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Abstract

Catalytic nanoparticles represent a potential clinical approach to replace or correct aberrant
enzymatic activities in patients. Several diseases, including many blinding eye diseases, are
promoted by excessive oxidant stress due to reactive oxygen species (ROS). Cerium oxide and
platinum nanoparticles represent two potentially therapeutic nanoparticles that de-toxify ROS. In
the present study we directly compare these two classes of catalytic nanoparticles. Cerium oxide
and platinum nanoparticles were found to be 16+2.4 nm and 1.9+0.2 nm in diameter, respectively.
Using surface plasmon enhanced microscopy, we find that these nanoparticles associate with cells.
Furthermore, cerium oxide and platinum nanoparticles demonstrated superoxide dismutase
catalytic activity, but did not promote hemolytic or cytolytic pathways in living cells. Importantly,
both cerium oxide and platinum nanoparticles reduce oxidant-mediated apoptosis in target cells as
judged by the activation of caspase 3. The ability to diminish apoptosis may contribute to
maintaining healthy tissues.
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Introduction

Biomimetic characteristics have been described for several nanoparticles. For example,
nanocomposites made of gold and platinum exhibit bacterial-like motility by asymmetrically
catalyzing the conversion of hydrogen peroxide to oxygen (Paxton et al., 2004).
Nanoparticles may also display enzymologic properties, such as peroxidase, oxidase,
catalase, and superoxide dismutase activity (e.g., Gao et al., 2007; Korsvik et al., 2007).
Superoxide dismutase activity has been ascribed to nanoceria. Indeed, the “superoxide
dismutase” catalytic rate constant of nanoceria exceeds that the of the native biological
enzyme superoxide dismutase (Korsvik et al., 2007). Nanoceria are catalysts with mixed
valency properties; cerium is found in both +3 and +4 oxidation states (Bumajdad et al.,
2009; Deshpande et al., 2005; Mamontov and Egami, 2000). Nanoceria act catalytically by
regenerating oxidation states (Chen et al., 2006; Das et al., 2007; Tarnuzzer et al., 2005;
Schubert et al., 2006; Niu et al., 2007; Korsvik et al., 2007). The protective effects of
nanoceria are well documented (Chen et al., 2006; Chen et al., 2006; Das et al., 2007;
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Tarnuzzer et al., 2005; Schubert et al., 2006; Niu et al., 2007; Korsvik et al., 2007; Colon et
al., 2009; Elswaifi et al., 2009; Singh et al., 2007). Recently, nanoceria have been shown to
prevent vision loss in an animal model of light-induced photoreceptor degeneration (Chen et
al., 2006). Similarly, platinum nanoparticles have been shown to scavenge ROS (Hamasaki
et al., 2008; Kajita et al., 2007; Watanabe et al., 2009; Hikosaka et al., 2008). In vitro cell
studies have shown that platinum nanoparticles deflect cell damage and reduce cell death
due to oxidant exposure (Kim et al., 2009; Zhang et al., 2010). Furthermore, the anti-oxidant
capacity of platinum nanoparticles has been used to influence pulmonary inflammation in
mice and extend the lifetime of C. elegans (Onizawa et al., 2009; Kim et al., 2008, 2010).

Catalytic nanoparticles offer the potential to perform enzymatic replacement therapy without
the need for unproven gene replacement technology. For example, a reduction in anti-
oxidant defense mechanisms is a key contributory factor in the progression of blindness in
diabetic retinopathy. Genetic enhancement of superoxide dismutase expression in a rat
model of diabetes mitigates oxidative damage of the retina and consequent retinopathy
(Kowluru et al., 1997, 2001, 2003, 2006; Caldwell et al., 2005; Kanwar et al., 2007). Thus, it
seems likely that nanotherapies aimed at replacing or augmenting anti-oxidative activity in
tissues could save eyesight in millions of people.

