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anomaterials with unique mag-

netic, luminescent, and catalytic

properties are being engineered
for numerous biomedical applications, in-
cluding imaging, diagnostics, and
therapy.'”7 However, nanomaterial’s great-
est strength, which relies primarily on the
enhanced physical and chemical character-
istics that matter exhibits at this scale, has
the potential to be its greatest liability. Po-
tentially harmful interactions can occur be-
tween nanomaterials and living systems, in-
cluding humans. For this reason,
nanomaterials must be engineered using
materials that are either nontoxic, biocom-
patible, and biodegradable or that have
minimal and in some cases beneficial prop-
erties. An inflammatory response is a pa-
rameter that is often investigated to assess
the effect that nanomaterials have within an
organism.® For instance, recent studies have
shown that titanium oxide nanoparticles,
which are widely used in cosmetics and skin
care products, can elicit an inflammatory re-
sponse and generation of reactive oxygen
species, causing DNA damage.’ Also, single-
walled carbon nanotubes can cause lipid
peroxidation, oxidative stress, mitochon-
drial dysfunction, and changes in cell mor-
phology upon in vitro incubation with kera-
tinocytes and bronchial epithelial cells.'®"
Furthermore, silver nanoparticles have been
found to display size-dependent toxicity
when exposed to alveolar macrophages via
induction of oxidative stress,''> while
quantum dots and fullerenes can also ini-
tiate an inflammatory response and genera-
tion of reactive oxygen species.'*"16

Cerium oxide nanoparticle (nanoceria) is

a unique nanomaterial because it exhibits
anti-inflammatory properties. Nanoceria has
been found to scavenge reactive oxygen spe-
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ABSTRACT Cerium oxide nanoparticles (nanoceria) have shown great potential as antioxidant and
radioprotective agents for applications in cancer therapy. Recently, various polymer-coated nanoceria preparations
have been developed to improve their aqueous solubility and allow for surface functionalization of these
nanoparticles. However, the interaction of polymer-coated nanoceria with cells, their uptake mechanism, and
subcellular localization are poorly understood. Herein, we engineered polymer-coated cerium oxide nanoparticles
with different surface charges (positive, negative, and neutral) and studied their internalization and toxicity in
normal and cancer cell lines. The results showed that nanoceria with a positive or neutral charge enters most of
the cell lines studied, while nanoceria with a negative charge internalizes mostly in the cancer cell lines. Moreover,
upon entry into the cells, nanoceria is localized to different cell compartments (e.g., cytoplasm and lysosomes)
depending on the nanoparticle’s surface charge. The internalization and subcellular localization of nanoceria plays
a key role in the nanoparticles’ cytotoxicity profile, exhibiting significant toxicity when they localize in the
lysosomes of the cancer cells. In contrast, minimal toxicity is observed when they localize into the cytoplasm or
do not enter the cells. Taken together, these results indicate that the differential surface-charge-dependent
localization of nanoceria in normal and cancer cells plays a critical role in the nanoparticles’ toxicity profile.
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cies (ROS), possess superoxide-dismutase-
like activity, prevent cardiovascular myopa-
thy, and provide radioprotection to normal
cells from radiation.'” %' We recently re-
ported the synthesis of biocompatible
polymer-coated nanoceria with enhanced
aqueous stability and unique pH-dependent
antioxidant activity.'” In particular, we have
found that nanoceria displays optimal antiox-
idant properties at physiological pH, whereas
it behaves as an oxidase at acidic pH.?2 Hence,
this selective behavior may explain nano-
ceria’s selective cytoprotection to normal
cells but not to cancer cells during radiation
treatment or oxidative stress.?° In addition,
the nature of the polymeric coating sur-
rounding the cerium oxide core could play a
critical role in nanoceria’s beneficial (antioxi-
dant) vs harmful (oxidant) properties. We also
reasoned that the cytotoxicity of cerium ox-
ide nanoparticles could depend upon their
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Scheme 1. Surface functionalization of cerium oxide nanoparticles cerium oxide nanoparticles with different polymer coat-
ings and surface modifications were synthesized to yield nanoparticles with negative [PNC(—)], positive [ANC(+)], and neu-
tral [DNC(0)] charge. A fluorescent dye (Dil, red circle) was encapsulated using a modified solvent diffusion method.

subcellular localization. Once inside the cells, the nano-
particle’s toxicity could depend on whether they are local-
ized in particular cellular organelles, such as the lysos-
omes (which are acidic), or distributed in the cytoplasm
(which is at neutral pH in normal cells). In addition, since
most tumors have an acidic microenvironment, this might
switch off nanoceria’s antioxidant activity, turning on its
oxidase activity and consequently sensitizing the tumor
toward radiation therapy.

