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Abstract

Cerium dioxide nanoparticles (nanoceria), currently used as catalysts including additives to diesel
fuel, also present potential as a novel therapeutic agent for disorders involving oxidative stress.
However, little is known about the effects of nanoceria on primary human cells involved in the
innate immune response. Here, we evaluate nanoceria effects on monocyte derived macrophages
(MDMs) from healthy human subjects.

Peripheral blood monocytes were isolated from healthy human volunteers. MDMs were obtained
by maturing monocytes over a five-day period. MDMs were exposed to well-characterized
nanoceria suspensions (0, 5, 10, 20 ug/mL) for 24 or 48 hours. We evaluated particle uptake,
ultrastructural changes, cytotoxicity, and mitochondrial damage in MDMs through transmission
electron microscopy (TEM), confocal imaging, flow cytometry, spectrometry, western blots, and
immunofluorescence techniques. The role that intracellular concentration of nanoceria plays in the
toxicity of MDMs was evaluated by 3D image analysis and compared to monocytes as a nanoceria
sensitive cell model.

Nanoceria failed to induce cytotoxicity in MDMs at the tested doses. Nanoceria-exposed MDMs
showed no mitochondrial damage and displayed significant accumulation of anti-apoptotic
proteins (Mcl-1 and Bcl-2) during the maturation process. TEM and confocal analyses revealed
efficient uptake of nanoceria by MDMs, however 3D image analyses revealed lower nanoceria
accumulation per unit cell volume in MDMs compared to monocytes.
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Taken together, our results suggest that mitochondrial protection and reduced volume-corrected
intracellular nanoparticle concentration account for the lower sensitivity of human MDMs to
nanoceria.
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INTRODUCTION

Nano-sized cerium dioxide (nanoceria; CeO») is a multifunctional nanomaterial with
significant industrial as well as consumer product applications. Industrial applications of
nanoceria include catalysis, polishing, UV shielding, and nanocomposites. 1-3 Catalytic
properties of nanoceria have led to their major environmental application as a diesel fuel
additive (for reducing emission of diesel particles coupled with increased fuel efficiency). 4
Recent research has also pointed towards beneficial impacts of nanoceria-based antioxidant
therapy for many disorders in which free radicals play a key role, e.g., neurodegeneration,
radiation damage, and cardiomyopathy. -8 Based on the above-mentioned utilizations and a
significant number of other biomedical and industrial applications that would lead to
increased human exposure to nanoceria, the Organization for Economic Co-operation and
Development has nominated nanoceria to the priority list of nanomaterials requiring
toxicological evaluation. 910

Monocytes and macrophages are phagocytes that play an important role in innate and
adaptive immune responses. Macrophage functions include clearance of pathogens and
foreign materials, initiation and resolution of inflammation, antigen presentation, and
activation of adaptive immune response. Recently, macrophages have also been found to
play a central role in wound healing, development, tissue homeostasis, and cancer
progression. 11 Circulating monocytes are recruited into tissues and differentiate into
macrophages. 12

Nanomaterial-induced toxic impacts on immune cells can significantly influence the ability
of the body to maintain homeostasis and mount an effective as well as appropriate immune
response. Initial recognition of nanomaterials by the immune system is an essential
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determinant for the fate and distribution of these materials inside the body and the
subsequent health outcome. 13 Furthermore, nanomaterial-induced impairment of immune
function could potentially outweigh the benefits of not only biomedical nanoparticle
applications, but industrial applications as well, if the nanomaterial presents a hazard upon
release into the environment. Only a limited number of studies have focused on assessing the
toxicity of nanomaterials in primary human cells, which more closely represent in vivo
outcomes. 14-17 However, multiple observations of cell death and inflammation inducing
abilities of nanomaterials have been made using various cell lines and rodent models. 17-20

In this study, we aimed to elucidate the effects of nanoceria exposure in primary human
monocyte-derived macrophages (MDMs). We demonstrate that nanoceria did not induce
cytotoxicity and mitochondrial damage in MDMs. We observed significant accumulation of
anti-apoptotic Bcl-2 family proteins in MDMs over the maturation process. We further
demonstrate that nanoceria was internalized in lower amounts per unit cell volume in MDMs
than monocytes. In aggregate, our results suggest that MDMs are significantly resistant to
nanoceria toxicity, and this resistance may be due to decreased volume-corrected uptake as
well as increased mitochondrial protection. Our findings therefore suggest possible
strategies for reducing nanoceria toxicity to tissues after environmental or therapeutic
exposure.