Although cerium oxide and platinum nanoparticles have been previously studied in vitro, it
is surprising that their biological properties have never been directly compared. With a view
toward developing experimental nanotherapeutics, we have performed parallel experiments
using cerium oxide and platinum nanoparticles. Both cerium oxide and platinum
nanoparticles diminish hydrogen peroxide-mediated apoptosis without promoting cell lysis.

Materials and Methods

Materials

Cerium oxide nanoparticles were obtained from Nanoscale Corp. (Manhattan, KS). Cell
culture media, Hank’s balanced salt solution (HBSS), and Calcein-AM were purchased from
Invitrogen (Carlshad, CA). The CaspGLOW red active caspase-3 staining kit was obtained
from BioVision (Mountain View, CA). Cover-glass bottom dishes were purchased from
MatTek Corporation (Ashland, MA). Unless otherwise noted, chemicals were obtained from
Sigma Chemical Company (St. Louis, MO).

Preparation of platinum nanoparticles

Platinum nanoparticles were prepared by an established protocol utilizing the alcohol
reduction of PtClg~2 (Watanabe et al., 2009; Shiraixhi et al., 2000) with some modifications.
Briefly, 0.62g of polyacrylic acid partial sodium salt (M,, = 2000, 61-65 wt. % in H,O) was
diluted to 25 ml with water, and 13.6 mg of PtClg~2 was added. Twenty-five ml of ethanol
was then added to the mixture during magnetic stirring. The yellow solution was heated to
reflux for 4 hr and then cooled to room temperature. The solvents were removed and the
resultant black solid was dispersed in water.

Nanoparticle suspensions

Nanoparticles were suspended in HBSS, and maintained at 4 °C. Working dilutions of 1.2
mg/ml and 1.7ug/ml were made for platinum and cerium nanoparticles, respectively. All
suspensions were vortexed before use.

HT-1080 cell culture

The HT-1080 human breast fibrosarcoma cell line (American Type Cell Culture Collection
CCL-121, Marassas, VA) was maintained on plastic tissue culture flasks in Dulbecco’s
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modified Eagle medium (DMEM, Invitrogen) containing 10% heat-inactivated FBS
(Invitrogen) and 1% antibiotic/antimycotic (Invitrogen). Cells were detached using a trypsin/
EDTA solution (Invitrogen), transferred to fresh media, and plated onto glass cover slips 24
hr prior to use. For cytolysis and apoptosis assays, cells were plated into 96 well cell culture
plates (Costar 3595, Corning Inc., Corning, NY).

Hemolysis assay

Peripheral blood was collected from healthy human donors in compliance with the
guidelines of the University of Michigan Institutional Review Board for Human Subject
Research. Red blood cells were isolated using Ficoll-Histopaque (Sigma) density gradient
centrifugation, then re-suspended and washed in HBSS by centrifugation. Cells were treated
with nanoparticles for 3 hr at 37° C. Cells were centrifuged, and supernatants removed to a
96 well plate. Absorbance at 540 nm was read on a FlexStation plate reader (Molecular
Devices, Sunnyvale, CA). A sample treated with 1% Triton-X 100 (Sigma) in HBSS was
used as a 100% hemolysis standard.

Cytolysis assay

HT-1080 cells were seeded into 96 well cell culture plates at 104 cells per well and cultured
overnight in DMEM. Cells were labeled with Calcein-AM (Invitrogen) for 30 min at 37° C,
and washed thoroughly with HBSS. Triplicate wells were treated with cerium oxide or
platinum nanoparticles at the concentrations indicated below or with 1% Triton-X 100 in
HBSS to serve as a reference sample for 100% release. The plate was then incubated for 3 hr
at 37° C. After incubation, supernatants were centrifuged to remove particulates.
Supernatants were transferred to a fresh 96 well plate then read on a FlexStation 11
(Molecular Devices) using an excitation of 494 nm and emission of 517 nm. Fluorescence
intensities were averaged over triplicate wells.

