriate to comment on the impor-
tance of these findings for nanotoxicology. While no
clinical NP toxicity has been reported to date, it is inter-
esting that cationic spray paint particles are capable of
inducing pulmonary toxicity in an occupational setting
(Ardystil syndrome).’® This serves as a warning that
other engineered NPs that carry a positive surface
charge may cause similar adverse health effects. This
notion is further bolstered by the increased pulmonary
toxicity of cationic PS in mice receiving intratracheal
particles (Figure 9). While intratracheal instillation does
not provide real-life exposure, the use of this approach
is to provide proof-of-principle that cationic particle
deposition in the lung can lead to injury while naked
or anionic particles have little effect. This is useful data
from the perspective that the injury profile in the lung is
reflective of the injury profile at the cellular level. This
also magnifies the importance of ultimately performing
inhalation studies to demonstrate that aerosolized in-
halation indeed does lead to toxicity, similar to what is
seen in the Ardystil syndrome in humans. We propose
that screening for NP toxicity should include an assess-
ment of particle charge, in addition to other physico-
chemical characterizations. At this stage it appears that
detection of lysosomal permeabilization, mitochon-
drial function, cellular ATP levels, and [Ca®"]; could be
valuable biological screening tools in addition to deter-
mining the zeta potential of the particles. We have pre-
viously demonstrated that a screening paradigm for
cellular oxidative stress and ROS generation is capable
of discerning cationic particle toxicity-based ROS pro-
duction by damaged mitochondria.® This suggests that
we should supplement this biological screening system
with assays for lysosomal function, cellular ATP con-
tent, and intracellular Ca®™ flux. Doing so could pro-
vide us with a high-throughput system that can be used
to screen for potential toxicity of a large number of
NMs simultaneously.
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CONCLUSIONS

We demonstrate that cationic particles exert differ-
ential toxicity in five different cell lines. RAW 264.7 (mac-
rophage) and BEAS-2B (epithelial) cells were very sensi-
tive to NH,-PS, while HMEC (human microvascular
endothelial), HEPA-1 (hepatoma), and PC-12 cells
(pheochromocytoma) were relatively resistant to par-
ticle injury. Cationic particle-induced cell death in RAW

MATERIALS AND METHODS

Chemicals and Nanoparticles. Propidium iodide (P1), bafilomycin
A1 (BFA), concanamycin A, fluorescein isothiocynate (FITC), suc-
cinic anhydride, and fluorescamine were from Sigma (St. Louis,
MO). 5,5',6,6'-Tetrachloro-1,1’,3,3'-
tetraethylbenzimidazolylcarbocyanine iodide/chloride (JC-1),
acridine orange (AO), 1-amino-5-(2,7-dichloro-6-acetomethoxy-
3-oxo-3H-xanthen-9-yl)phenoxy]-2-(2'-amino-5'-
methylphenoxy)ethane-N,N,N',N'-tetraacetic acid, pentaacetoxy
methyl ester (Fluo-3), 1-[2-amino-5-(3-dimethylamino-6-
dimethylammonio-9-xanthenyl)phenoxyl-2-(2-amino-5-
methylphenoxy)]ethane-N,N,N',N'-tetraacetic acid, tetraacetoxy
methyl ester (Rhod-2), MitoSOX red, and Alexa 594-labeled sec-
ondary antibodies were obtained from Molecular Probes (Eu-
gene, OR). The MTS assay kit and ATPLite 1Step reagents were
obtained from Perkin-Elmer (Waltham, MA). Dulbecco’s Modified
Eagle’s Medium (DMEM), penicillin/streptomycin, L-glutamine,
and 200 nm fluorescent FITC-modified polystyrene (PS) particles
were purchased from Invitrogen (Carlsbad, CA). Fetal bovine se-
rum (FBS) was from Atlanta Biologicals, Inc. (Lawrenceville, GA).
Rat anti-mouse monoclonal to lysosomal membrane glycopro-
tein 1 (LAMP-1, 1D4B) and mouse anti-human monoclonal
(H4A3) were bought from Abcam (Cambridge, MA). Rabbit anti-
caveolin-1 polyclonal antibody was bought from BD Biosciences
Pharmingen (San Jose, CA). PS)nano- and microspheres were ob-
tained from Bangs Laboratory (Fishers, IN). These include 60 nm
unmodified (PS), 60 nm carboxylated (COOH-PS), and 60 nm
amino-modified (NH,-PS) polystyrene particles. For all experi-
ments and analyses, water was deionized and filtered with a 0.45
wm pore size polycarbonate syringe filter (Millipore, Billerica,
MA). All chemicals were reagent grade and used without fur-
ther purification or modification.