In this work, we report the polymer’s surface-charge-
dependent cell internalization and cytotoxicity profile
of cerium oxide nanoparticles in normal vs malignant
cells. We selected various cell lines in order to assess the
corresponding behavior of cerium oxide nanoparticles.
Cardiac myocytes (H9c2) and human embryonic kidney
(HEK293) cells were selected as nontransformed (nor-
mal) cells, whereas lung (A549) and breast (MCF-7) car-
cinomas were selected as transformed (cancer) cell
lines. Results showed that positively charged nano-
ceria internalized in all cells except for the breast carci-
noma, localizing preferentially in the lysosomes and
subsequently becoming toxic to these cells. In contrast,
nanoceria with a negative charge was internalized only
by lung carcinoma (A549) cells but not by the breast
carcinoma cells (MCF-7), thus exhibiting toxicity only to
the lung carcinoma cells. Notably, the negative charged
nanoceria localized into the lysosomes of the A549
cells, while they were not internalized and therefore
were not toxic to the normal cells (either cardiac myo-
cytes or human embryonic kidney cells). Surprisingly,
nanoceria with neutral charge was not toxic to normal
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cells or cancer cells, as these nanoparticles primarily lo-
calized in the cytoplasm of these cells. Taken together,
our results suggest that the internalization and subcel-
lular localization of polymer-coated nanoceria plays a
critical role in the toxicity profile of this nanomaterial.
Our results also suggest that the coating on nanoceria
can be engineered in order to modulate its differential
cytotoxicity behavior in cancer vs normal cells.

RESULTS

Synthesis and Characterization of Polymer-Coated Cerium
Oxide Nanoparticles. For our studies, we synthesized vari-
ous nanoceria preparations coated with either poly-
(acrylic acid) (PNC), aminated poly(acrylic acid) (ANC),
or dextran (DNC) (Scheme 1), endowing our nanoparti-
cles with a negative (—), positive (+), or neutral (0) sur-
face charge, respectively. Transmission electron micro-
scopy (TEM) studies showed the presence of
nanoparticles of similar core size (3—4 nm) in all prepa-
rations as reported previously?? (Figure 1a). Dynamic
light-scattering experiments showed the presence of
monodisperse nanoceria preparations with an average
hydrodynamic diameter of 14 nm for DNC(0) and 5 nm
for both PNC(+) and ANC(—) (see the Supporting Infor-
mation, Figure S1). The presence of different surface
charges in the various nanoceria preparations was as-
sessed by { potential (Figure 1b), confirming the pres-
ence of a negative, neutral, and positive charge for PNC,
DNC, and ANC, respectively. FT-IR analysis further con-
firmed the nanoparticle’s polymer surface coating and
functionality (Figure 1c). During synthesis, we fluores-
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Figure 1. Characterization of cerium oxide nanoparticles. (a) Size of cerium oxide nanocrystal core by TEM. (b) { potential of
cerium oxide nanoparticles with different surface functionalities (negative, neutral, and positive). (c) FT-IR spectra of the car-
boxylated (negative) and aminated (positive) surface group on nanoceria. (d) Fluorescence emission spectra of the Dil-

encapsulating nanoceria and free dye Dil.

cently labeled the nanoparticles by encapsulating a
dye (Dil) within the hydrophobic microdomains of the
polymeric coatings of each nanoceria preparation, fol-
lowing a previously reported methodology.? Therefore,
using this approach, we introduced fluorescent modal-
ity to the polymer-coated nanoceria, without compro-
mising the solubility of the nanoparticles in aqueous
media or reducing the number of available functional
groups on the nanoparticle surface. Successful encapsu-
lation of Dil into the nanoceria was confirmed via fluo-
rescence spectroscopy, where a blue shift in the Dil-
encapsulating ceria nanoparticles (584 nm) emission
spectrum was observed as opposed to Dil alone (592
nm) (Figure 1d). The Dil-encapsulating polymer-coated-
nanoceria displayed good aqueous stability over long
periods of time without significant release of the dye
and can be used for the intracellular tracking of the
nanoparticles.

Nanoceria’s Surface-Charge-Dependent Cellular Interaction.
Confocal microscopy experiments were performed in
order to study the cellular uptake and intracellular local-
izaton of the Dil-labeled polymer-coated nanoceria. In
these experiments, PNC(—), ANC(+), and DNC(0) (1.0
mM) were incubated with two transformed carcinoma
cell lines (A549 lung and MCF-7 breast carcinomas) and
two nontransformed (normal) cell lines (H9c2 cardiac
myocytes and HEK293 human embryonic kidney cells).
We selected these cell lines in order to investigate if
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they differently uptake the ANC(+), PNC(—), and
DNC(0) nanoparticles, thus potentially displaying differ-
ent toxicity profiles.