Oxidase activity

The oxidase-like activity of nanoparticles was assessed as described by Asati et al. (2009).
Briefly, citrate buffer (80 ul, 0.1M, pH 4.0) was pipetted into individual wells of a 96-well
plate (Costar 3626, Corning) followed by the addition of 10 ul of nanoparticle nanoparticles
and 10 pl of freshly dispersion (1.2 mg/ml of Pt and 0.17 mg/ml of CeO5 prepared 3,3',5,5'-
tetramethylbenzidine (TMB) (5 mM in citrate buffer) solution. These mixtures were
incubated for 15 min at room temperature in the dark. Absorbance at 650 nm was measured
with a plate reader (Molecular Devices). Absorbance values were corrected by subtracting
the background value in the absence of nanoparticle addition from all sample readings.

Superoxide dismutase activity

The SOD assay was performed using the protocol of Ukeda et al. (1999), with some
modifications. Briefly, 60 ul of carbonate buffer (0.1M, pH 9.2) and 3 mM of an EDTA
solution were transferred into wells of a 96-well plate (Costar 3626, Corning) followed by
the addition of 10 ul of nanoparticle dispersion or buffer solution, 10 ul of 3 mM xanthine,
10 ul of 1.0 mM WST-1 solution and 10 pl of xanthine oxidase. These mixtures were
incubated for 30 min at room temperature in the dark. Absorbance at 440 nm was measured
with a plate reader (Molecular Devices). Background absorbance was corrected by
subtracting the value of the xanthine oxidase omission control from all sample readings.

Apoptosis assay

HT-1080 cells were seeded into cover-glass bottom dishes and allowed to grow for 24-48
hr. Cerium oxide or platinum nanoparticles were added at the concentrations indicated
below and then allowed to incubate at 37° C. After 24 hr, plates were washed with HBSS,
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then incubated for 3 hr at 37° C with either HBSS, or HBSS containing 200 uM H»05.
Plates were then stained for caspase-3, using the CaspGLOW™ red active caspase-3
staining kit (BioVision) as directed by the manufacturer. Plates were then washed and
imaged using a 40x objective and an Andor iXon camera (Andor Techol., Belfast, Northern
Ireland) attached to the bottom port of a Nikon TE2000-U inverted microscope with a 100W
mercury lamp. Caspase-3 red labeling was observed using a Nikon 96321 filter set
comprised of a 570 nm dichroic mirror, a 530-560 nm excitation filter, and a 590-650 nm
emission filter.

Bright field and surface plasmon enhanced dark-field microscopy

HT-1080 cells were seeded onto cover slips and allowed to grow for 24 hr. Cover slips were
treated with 17 ng/ml cerium oxide or 1.2 mg/ul platinum nanoparticles for an additional 24
hr. Cells were washed with HBSS, and then mounted live for microscopy. To permit
transmitted light imaging using both bright field and surface plasmon enhanced dark field
condensers in the same experiments, a two arm swing-out assembly was constructed. A
CytoViva, Inc. (Auburn, AL) darkfield condenser and illumination source was attached to a
standard Zeiss carrier for transmitted light illumination. To the side of the microscope, a
smaller Zeiss 20 W bright field illumination system attached to an illuminator carrier (cat.
no. 45 17 51) was secured by a counter-balanced and hinged stand bolted to the tabletop. A
Zeiss Axiovert microscope equipped with a 100x darkfield objective (Olympus) and an
epifluorescence condenser was employed. Surface plasmon enhanced microscopy produces
a very high contrast image of very high optical resolution (90 nm) (Vainrub et al., 2006). To
preserve resolution, a 1.9x Optem camera coupler (Qioptiq Imaging Solutions, Fairport,
NY) was used to direct the image to a large format (4096 x 4096) Alta-U16M camera
(Apogee Imaging Systems, Roseville, CA). The camera was liquid-cooled to reduce the dark
noise and to minimize physical vibrations due to cooling. This arrangement preserves high
sample resolution by providing an optimal pixel size according to the Nyquist sampling
criterion while also providing a high 91K well capacity. Images were downloaded for
further processing using Metamorph software (Molecular Devices).