MATERIALS AND METHODS

Nanoparticles

Nanoceria—Nanoceria was acquired from Meliorum Technologies (Rochester, NY, USA)
and microceria was procured from Sigma-Aldrich (St. Louis, MO, USA). Nanoparticles
were characterized for shape and diameter via transmission electron microscopy (TEM),
crystal structure via X-ray diffraction analysis (XRD), and surface area via the Brunauer-
Emmitt-Teller (BET) method. Suspension behaviors such as hydrodynamic diameter, size
distribution and zeta potential were determined using dynamic light scattering (ZetaSizer
Nano, Malvern Instruments, Westborough, MA). Electrophoretic mobility (an approximation
of particle surface charge) was converted into zeta potential using the Helmholtz-
Smoluchowski equation. Purity of NP formulations was determined via thermogravimetric
analysis (TGA) or inductivity coupled plasma mass spectrometry (ICP-MS). Bacterial
endotoxin levels were determined using limulus amebocyte lysate assay. A nanoceria stock
was prepared at 1 mg/mL in sterile water and stored at 4°C in a refrigerator. All exposure
suspensions for experimentation were freshly prepared from this stock solution after
sonication (9 pulses of 20 s at 235 W, each with a 5 s pause) using a Misonix S 4000
cuphorn sonicator (Qsonica LLC, Newton, CT, USA). After sonication and brief vortex, the
particles were suspended in cell culture medium and exposed to cells within 5 min.

Modification of nanoceria with fluorescein—Fluorescein (fluorescein
isothiocyananate [FITC], Sigma) was attached to nanoceria using a modified published
procedure 21, In a glass vial, 20 mg of nanoceria was dispersed in 15 ml of ethanol using a
bath sonicator for 10 min, after which 2.5 pl of APTES (3-aminopropyltriethoxysilane,
Gelest) was added, and the mixture was stirred overnight. The suspension was then
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transferred to a 50-ml centrifuge tube, ethanol (VWR) was added to 45 ml, and the
suspension was centrifuged at 5000xg for 10 min twice (Eppendorf 5904R). The solid was
resuspended in 12.5 ml ethanol, and 2.5 ml of 1 mg/ml FITC in ethanol was added. The
suspension was covered with foil and stirred overnight, after which ethanol was added to 40
ml and the suspension was centrifuged at 5000xg for 10 min 3 times. The orange precipitate
was dried under vacuum and stored covered until further use.

Nanoceria-fluorescein was characterized by multiple methods. UV-VIS and fluorescence
spectroscopies were performed using a Cary 100 Spectrophotometer and a Cary Eclipse
Fluorescence Spectrophotometer (600V PMT voltage and 490 nm excitation wavelength).
Fourier transform infrared spectroscopy (FT-IR) was used to determine attachment of FITC
on nanoceria. FT-IR spectra were taken using a Thermo Electron Nicolet 8700.

Study Subjects and Isolation of Peripheral Blood Monocytes

The NIEHS Institutional Review Board approved the protocol for this study. Healthy adult
volunteers with no history of chronic medical conditions or chronic medication use were
recruited to the NIEHS Clinical Research Unit. Population demographics are presented in
Table 1. Whole blood (200 mL) was withdrawn from an antecubital vein into citrated blood
collection tubes. Mononuclear cells were isolated by gradient centrifugation using
Histopaque (Sigma-Aldrich, St. Louis, MO, USA). Mononuclear cells were incubated with
anti-CD14 microbeads. Mononuclear cells were then passed through a column within a
magnetic field. The retained magnetically labeled CD14+ monocytes in the column were
isolated and quantified for experimentation according to manufacturer recommendations
(Miltenyi Biotec, Boston, MA, USA). By this method, 95-99% viable pure human
monocytes were obtained. Isolation of monocytes was confirmed by flow cytometry and
cytospin preparations.