First, we studied the internalization pattern of
ANC(+), PNC(—), and DNC(0) in the two normal cells
[HEK293 and H9¢2 (10000 cells)] (Figure 2). Aftera 3 h
incubation, results showed that the negatively charged
carboxylated nanoparticles [PNC(—)] were minimally
uptaken by the HEK293 cells and did not internalize in
the H9c2 cell line. Meanwhile, the positively charged
aminated nanoparticles [ANC(+)] were uptaken by
both cells, with the H9c2 cardiac myocytes uptaking
more nanoparticles than the HEK293 human embry-
onic kidney cells, as indicated by the elevated cell-
associated fluorescence in the H9¢2 cells. The neutral
dextran-coated nanoparticle [DNC(0)] was internalized
by both cell lines, although a higher degree of internal-
ization was observed in the H9c2 as opposed to the
HEK293. Interestingly, the DNC(0) intracellular fluores-
cence pattern (particularly in the H9c2 cells) was dif-
fused, being different from the ANC(+)-punctuated
fluorescence pattern. This difference seems to indicate
a unique nanoparticle surface-charge dependent inter-
nalization mechanism with different intracellular com-
partmentalization among the nanoparticles studied
and these two nontransformed cell lines.

Internalization experiments preform with cancer
cells (10000 cells) derived from lung (A549) and breast
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Figure 2. Uptake of cerium oxide nanoparticles (nanoceria) by normal cells via confocal microscopy. PNC(—) is not being
significantly uptaken by either cell line (a, d), whereas uptake is observed with the ANC(+) (b, e). DNC(0) exhibits diffused cy-
toplasmic localization (c, f) with greater internalization in H9c2.

(MCF-7) carcinomas revealed PNC(—) uptake by the
A549 cells but no uptake by the MCF-7 cells (Figure 3).
In contrast, both cell lines were able to uptake ANC(+).
Interestingly, a higher degree of internalization and pro-
nounced punctuated fluorescence was observed with
the ANC(+) in the A549 cells. This might indicate that in
these cells the majority of the ANC(+) localized into en-
dosomal compartments. In contrast, minimal and dif-
fused intracellular fluorescence was observed with the
DNC(0) in both the A549 and MCF-7 cells, suggesting
that these nanoparticles are mostly localized in the cy-
tosol with a small fraction confined within the endoso-
mal compartments. Taken together, the above results
suggest that the surface charge on polymer-coated
nanoceria dictates their differential internalization and
localization in normal vs cancer cells (Figures 2 and 3, re-
spectively).

Cellular Mechanism of Nanoparticle Uptake. To further in-
vestigate the mechanism of cellular uptake and verify
if the endocytic pathway is responsible for the internal-
ization of polymer-coated nanoceria, we performed a
series of experiments at 4 °C and with endocytic inhibi-
tors [2-deoxyglucose (50 mM) and sodium azide (10

mM)]. For instance, at 4 °C the endocytic/pinocytic
mechanism is arrested.?* 2 Thus, after incubating cells
(10000 cells) with the various Dil-labeled nanoceria
preparations (1.0 mM) at 4 °C, we observed negligible
nanoparticle internalization (Figure 4a—c). Since none
of the polymer-coated nanoceria entered the A549
lung carcinoma or H9c2 cardiac myocytes cells, it was
suggested that endocytosis is a possible mechanism of
internalization in all cases. Experiments performed at
37 °C in the presence of 2-deoxyglucose and sodium
azide confirmed our results (Figure 4d—f). Specifically,
both A549 and H9c2 cells did not uptake the Dil-labeled
nanoceria [PNC(—), ANC(+), or DNC(0)] in the pres-
ence of these inhibitors as expected. These results con-
firm that these nanoparticles were actively uptaken by
an endocytic process. Since PNC(—) were not signifi-
cantly uptaken by the H9c2 cells, experiments using
these cells at 4 °C or in the presence of inhibitors were
not performed.

Intracellular Distribution of Polymeric Cerium Oxide
Nanoparticles. To corroborate that after internalization
some of the polymer-coated nanoceria localized in en-
dosomal compartments, we first treated the cells

PNC (<)

ANC (+)

) - -

DNC (0)

Figure 3. Uptake of cerium oxide nanoparticles (nanoceria) by cancer cells. Confocal images of A549 and MCF-7 carcinoma
cells after treatment with PNC(—), ANC(+), and DNC(0) for 3 h. PNC(—) (a,d) are being uptaken by A549 and not by MCF-7
cells, while ANC(+) (b,e) are being uptaken by both cell lines. Meanwhile, DNC(0) internalized in the A549 (c), while they were