Physicochemical Characterization. All NPs were characterized for
size, size distribution, shape, and charge (Table 1). NP shape
and structure were characterized using a transmission electron
microscope (JEM 2010, JEOL USA, Inc., Peabody, MA). Microfilms
for TEM imaging were made by placing a drop of the respective
NP suspension onto a 200-mesh copper TEM grid (Electron Mi-
croscopy Sciences, Washington, PA) and then drying at room
temperature overnight. A minimum of five images of each
sample were collected to obtain representative views.

Particle size distribution (PSD) was evaluated using a Zeta-
PALS (Brookhaven Instruments Corp., Holtsville, NY). This instru-
ment measures the dynamic light scattering (DLS) from a sus-
pension at an angle of 90°. It is capable of measuring particles
in the size range from 2 nm to 2 wm. Size measurements were
performed on dilute NP suspensions in aqueous solution at pH
7.0 or complete cell culture media at pH 7.4. The ZetaPALS was
also used to measure the electrophoretic mobility of the NPs sus-
pended in solution. Electrophoretic mobility is used as an ap-
proximation of particle surface charge and can be used to calcu-
late zeta potential. The Helmholtz—Smoluchowski equation
was used to correlate electrophoretic mobility to zeta potential.
The PSD and electrophoretic mobility of all NPs were also mea-
sured in the complete culture media for comparison.®

Cell Culture and Co-incubation with Nanoparticles. All cell cultures
were maintained in 25 cm? cell culture flasks, in which the cells
were passaged at 70-80% confluency every 2-4 days. RAW
264.7 and HEPA-1 cell lines were cultured in DMEM containing
10% fetal calf serum (FCS), 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 2 mM L-glutamine (complete medium). BEAS-2B
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264.7 and BEAS-2B cells differed in nature, presenting
apoptotic and necrotic features, respectively. Moreover,
RAW 264.7 cells used an endosomal—lysosomal route
of uptake, while BEAS-2B cells used a caveolar uptake
mechanism. The two distinct processing routes result in
different functional and structural mitochondrial
changes that precede the onset of cell death in these
two cell lines.

cells were cultured in bronchial epithelial growth medium
(Clonetics, San Diego, CA) in type | rat tail collagen-coated flasks
or plates. HMEC cells were cultured in MCDB131 medium (Sigma,
St. Louis, MO) supplemented with 10% (v/v) FCS, penicillin/
streptomycin (100 units/mL and 100 wg/mL, respectively), 1
mmol/L sodium pyruvate, 90 wg/mL heparin, and 20 pg/mL en-
dothelial cell growth supplement (Fisher Scientific, Waltham,
MA). PC12 cells were grown in Dulbecco’s Modified Minimal Me-
dium (Hyclone, Logan, UT) supplemented with 5% horse serum
(Hyclone), 5% FBS (Hyclone), 100 U/mL penicillin, and 100 pwg/mL
streptomycin. For exposure to NPs, aliquots of 3 X 10° cells
were cultured in 24-well plates in 0.5 mL of medium at 37 °C
and 5% CO, for the indicated time periods. All the NP solutions
were prepared fresh from stock solutions (10 mg/mL) and soni-
cated for 10 s before addition to cell cultures.

Cell Viability Assay. Cellular viability was determined by the MTS
assay, which looks at the reduction of (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) to formazan in viable cells.*® Briefly, 50 X 103 cells were
plated onto 96 multiwell plates (Costar, Corning, NY). After incuba-
tion with the indicated dose of NPs for various lengths of time at
37 °C, formazan absorbance was measured at 490 nm. The mean
absorbance of non-exposed cells was the reference value for calcu-
lating 100% cellular viability.