Experimental Design and Maturation of Monocytes into Monocyte-Derived Macrophages

(MDMs)

Detailed layout of experimental design in given in Figure 1A. MDMs were prepared
following a previously published method with slight modifications 22, Monocytes were
isolated and seeded at day 0 for attachment. Adherent cells were set to mature into MDMs
over a five-day period in X-Vivo 10 medium (pH 7.1) (Lonza, Walkersville, MD, USA)
supplemented with 1% human serum (pooled from 15 subjects). In order to restore growth
factors and nutrients for adequate cell growth, media was changed at day 1 and 2.
Differentiated MDMs at day 5 were treated with nanoceria for either 24 or 48 hours.
Differentiation of monocytes to MDMs was analyzed by observation of cells by TEM, cell
size estimations (flow cytometry), and expression of mature macrophage markers (25F9 and
CD68, BD Biosciences, Franklin Lakes, NJ). Initial conditions (duration and additives) were
optimized for MDM maturation over a two-week period. Initial observations confirmed that
a five-day period was sufficient to get mature MDMs.

Culture Conditions and Treatment

After isolation, monocytes were seeded in cell culture plates and glass bottom culture dishes
[MatTek Corporation (2,000,000 cells per dish)] in Ex-vivo cell culture medium (Lonza,
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Walkersville, MD, USA) supplemented with 1% pooled human serum, antibiotics [1 %
solution of penicillin (100 pug/mL) and streptomycin (100 pug/mL), Invitrogen, Carlsbad, CA,
USA], and 0.5 % antifungal amphotericin B [0.5% solution (250 pg/mL), Sigma-Aldrich, St.
Louis, MO, USA] and incubated to allow for cell attachment at 37 °C, 5% CO, and 95 %
relative humidity for 2 h. Cell culture medium was then removed and cells were washed
thoroughly with fresh medium to remove unattached cells.

Nanoceria exposure of monocytes/MDMs—Cells were incubated in fresh pre-
warmed medium containing the desired concentration (0—20 pg/mL) of nanoceria for 24 and
48 h. These doses correspond to 0-5 pg/cm? surface area-based dose. In addition,
approximately one-half of monocytes isolated from the same patient were set to mature over
a five-day time period into MDMs. After five-day maturation, MDMs were treated using the
same method as monocytes.

Transmission Electron Microscopy

Monocytes and MDMs were treated with nanoceria for 24 hours, fixed using 3%
glutaraldehyde and processed for TEM analysis. Thin sections (60 hm) were cut and stained
with uranyl acetate and lead citrate after placing them on formvar-coated copper grids.
Observations were made using FEI Tecnai 110 kV microscope at 80kV and digital images
were taken.

Propidium lodide (PI) Staining

Macrophages were treated with 0-20 pg/mL nanoceria for 24 or 48 h. Cells were then
labeled with PI according to the manufacturer’s recommendations (Trevigen, Gaithersburg,
MD, USA) using a BD FACSAria Il Instrument (BD Biosciences, Franklin Lakes NJ) in
order to determine whether apoptosis was involved in toxicity response in both cell types. At
least 10,000 cells were analyzed to determine the percentage of dead cells.

Lactate Dehydrogenase (LDH) Release

LDH release from cells treated with different doses (0—20 pg/mL) of nanoceria for 24 and 48
h was measured using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madison,
WI, USA) according to the manufacturer’s recommendations. Analysis was performed on a
BioTek Synergy HT Microplate Reader. Potential interference in LDH assay due to presence
of nanoceria was investigated according to a method described elsewhere and no evidence of
interference was noted. 23

Reactive Oxygen species and Nitric Oxide production

ROS production and NO production were evaluated using Hydroethidine (HE) and DAF-FM
Diacetate (4-Amino-5-Methylamino-2’,7’-Difluorofluorescein Diacetate) probes
respectively. Cells were exposed to nanoceria (0-20 pug/mL) for 24 and 48 h, labeled
according to manufacturer’s recommendations (Invitrogen, Thermo Fisher Scientific, Grand
Island, NY, USA) and analyzed using a BD FACSAria Il Instrument (BD Biosciences,
Franklin Lakes NJ).
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Laser Scanning Confocal Microscopy

Live cells were visualized using a Zeiss 710 NLO confocal microscope with a Plan-
Apochromat 63x/1.4 oil DICM27 objective. Sequential line scanning with three laser
excitations at 405 nm, 488 nm and 633 nm was performed using three photomultipliers with
emission detections set at 415-476 nm, 503-610 nm and 634—735 nm. Gains of the three
photomultiplier and laser intensities were kept constant during all experiments. The
CellMask deep red stain loading protocol was altered to minimalize internalization by
adding the recommended concentration of CellMask to the cell culture solution, after the
sample was placed on the microscope stage, only 1 min before imaging.