minimally internalized by MCF-7 (f).
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(10000 cells) for 3 h with the PNC(—), ANC(+), and
DNC(0) (1.0 mM) followed by a 20 min treatment with
Lysotracker (35 nM), a lysosome-specific dye.
Lysotracker is a green fluorescent dye that stains the
acidic lysosomes; hence, the potential colocalization be-
tween Dil-labeled-nanoceria (red) and lysosomes
(green) should yield a yellow/orange overlap when the
images are merged. Experiments were carried out with
A549 lung carcinoma cells and H9c2 cardiac myocytes.
Results showed that Dil-labeled-ANC(+) and Dil-
labeled-PNC(—) colocalized with Lysotracker in the
A549 lung cancer cells, as determined by confocal
microscopy (Figure 5a—f and Figure S2, Supporting In-
formation). Even though less internalization of Dil-
labeled-PNC(—) is observed in these cells, the internal-
ized nanoparticles predominantely colocalized with the
Lysotracker dye indicating lysosomal localization. In
contrast, Dil-labeled-DNC(0) showed a diffused distribu-
tion with minimal localization in the lysosomes of A549
cells (Figure 5g—i and Figure S3, Supporting Informa-
tion). Interestingly, in the case of H9¢2 cardiac myo-
cytes, the distribution of Dil-labeled-ANC(+) inside the
cell colocalized mostly with the Lysotracker marker (Fig-
ure 6a—c and Figure S3, Supporting Information).
Meanwhile, when the Dil-labeled-DNC(0) was used, a
diffused distribution of internalized nanoparticles (Dil
signal) was observed with minimal colocalization with
the lysosomes (Figure 6d—f and Figure S3, Supporting
Information). This indicates that in H9¢2 cardiac myo-
cytes, the neutral Dil-labeled-DNC(0) primarily localizes
to the cytosol while the Dil-labeled-ANC(+) localized to
the lysosome. Lysosomal colocalization experiments
were not done using H9¢2 and Dil-labeled PNC(—) since
these nanoparticles are not uptaken by these cells (Fig-
ure 2). These results demonstrate that the surface
charge on the ceria nanoparticles dictates the nanopar-
ticles’ subcellular localization in cancer and normal
cells.
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Figure 4. Inhibition of endocytic pathways prevents nanoceria uptake. No in-
ternalization of ANC(+) and PNC(—) is seen in both cell lines at 4 °C (a—c). Simi-
larly, internalization of the nanoparticles is abrogated in the presence of inhibi-
tors (2-deoxyglucose and sodium azide), which collectively block active

ANC (+) Activity of Lysosome-Residing Nanoceria.
Nanoceria has been reported to
possess unique oxidase-like activity
at acidic pH, oxidizing various colori-
metric substrates, such as 3,3',5,5'-
tetramethylbenzydine (TMB) and 2,2-
azinobis(3-ethylbenzothizoline-6-
sulfonic acid (AzBTS).2? This activity
can be employed to assess the local-
ization of nanoceria in various cell or-
ganelles, particularly lysosomes, via
the nanoparticle’s oxidase activity,
using TMB as the colorimetric sub-
strate. Hence, to further confirm that
some of the polymer-coated cerium
oxide nanoparticles localized into the
lysosomes, cells were incubated with
the different nanoceria preparations for 3 h, followed
by lysosomal isolation. Then, the oxidase activity of the
isolated lysosomes was determined spectrophotometri-
cally via TMB oxidation. As expected and in agreement
with the microscopy and lysosomal colocalization ex-
periments, we found that ANC(+) were mostly en-
trapped within the lysosome of the H9c2, HEK293, and
A549 cell lines, as the lysosomes isolated from these
cells exhibited significant levels of oxidase activity (Fig-
ure 7a—c). In MCF-7 breast carcinoma cell line, no local-
ization to the lysosomes was observed as these cells
do not uptake any of the nanoparticles (Figure 7d). In-
terestingly, when cells were incubated with PNC(—),
only the lysosomes isolated from A549 lung carcinoma
cells exhibited oxidase activity as expected on the basis
of the lysosomal colocalization experiments. Mean-
while, the lysosomes from cells incubated with the
DNC(0) exhibit minimal oxidase activity, corroborating

Ceria NP Lysotracker Overlay

ANC (+)

PNC (-)

DNC (0)

Figure 5. Polymer-coated nanoceria’s intracellular localization in
lung carcinoma cells (A549). Upon internalization, both the posi-
tively charged [ANC(+), a—c] and negatively charged [PNC(—), d—f]
nanoceria colocalized with the lysosome. In contrast, neutral nano-
ceria [DNC(0), g—il localized mostly in the cytoplasm.
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Figure 6. Polymer-coated nanoceria’s intracellular localization in car-
diac myocytes (H9c2). Upon internalization, the positively charged
[ANC(+), a—c] nanoceria is found in both the cytoplasm and lysos-
omes. In contrast, neutral nanoceria [DNC(0), d—f] does not signifi-
cantly colocalize to the lysosomes with most of the nanoparticles
found in the cytoplasm.

the confocal microscopy studies. Lysosomes isolated
from untreated cells (H9c2, HEK293, A549, and MCF-7)
did not possess any oxidase activity (control), as indi-
cated by the absence of TMB oxidation (Figure 7) and
confirming the absence of endogenous oxidase activ-
ity in these organelles.