Cellular Staining with Fluorescent Probes and Flow Cytometry. Cells
were stained with the fluorescent dyes diluted in DMEM. The fol-
lowing dye combinations were added for 15-30 min at 37 °C in
the dark: (i) 47.5 p.g/mL Pl in 200 pL of DMEM (assessment of cell
death); (i) 5 M DyeCycle Orange (assessment of DNA cleavage
during apoptosis); (i) 50 wM D2R trifluoroacetate (assessment of
caspase activation); (iv) 5 uM JC-1 (assessment of AW, ); (v) 5
M Fluo-3 (assessment of cytoplasmic free calcium); (vi) 4 uM
Rhod-2 (assessment of mitochondrial free calcium); and (vii) 5
wrg/mL AO (assessment of lysosomal integrity). Flow cytometry
was performed using a FACScan or LSR instrument (Becton Dick-
inson, Mountain View, CA) equipped with a single 488 nm ar-
gon laser. Fluo-3 and D2R fluorescence was analyzed in the FL-1
channel, while PI, DyeCycle Orange, and Rhod-2 fluorescence
was analyzed in FL-2. AO was analyzed in FL-3, and JC-1 was ana-
lyzed in both FL-1 and FL-2. Forward and side scatter were used
to gate out cellular fragments.**+*

Transmission Electron Microscopy. Harvested cells were fixed with
2.5% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS)
and washed. After post-fixation in 1% OsO, in PBS for 1 h, the
cells were dehydrated in a graded series of ethanol, treated with
propylene oxide, and embedded in Epon. Approximately 60-70
nm thick sections were cut on a Reichert-Jung Ultracut E ultrami-
crotome and picked up on Formvar-coated copper grids. The
sections were stained with uranyl acetate and Reynolds lead cit-
rate and examined on a JEOL 100CX electron microscope at 80
kV in the UCLA BRI Electron Microscopy Core.

Surface Modification of NH,-PS. The amino groups on the cat-
ionic particle surfaces were converted into carboxylates by reac-
tion with succinic anhydride.* First, 0.5 mg of succinic anhy-
dride was dissolved in 1T mL of carbonate buffer (pH 9.1). Next,
100 pL of the NH,-PS suspension (100 mg/mL) was added to the
basic succinic anhydride solution and stirred for 12 h. The mix-
ture was dialyzed against filtered, deionized water at room tem-
perature to remove the excess salt and unreacted compounds.
A fluorescamine assay was used to determine the efficiency of
converting the primary amines in the NH,-PS into carboxylate
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groups.*” Equal amounts of fluorescamine solution were added
to dilute suspensions of NH,-PS and succinylated-NH,-PS. The
bright green color that was observed in the suspension of
NH,-PS upon the addition of fluorescamine confirmed the pres-
ence of the amine groups. By contrast, the faint green color that
was observed in the suspension of succinylated-NH,-PS indi-
cated that most of the surface primary amines had been con-
verted into the carboxylate groups.

Fluorescence Labeling of NH,-PS. A total of 0.5 mL of NH,-PS (100
mg/mL suspension) was mixed with 1 mL of carbonate buffer so-
lution (pH 9.1). First, 5 mg of FITC was dissolved in 100 p.L of di-
methyl sulfoxide (DMSO) and mixed with 400 p.L of carbonate
buffer before being added to the NH,-PS solution. After the mix-
ture was stirred for 24 h in the dark, the unreacted FITC mol-
ecules were quenched with ammonium chloride. To remove
DMSO and unreacted FITC, the solution was dialyzed (Fisher
brand, 12 000-14 000 MW cutoff) against filtered, deionized wa-
ter. The water was consistently replaced and the dialysis contin-
ued until complete removal of unreacted FITC molecules.