Electron microscopy

Results

Transmission electron microscopy images were obtained with a 200 kV JEOL 2010F
microscope, as previously described (Chen et al., 2011).

Nanoparticles

Cerium oxide (Chen et al., 2006; Das et al., 2007; Tarnuzzer et al., 2005; Schubert et al.,
2006; Niu et al., 2007; Korsvik et al., 2007) and platinum (Watanabe et al., 2009; Shiraixhi
et al., 2000) nanoparticles have been thoroughly described in the literature. To confirm
certain characteristics of these nanoparticles, transmission electron microscopy studies were
performed. Fig. 1A shows TEM images of cerium oxide nanoparticles purchased from a
commercial source. They were found to have a diameter of 16+2.4 nm. Fig. 1B shows TEM
images of platinum nanoparticles prepared as described by Watanabe et al. (2009). These
platinum nanoparticles were found to have a 1.94+0.2 nm diameter. In addition, it was noted
that the agglomeration state of cerium oxide nanoparticles was greater than that of platinum
nanoparticles. These properties are consistent with those previously reported.

Observation of Catalytic Nanoparticles in Vitro

After a 24 hr growth period on cover slips, cells were treated with 17 ng/ml cerium oxide or
1.2 pg/ml platinum nanoparticles for an additional day. Cells were then washed with HBSS.
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To determine if cerium oxide and platinum nanoparticles associate with cells or are in their
vicinity, microscopy experiments were performed. One means of detecting nanoparticles in
vitro, particularly those with electronic conduction bands, is surface plasmon enhanced
darkfield microscopy. Fig. 2 shows conventional brightfield and surface plasmon enhanced
darkfield microscopy of cells. Column 1 shows images of an untreated cell. No intensely
scattering particles are apparent. In contrast, cells treated with cerium oxide (column 2) or
platinum nanoparticles (column 3) display intense and punctate light scattering due to
nanoparticles (arrows). The nanoparticles did not appear to label a specific cell
compartment. Hence, cerium oxide and platinum nanoparticles associate with living cells.

Enzymatic Activities

To confirm that the nanoparticles used in subsequent experiments express enzymatic
activity, we first assessed oxidase-like activity using the method of Asati et al. (2009). For
platinum nanoparticles (10 pl, 1.2 mg/ml), a value of AA=0.1339+0.0118 (n=3) (equivalent
to 1.63+£0.12 uM WST-1 formazan) was obtained. In the case of cerium oxide (10 ul, 0.17
mg/ml), a value of AA=0.0.967+0.0118 (n=3) (equivalent to 0.1+0.01 pM WST-1 formazan)
was found. Hence, both nanoparticles exhibit oxidase-like activity.

We next tested the SOD activity of cerium oxide and platinum nanoparticles. In the absence
of SOD-like activity, superoxide generated by xanthine/xanthine oxidase reduces WST-1 to
water-soluble formazans, which absorb at 440 nm (Ukeda et al., 1999). However, the
presence of catalytic nanoparticles decreases this reaction by removing superoxide. Fig. 3
shows the nanoparticle concentration-dependent inhibition of formazan formation. These
concentrations were chosen as significant SOD inhibitory activity was observed. Although
both platinum nanoparticles (Fig. 3A) and cerium oxide nanoparticles (Fig. 3B) exhibit SOD
activity, cerium oxide nanoparticles exhibit a greater level of enzymatic activity. However,
this is based upon nanoparticle weight, which does not account for the use of PAA in
platinum nanoparticle preparation. When compared to an SOD calibration curve (data not
shown), 0.48 mg/ml platinum nanoparticles and 0.024 mg/ml cerium oxide exhibit roughly
the activity level of 10 U/ml biological SOD.