Intracellular-Distribution-Dependent Cytotoxicity of Polymeric
Cerium Oxide Nanoparticles. In order to determine if the
surface-charge-dependent internalization and intracel-
lular (lysosomal vs cytoplasmic) localization of the poly-
meric nanoceria plays a role in the nanoparticle’s cyto-
toxicity, cell viability (MTT) assays were performed.
Interestingly, we found that DNC(0) did not exhibit any
toxicity to the cell lines studied (Figure 8), as most of
these nanoparticles localized to the cytoplasm. Further-

more, prolonged incubation of these cell lines with the
dextran-coated-nanoceria did not affect cell morphol-
ogy and proliferation ability as previously reported.'” In
contrast, ANC(+) and PNC(—) had different degrees of
toxicity, depending on the nanoparticle’s localization
inside the cell. For instance, the PNC(—) nanoparticles
were not toxic to the H9¢2 cardiac myocytes or the
HEK293 kidney cells (Figure 8a,b), whereas they were
toxic to the A549 lung carcinoma cells (Figure 8c). This
can be explained by the minimal uptake of PNC(—) by
normal cells, as opposed to the A549 cancer cells that
exhibited enhanced nanoparticle uptake and localiza-
tion to the lysosomes (Figure 5d—f and Figure 7c).
ANC(+) also exhibited various degrees of toxicity. Nota-
bly, these nanoparticles were more toxic to H9c2, A549,
and HEK 293 cells, since these cells exhibited increased
nanoparticle internalization and lysosomal localization.
Interesitingly, the breast cancer cells (MCF-7) did not
show any toxicity after treatment with any of the nano-
particles studied, since these cells did not show any sig-
nificant nanoparticle uptake. Incubation of the H9c2
and A549 cells with ANC(+) in the presence of inhibi-
tors of endocytic pathway (2-deoxyglucose and sodium
azide) abrogated the nanoparticle’s cytotoxicity (Fig-
ure 9a,b), confirming that an endocytic uptake of these
nanoparticles and eventual localization to lysosomes
was responsible for their cellular toxicity. Taken to-
gether, these results demonstrate that localization of
nanoceria into lysosomes (an acidic cell compartment),
as opposed to localization into the cytoplasm, leads to
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Figure 7. Lysosomal isolation and determination of the oxidase-like activity of the entrapped nanoceria. In H9¢2 and HEK293
cell lines, the ANC(+) nanoparticles are mostly localized into lysosomes, judged by the presence of significant oxidase activ-
ity in the lysosomes isolated from these cell lines after incubation with ANC(+) (a and b). PNC(—) and DNC(0) treated H9c2
and HEK293 cells showed minimal oxidase activity in their lysosomes. In the A549 cell lines, oxidase activity was detected in
cells treated with ANC(+) and PNC(—), while minimal activity was present in the DNC(0) treated cells (c). The lysomes iso-
lated from MCF-7 cells did not show significant oxidase activity as the nanoceria did not internalized in these cells (d). Lyso-
somes isolated from nontreated cells do not show any oxidase activity as expected.
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Figure 8. Cytotoxicity of cerium oxide nanoparticles. MTT assays show that the ANC(+) is cytotoxic to all cell lines except
for the breast carcinoma cells. PNC(—) is only cytotoxic to A549 lung cancer cells as they internalize and localize into the ly-
sosomes of these cells. DNC(0) does not show any toxicity to any of the cell lines.

cytotoxicity by activating the oxidase activity of nano-
ceria within these organelles.

Comparison of the Toxicity of Surface-Charge-Engineered
Nanoceria and Iron Oxide Nanoparticles. To demonstrate that
the observed cytotoxicity of nanoceria is attributed to
the cerium oxide core (oxidase activity) and not to the
nature of the polymeric coating, we performed experi-
ments with Dil-labeled-aminated poly(acrylic acid)
[IONP(+)] and Dil-labeled carboxylated poly(acrylic
acid) [IONP(—)] coated iron oxide nanoparticles.
Polymer-coated iron oxide nanoparticles have been
widely used in various applications, particularly in mag-
netic resonance imaging (MRI) with minimal toxicity.
For instance, various preparations of dextran-coated
iron oxide nanoparticles are used in the clinic for liver
and lymph node metastasis imaging.?’~?° Confocal
microscopy studies of A549 and H9c2 cells incubated
with these nanoparticles showed that IONP(+) were up-
taken by the A549 lung carcinoma cells and H9c2 car-
diac myocytes (Figure 10a,c), with a more punctuated
internalization in the H9¢2 cells, indicating lysosomal lo-
calization. In contrast, IONP(—) were not internalized

by both cells (Figure 10b,d). As expected, the poly-
meric iron oxide nanoparticles [IONP(+) and IONP(—)]
were not toxic to either the nontransformed H9c2 cell
line or the transformed A549 carcinoma cell line (Figure
11a,b). The fact that more of the IONP(+) nanoparti-
cles were localized into the lysosomes upon internaliza-
tion in H9c2 did not seem to significantly alter the tox-
icity profile of the polymer-coated iron oxide
nanoparticles. These results are not surprising, as iron
oxide nanoparticles do not possess oxidase activity, par-
ticularly at the low pH of the lysosomes. Therefore, we
can conclude that the intrinsic oxidase behavior of ce-
rium oxide nanoparticles is responsible for the nanopar-
ticle’s cytotoxicity, particularly when they localize into
acidic cell compartments such as lysosomes. Cytotoxic-
ity experiments with the neutral dextran-coated iron
oxide nanoparticles were not performed since it is well
established that these nanoparticles are nontoxic.”~2?°