Immunocytochemistry and Confocal Microscopy. Cultured cells on
chamber slides were fixed, permeabilized, and labeled with a
standard immunocytochemistry protocol. LAMP-1 staining was
performed by using 1:500 dilutions of a rat anti-mouse (1D4B) or
mouse antihuman monoclonal antibodies (H4A3), followed by
an Alexa 594-labeled secondary antibody. Caveolin-1 was la-
beled with a primary rabbit anti-caveolin polyclonal antibody
for 1 h at room temperature, followed by the addition of a 1:500
dilution of secondary Alexa-594-conjugated goat anti-rabbit
IgG for 1 h at room temperature. Cell membranes were stained
with 5 pg/mL wheat germ agglutinin—Alexa Fluor 594 conju-
gate in PBS for 30 min. Slides were mounted in Prolong antifade
medium with DAPI (Molecular Probes, Eugene, OR) and visual-
ized under a confocal microscope (Leica Confocal 1P/FCS).

Fluorescent microscopy was performed with a Leica TCS-SP
confocal microscope at the CNSI Advanced Light Microscopy/
Spectroscopy Shared Facility at UCLA. High-magnification im-
ages were obtained with a 63X objective. Optical sections were
averaged 2-4 times to reduce noise. Images were processed us-
ing Leica Confocal Software. Co-localization of labeled NPs with
LAMP-1 and caveolin-1 was quantified by the Image J Colocaliza-
tion Analysis Software from the NIH.*®

Assessment of Lysosomal Integrity by Acridine Orange (AO) Release.
Cells were exposed to 5 pg/mL AO in DMEM plus horse serum
(complete medium) for 15 min at 37 °C. After rinsing of the cells
in complete medium and culturing at 37 °C for 4 h, orange fluo-
rescence intensity was determined by flow cytometry in the FAC-
Scan using the FL3 channel.*® CELLQUEST software was used to
analyze flow cytometry, and the results were presented as the
percentage of cells with low AO fluorescence intensity (AQ'").

Determination of Cellular ATP Content. The cellular ATP content
was determined by using the ATPlite firstep kit that uses firefly
luciferase to provide a linear increase in luminescence with in-
creased cell number. Luminescence was recorded using a Moon-
light 2010 luminometer.

Intratracheal Instillation of Nanaoparticles. Animal experiment pro-
tocols were reviewed and approved by the The Chancellor’s Ani-
mal Research Committee (ARC) at UCLA. Animal experiments
were performed in accordance with UCLA guidelines for care
and treatment of laboratory animals and the NIH Guide for the
Care and Use of Laboratory Animals in Research (DHEW78-23).
We used 100 g particles for intratracheal instillation in anesthe-
sized Balb/c mice. We used six mice per group, since this num-
ber has enough statistical power to discern differences in the
toxic responses. Animals were sacrificed 16 h later to obtain
bronchoalveolar lavage fluid (BALF) for analysis of pro-
inflammatory and cytotoxicity markers, as previously described
by us.?? BALF was used to obtain total and differential cell
counts, as well as to measure LDH and protein content.
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Supporting Information Available: Histogram to show Pl up-
take in RAW 264.7 cells (Figure S1), time course of NH,-PS induced
toxicity and comparison of the toxicity of amidine vs NH, substitu-
tion on the PS nanoparticle surface in RAW 264.7 cells (Figure S2),
interpretation of the assays for caspase activation, DNA degrada-
tion and mitochondrial membrane potential (Figure S3), compari-
son of caspase activation, DNA degredation, mitochondrial mem-
brane potential and ATP content as markers for apoptosis and
necrosis (Figure S4), TEM of the NH,-PS and FITC-NH,-PS particles
and measurement of the zeta potential (Figure S5), comparison of
the toxicity of NH,-PS vs FITC-labeled NH,-PS (Figure S6), subcellu-
lar localization of FITC-NH,-PS in RAW 264.7 cells (Figure S7), confo-
cal microscopy to study the subcellular localization of FITC-NH,-PS
(Figure S8), assessment of the lysosomal permeabilization (Figure
S9), TEM of RAW 264.7 ultrastructure (Figure S10), confocal micros-
copy of intracellular localization of FITC-NH,-PS in comparison
with the mitochondria (Figure S11). This material is available free
of charge via the Internet at http://pubs.acs.org.
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