Hemolysis and cytotoxicity

As nanoceria and platinum nanoparticles may have untoward effects on cells, we examined
the potential toxicity of these nanoparticles. For example, the nanoparticles might cause the
plasma membrane to rupture. To examine this possibility, we tested the ability of
nanoparticles to induce the rupture of erythrocytes. Human erythrocytes were treated with
nanoparticles at the various concentrations indicated (Fig. 4) for 3 hr at 37°C. Cells in buffer
only were used as negative controls while Triton-X 100-treated erythrocytes were used as a
measure of 100% hemolysis. After exposure to 0.17 ng/ml and 1.7 ng/ml cerium oxide or 12
ng/ml and 120 ng/ml platinum nanoparticles for 3 hr., no hemolysis could be detected (Fig.
4). Hence, these catalytic nanoparticles do not appear to affect the integrity of erythrocyte
membranes.

Although cerium oxide and platinum nanoparticles do not cause the overt rupture of
erythrocyte membranes, it is possible that they promote the rupture of nucleated cell
membranes by other mechanisms. To determine if nanoparticles cause cytoplasm to leak
from cells, the cytoplasm was labeled with the fluorescent marker Calcein-AM. HT1080
cells were labeled with Calcein-AM as we have previously described (Clark et al., 2006),
then used in the marker-release assay. Control cells were treated with buffer alone. As a
positive control for Calcein release, cells were treated with 1% Triton X100 (Fig. 5). After a
3 hr incubation with cerium oxide (0.17 ng/ml and 1.7 ng/ml) or platinum (12 ng/ml and 120
ng/ml) nanoparticles, no cytotoxicity was observed (Fig. 5). This range of concentrations
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was chosen as it corresponds to biological activity (see below). Hence, these nanoparticles
exhibited immeasurable levels hemolytic and cytolytic activity.

We next evaluated the ability of cerium oxide and Pt nanoparticles to protect cells from
H,0,-mediated apoptosis. In these experiments caspase-3 activation was measured using the
CaspGLOW™ red active caspase-3 staining kit, a cell membrane-permeable dye consisting
of a fluorogenic dye and a DEVD moiety specific for caspase-3. Samples were incubated
with CaspGLOW™ red active caspase-3 substrate in the dark for 30 min, then washed with
HBSS and observed using fluorescence microscopy. The fluorescence labeling of activated
caspase-3 was quantified. After an overnight incubation with cerium oxide or platinum
nanoparticles, cells were treated with H,O, (200 uM) or buffer for 3 hr. Cells treated with
only 200 uM H,0, demonstrate high levels of apoptosis (~40%) compared with the low
levels of apoptosis (~5%) found for cells treated with buffer alone (Fig. 6). Fig. 6 shows that
cerium oxide and Pt nanoparticles protect cells from H,O»-induced apoptosis. Although
H,0, causes a dramatic increase in the percentage of caspase-3 positive cells, this can be
significantly reduced by treatment with catalytic nanoparticles. Hence, both cerium oxide
and Pt nanoparticles diminish HoO»-induced apoptosis.

Discussion

Reactive oxygen species (ROS) such as superoxide anions, hydroxyl radicals, hydrogen
peroxide and hyperchlorous acid have been linked to a broad spectrum of human diseases,
including cardiovascular disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
diabetes. Oxidant stress is also known to play a key role in ocular diseases, such as age-
related macular degeneration (AMD), glaucoma, uveitis and diabetic retinopathy (Osborn,
2010; Kawaji et al., 2011; Wu et al., 1997; Kowluru et al., 2006; Caldwell et al., 2005;
Kanwar et al., 2007), which together contribute to blindness in tens of millions of people
worldwide. The number of patients with retinal disease is expected to increase dramatically
over the next decades; for example, in the United States alone, diabetic retinopathy patients
will number 16 million by 2050 (Saaddine et al., 2008). Novel approaches to mitigate
oxidative tissue damage in the aging population of the Western world must be developed.