DISCUSSION
The toxicity of nanomaterials depends on various
factors, including the nature and chemical composi-
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Figure 9. Cytotoxicity of cerium oxide nanoparticles in the presence of endocytosis inhibitors. Nanoparticles are not cyto-
toxic to either lung carcinoma or cardiac myocytes in presence of 2-deoxyglucose and sodium azide.
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Figure 10. Uptake of carboxylated polymer-coated iron ox-

ide nanoparticles [[IONP(—)] and aminated polymer coated

iron oxide nanoparticles [IONP(+)] by A549 and H9c2 cells.

Confocal images of A549 and H9c2 cells after treatment with
positively charged IONP(+) for 3 h show significant uptake

of the nanoparticles (a and c). Meanwhile, no uptake of the

negatively charged IONP(—) was observed in either A549 or
H9c2 cells (b and d).

tion of the nanoparticle’s core, mode of synthesis, size,
shape, and crystallinity, surface reactivity, solubility in
aqueous media, and degree of aggregation.®2* Al-
though efforts have been made to study the effect of
the polymeric surface coating and surface charge on
the uptake, localization, and toxicity of nanomaterials,
the mechanistic implications are still not completely un-
derstood. This is highly important as some nanomateri-
als, such as cerium oxide, may display either a benefi-
cial (antioxidant) or toxic (oxidant) effect, depending on
the pH of the compartment where they localize inside
the cell. Here, we have shown that polymer-coated
nanoceria displays different levels of toxicity, depend-
ing upon cellular uptake and subsequent subcellular lo-
calization. We have found that when polymer-coated
nanoceria internalize and localize in the lysosomes, they
become toxic due to the acidic microenvironment of
these organelles, which activates the oxidase activity of
nanoceria (Scheme 2). However, lower toxicity is ob-
served when polymer-coated nanoceria localize into
the cytoplasm of cells and are not internalized by the
cells. Our results also show that the internalization,
eventual localization, and cytotoxicity of polymer-
coated nanoceria within the cell greatly depend on
the surface charge of the polymeric coating and the

type of cell (cancerous vs normal). For instance, we
have found that the aminated nanoceria [ANC(+)] were
toxic to most of the cancer and normal cell lines stud-
ied, as these nanoparticles were uptaken and localized
mostly into the lysosomes. This might indicate that
nanoceria’s intrinsic oxidant behavior at acidic pH is re-
sponsible for the observed cytotoxic of the cationic
polymer-coated nanoparticles [ANC(+)]. Meanwhile,
PNC(—) internalized mostly into the A549 lung carci-
noma cells but not significantly into any of the other
cell lines studied. This observation is corroborated by
the fact that no lysosomal localization and therefore no
toxicity is observed in MCF-7, H9¢2 or HEK293 cells
treated with PNC(—). In contrast, significant lysosomal
localization and cytotoxicity is observed in the A549
cells treated with PNC(—). Surprisingly, distinct changes
in cellular uptake were observed with the dextran-
coated cerium oxide nanoparticles [DNC(0)]. A very dis-
perse and diffused intracellular distribution was seen
in all cell lines (cancer and normal) exposed to DNC(0),
with very few of the DNC(0) localizing into the lysos-
omes. Therefore, the neutral DNC(0) nanoparticles were
found to be nontoxic to any of the cell lines studied as
they localize primarily in the cytoplasm. This suggests
that the observed nontoxic behavior of DNC(0) might
be attributed to its significantly low entrapment into ly-
sosomes, contrary to ANC(+). On the basis of these re-
sults, DNC(0) would be a great platform for further de-
velopment of therapeutic antioxidant nanoagents, as
they exhibit minimal toxicity. In addtion, they can be ef-
fectively used in radiation therapy, since they are not
toxic to normal cells. Also, as other dextran-coated
nanoparticles have been found to have long circula-
tion time,?”~% similarly dextran-coated cerium oxide
nanoparticles can be employed as long circulating anti-
oxidant nanoagents.

Another factor that may contribute to the cytotoxic
behavior of polymer-coated nanoceria is the type of
cell line used and pH of the cell’s
microenvironment.3°~33 This is particularly relevant as
tumor progression, increased invasion, metastasis, and
acidic tumor environment have been found to be
interrelated.3* 3¢ Differences between normal and tu-
mor tissue and tumor-to-tumor variation may play a key
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Figure 11. Cytotoxicity of carboxylated polymer coated iron oxide nanoparticles [IONP(—)] and aminated polymer coated

iron oxide nanoparticles [IONP(+)] by A549 and H9c2 cells.
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Scheme 2. Polymer-coated nanoceria’s cell internalization, localization and proposed toxicity mechanism. Neutral DNC(0)
internalized and localized mostly into the cytoplasm of cells and hence it is not cytotoxic. ANC(+) and PNC(—) can localize
either into the cytoplasm or the lysosomes, depending on the type of cells. When the nanoceria localized to the lysosome,
the low pH of this organelle activates the nanoparticle’s oxidase-like activity, exhibiting toxicity. ANC(—) or PNC(+) that

localized into the cytoplasm displayed no cytotoxicity

role in dictating the antioxidant vs oxidase behavior of
the polymer-coated nanoceria. Previously, we have re-
ported that polymer-coated nanoceria displays unique
oxidase-like behavior at slightly acidic pH.?2 Therefore,
in view of this oxidase-like property at acidic pH, intra-
cellular distribution of the polymer-coated nanoceria
into the lung carcinoma'’s lysosomes may be the rea-
son for these nanoparticles’ cytotoxicity. In addition, as
A549 lung carcinoma cells and most tumors have been
found to have upregulated glycolysis and increased lac-

tic acid production,®~33 this effect might further con-
tribute toward the buildup of an acidic microenviron-
ment, favoring nanoceria’s oxidase activity and
therefore sensitizing tumors toward radiation therapy.
In summary, we believe that understanding the role of
the polymer-coated nanoceria’s surface charge and the
influence that it has in the cell internalization, subcellu-
lar distribution, and differential antioxidant/oxidant ac-
tivity will shed new light in delineating the mechanisms
that lead to nanoceria’s toxicity.

MATERIALS AND METHODS

Synthesis of Polymer-Coated Nanoceria Preparations [DNC(0), PNC(—),
and ANC(+)]. The polymer-coated nanoceria preparations DNC(0)
and PNC(—) were synthesized using the methodology described
previously.?? Briefly, a solution of cerium(lll) nitrate (2.17 g, 1.0
M, Aldrich, 99%) in water (5.0 mL) was mixed separately with an
aqueous solution of either poly(acrylic acid) (PAA, 0.5 M, Sigma)
or dextran (1.0 M, Sigma) and mixed thoroughly using a vortex
mixer. The resulting mixture was then added to an ammonium
hydroxide solution (30.0 mL, 30%, Sigma Aldrich) under continu-
ous stirring for 24 h at room temperature. The preparation was
then centrifuged at 4000 rpm for two 30 min cycles to settle any

www.acsnano.org

debris and large agglomerates. The supernatant solution was
then purified from free polymers and other reagents and then
concentrated using a 30K Amicon cell (Millipore Inc.). ANC(+)
was synthesized directly from PNC(—). In this method, PNC(—)
(5.0 mL, 1.5 mg/mL) was treated with EDC [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide] solution (28.0 mg, 30
mmol) in MES buffer (500 pL, 0.1 M, pH 6.0) followed by the
dropwise addition of N-hydroxysuccinamide (NHS) solution (22.0
mg, 30 mmol) in MES buffer (500 wL, 0.1 M, pH 6.0) and incu-
bated for 3 min at room temperature. Ethylenediamine (EDA, 10
mg, 25 mmol) in DMSO (100 p.L) was then added dropwise to
the final reaction mixture and the resulting mixture stirred for
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an additional 3 h at room temperature. The resulting solution
was purified to remove excess EDA and other reagents using an
Amicon dialysis membrane (MWCO 30K) from Millipore. The final
ANC(+) preparation (1.5 mg/mL) in DI water was stored in the re-
frigerator for further characterization.

Dil Encapsulation in Polymer-Coated Nanoceria [DNC(0), PNC(—), and
ANC(+)]. In order to encapsulate the Dil dye (Invitrogen) into the
polymeric matrix of the various polymer-coated nanoceria, we
have used a modified solvent diffusion method, as reported pre-
viously.? Briefly, to 4.0 mL of the nanoparticle solution [1.5 mg/
mL, DNC(0), PNC(—), or ANC(+)], was added dropwise 200.0 pL
of Dil solution [6.0 pL of Dil (10 mg/mL) in 194 pL of DMSO] with
mixing (1000 rpm) at room temperature. Afterward, the prepara-
tion was dialyzed (MWCO: 30K) against deionized water to re-
move any free Dil and finally was dialyzed overnight in
phosphate-buffered saline (1X PBS) to reconstitute the final
preparation in PBS.

Characterization. The various polymer-coated nanoceria prepa-
rations were charecterized by transmission electron microscopy
(TEM) to confirm the size of the nanocrystal core. TEM was per-
formed by mounting a drop of nanoparticles on a holey carbon-
coated copper 400-mesh grid (2SPI, USA), and images were
taken on a FEI TECNAI F30 microscope operating at 300 kV. Sur-
face charge on the nanoparticle was confirmed by { potential
measurements (Malvern Zetasizer and disposable { cells). FT-IR
experiments were performed on vacuum-dried samples to verify
the surface functionalities on the nanoparticles (Perkin-Elmer
Spectrum 100 FT-IR spectrometer). Fluorescence spectroscopy
studies were done on Dil-labeled nanoceria using a Nanolog
HORIBA JOBIN YVON spectrometer to confirm the Dil dye encap-
sulation in the nanoparticles.