Although nanoparticles have begun making significant inroads into medicine as contrast
agents in magnetic resonance imaging, drug delivery vehicles, and mediators of directed
hyperthermia, catalytic nanoparticles have not yet found a clinical niche. Enzymatic
replacement therapy of superoxide dismutase activity is a potential niche for catalytic
nanoparticles, as a reduction in this enzyme’s activity has been linked with disease. As
mentioned above, both platinum nanoparticles and cerium oxide have been proposed as
potential means of managing oxidant formation in vivo, although they have never been
directly compared with one another. In order to develop a nanotherapeutic enzyme
replacement strategy, it is necessary to evaluate all available options. In directly comparing
their enzymatic activities, we found that the superoxide dismutase activity of cerium oxide
nanoparticles was greater than that of platinum nanoparticles on a weight basis.
Furthermore, we also directly compared the potential toxicity of two classes of
nanoparticles, as significant toxicity would disqualify a nanoparticle as a potential
therapeutic agent. We found that both cerium oxide and platinum nanoparticles do not
promote hemolysis or cytolysis of cells. This is consistent with previous studies suggesting
that they may be useful in vivo (Chen et al., 2006; Schubert et al., 2006; Kim et al., 2008,
2010).

The principle mechanism underlying retinal cell death and consequent blindness in several
diseases is apoptosis, which is also known as programmed cell death. The key event leading
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to cellular apoptosis is the excessive production (or reduced removal) of ROS. To model
these events, we tested the ability of cerium oxide and platinum nanoparticles to reduce
hydrogen peroxide-mediated apoptosis, as judged by the activation of the key apoptosis
signaling molecule caspase 3. To obtain significant levels of apoptosis in a laboratory
experiments, a rather large dose of hydrogen peroxide, 200 uM, is used. Both types of
nanoparticles were found to reduce apoptosis. However, the significant agglomeration of
cerium oxide nanoparticles may complicate the clinical use of this material. In vivo, tissues
are not likely to experience the high concentrations of oxidants used in the experiments
reported above. Hence, relatively low doses of nanoparticles may be sufficient to protect
tissues.
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Fig. 1.

TEM images of cerium oxide and platinum nanoparticles. (A) Cerium oxide nanoparticles
were 16+2.4 nm in diameter. (B) Platinum nanoparticles were 1.9+0.2 nm in diameter.
(Bar=50nm)
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Fig. 2.

Observations of cerium oxide and platinum nanoparticles during interactions with living
cells. Nanoparticles were localized using surface plasmon enhanced darkfield microscopy.
The nanoparticles are observed as bright dots in the center and right-hand side panels. The
resolution of the bright-field images is 240 nm whereas that of the surface plasmon-
enhanced darkfield micrographs is 90 nm (Vainrub et al., 2006). (100x objective) (arrows =
nanoparticles) (n=5)
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Fig. 3.

Superoxide dismutase activity is expressed by nanoparticles. The ordinate plots the amount
of WST-1 formazan observed whereas the abscissa gives the nanoparticle concentration.
SOD activity is illustrated by the quenching of WST-1 formazan production. This activity
was measured for various concentrations of platinum nanoparticles (A) and cerium oxide
nanoparticles (B). (n=3)
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Fig. 4.

Catalytic nanoparticles do not promote hemolysis. Hemolysis was quantified
spectrophotmetically by measuring the absorption of hemoglobin at 540 nm. Cerium oxide
and platinum nanoparticles were incubated with erythrocytes at the concentrations indicated
for 3 hr. at 37°C. No significant hemolysis could be observed. (The error bars are smaller
than the size of the lines.) (n=3)
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Catalytic nanoparticles do not promote cytolysis. Cytolysis was quantified using
fluorescence by measuring the release of calcein into the supernatant (Invitrogen) using
excitation at 494 nm and emission at 517 nm. Cerium oxide and platinum nanoparticles were
incubated with cells at the concentrations indicated for 3 hr at 37°C. No significant cytolysis
could be observed. (n=3)
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Fig. 6.

Nanoparticles protect cells from apoptosis. Cells were treated with 200 uM H,05, for 3 hr at
37°C to induce apoptosis. A) Negative and positive controls are shown (left). Cerium oxide
(center) and platinum (right) nanoparticles are shown in panels B and C, respectively.
Significant reductions in apoptosis are seen. (*P<0.01) (n=3)
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