Cell Culture. All cell lines in this study [lung carcinoma (A549),
cardiac myocytes (H9¢2), human embryonic kidney (HEK293),
and breast carcinoma (MCF-7)] were obtained from ATCC. The
cardiomyocytes were grown in Eagle’s Minimal Essential me-
dium supplemented with fetal bovine serum (10%), sodium
pyruvate, L-glutamine, penicillin, streptomycin, amphotericin B,
and nonessential amino acids. HEK293 cells were grown in Ea-
gle’s Minimal Essential medium supplemented with fetal bovine
serum (10%) and 1% penicillin. The lung cancer cells were grown
in Kaighn's modification of Ham'’s F12 medium (F12K) supple-
mented with 5% fetal bovine serum, L-glutamine, streptomycin,
amphotericin B, and sodium bicarbonate. All cell lines were
maintained at 37 °C, 5% CO, in a humidified incubator. MCF-7
cells were grown in Eagle’s Minimal Essential medium supple-
mented with fetal bovine serum (10%) with 0.01 mg/mL bovine
insulin and 1% penicillin.

Cellular Uptake of Polymer-Coated Nanoceria [DNC(0), PNC(—), and
ANC(+)]. Ten thousand cells (cardiomyocytes, human embryonic
kidney cells, lung carcinoma cells, and breast carcinoma cells)
were seeded in Petri dishes and incubated with Dil-labeled
DNC(0), Dil-labeled PNC(—), and Dil-labeled ANC(+) (1.0 mM)
for 3 h at 37 °C, 5% CO, in a humidified incubator. Then, the cells
were washed with 1X PBS and fixed with 10% formalin in 1X
PBS. Afterward, the cells were incubated with DAPI (1 mg/mL,
Molecular Probes) for 10 min. The cells were washed and visual-
ized with a confocal microscope (Zeiss LSM 510).

Inhibition of Cellular Uptake of the Polymer-Coated Nanoceria. For
these studies, 10000 cells (H9¢2 and A549) were treated with
the inhibitors sodium azide (10 mM) and 2-deoxyglucose (50
mM) for 30 min. Then, the cells were incubated with Dil-labeled
PNC(—) and Dil-labeled ANC(+) preparations (1.0 mM) for 3 h at
37 °C, 5% CO, in a humidified incubator. Fixation and subse-
quent staining with DAPI were performed as described above.
Experiments were done at 4 °Cwith incubation of the cells with
the Dil-labeled PNC(—) and Dil-labeled ANC(+) preparations (1.0
mM) for 3 h.

Lysosomal Staining. After treatment of the corresponding cell
lines with Dil-labeled DNC(0), Dil-labeled PNC(—), and Dil-labeled
ANC(+) for 3 h, cells were washed and incubated for 20 min
with Lysotracker (Invitrogen) (35 nM) at 37 °C, 5% CO, in a hu-
midified incubator. Fixation procedures were performed as
stated previously.
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Lysosomal Isolation and Oxidase-Activity Determination of Entrapped
Nanoceria. Lysosomes were isolated using a previously reported
procedure described by Schroter et al.” Ten thousand cells (car-
diomyocytes, human embryonic kidney cells, lung carcinoma
cells, and breast carcinoma cells) were seeded in Petri dishes and
incubated with ANC(+), PNC(—), and DNC(0) (1.0 mM) for 3 h at
37 °C, 5% CO, in a humidified incubator. Then, the cells were
washed with 1X PBS, trypsinized, and centrifuged at 1000 rpm
for 8 min. In order to isolate the lysosomes, cells were resus-
pended in an isotonic sucrose solution (1.0 mL, 0.08 M CaCl,,
0.25 M sucrose, 10 mM Tris—HCI) to lyse the cells into cytosolic
and organelles fractions and centrifuged at 25000g for 15 min.
Subsequently, the supernatant was carefully removed, and the
pellet was resuspended in 1.0 mL of 150 mM KCI (10 mM
Tris—HCI, pH 7.4) followed by centrifugation at 25000g for 15
min to sediment the lysosomes. The pellet containing the lysos-
omes was resuspended in 200 p.L of TMB (1.0 mg/mL) and incu-
bated overnight at room temperature. After the incubation pe-
riod, the absorbance at 652 nm of the lysosome suspension was
recorded.

Cell Viability Assays. Cells (cardiomyocytes, human embryonic
kidney cells, lung carcinoma cells, and breast carcinoma cells)
were seeded in 96-well plates at a density of 3000 cells per well
and incubated with ANC(+), PNC(—), and DNC(0) (1.0 mM) for
3 h. Then, 0.5 mM of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (Sigma) was added, followed by
incubation for 24 h. After 24 h, the resulting crystals were dis-
solved in 40 pL of acidified 2-propanol, and the absorbance at
570 nm was recorded using a plate reader (Bio-TEK, Synergy HT
Multidetection Microplate reader).
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