Quantitative image analysis

Multichannel Z-stack images of the optical field were used for quantitative voxel-based
measurements to quantify the volume of cells and nanoparticles using the staining pattern of
fluorescence signals within the cells. Three channel image series correspond to fluorescent
markers of CellMask stained plasma membrane, Dapi stained nucleus, and fluorescein
tagged nanoparticles. The threshold value for image analysis was pre-tested for field-to-field
or cell-to-cell intensity variations and fixed as a constant for final calculation. All pixels
above the threshold were considered as belonging to an object for volume calculation. We
used our own processing operations and an in-house written macro program, combining it
with the existing “3D object counter” plug-in. 24 Volumes of cells and nanoparticles were
calculated consecutively by using two separate imaging channels. The raw volumes were
calculated by determining the number of voxels for an object in each channel. The volume
voxels of each cell were calculated by using a binary mask after applying a threshold to the
image stack. The final volume was calculated by using the number of voxels multiplied by
the calibrated volume of one voxel in units of mm3. Calibration of one voxel volume was
adjusted at each zoom value.

The red channel, deep red Cell Mask labeled plasma membrane of the cell was used for
additional calculation of the cell surface area. The number of surface voxels for cell surface
measurement was determined by the contact of background. It was calculated by
determining the number of voxels lacking at least one of its 26 neighbors. 24 Cell volume
and surface corrections were performed by subtracting the internalized CellMask label into
the cell. Data were imported into SigmaPlot (Systat Software Inc. San Jose, CA, USA) for
further calculation and statistical analysis. 3D images were created by ImageJ and Imaris
BitPlane software (Oxford Instrument Comp. BitPlane AG Zurich, Switzerland).

Mitochondrial Membrane Potential Changes

MDMs were treated with nanoceria (0-20 pug/mL) for 24 or 48 h, and were then labeled with
JC-1 dye (Invitrogen, Thermo Fisher Scientific, Grand Island, NY, USA), along with
respective untreated controls, according to the manufacturer’s recommendations. Changes in
mitochondrial membrane potential (A'Y,,)/ mitochondrial depolarization were observed
using a BD FACSArria Il Instrument (BD Biosciences, Franklin Lakes NJ). Images were
taken using a Zeiss—Axiovert40 CFL microscope and processed using Image J software
(NIH, USA).
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Immunocytochemistry

Cells were incubated with nanoceria (0-20 ug/mL) for 24 and 48 h and fixed in 4 %
paraformaldehyde in 4-well Nunc Lab-Tek Il Chamber Slides (Sigma-Aldrich, St. Louis,
MO, USA). Cells were permeabilized in 0.05% Tween-20 solution and blocked with 3 %
bovine serum albumin. Mouse anti-Bax (6A7, Sigma-Aldrich, St. Louis, MO, USA) and
rabbit anti-Mcl-1(S-19: sc-819, Santa Cruz, CA USA) primary antibodies were used at
1:1000 dilution. Alexa Fluor 488 1gG, at a dilution of 1:2500 (Invitrogen, Thermo Fisher
Scientific, Grand Island, NY, USA) was used as a secondary antibody. Nuclei of cells were
stained with Hoechst 33258 at 1 ug/mL (Thermo Fisher Scientific, Grand Island, NY, USA).
Images were taken using a Zeiss—Axiovert40 CFL microscope and processed using Image J
software (NIH, USA).

Apoptosis Inducing Factor (AlF) Protein Expression

MDMs were labeled with anti-AIF FITC antibody and isotype control antibody from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) according to manufacturer’s recommendations.
Analysis was performed on a BD FACSAria Il at 488 nm excitation and 530 nm emission
wavelengths (BD Biosciences, Franklin Lakes NJ). Results are presented as fold increase in
AIF values with respect to control.

Western Blot Analysis

Lysates from control and treated cells (nanoceria 0-20 pg/mL for 24 or 48h) were prepared
by addition of RIPA Lysis and Extraction Buffer and Halt Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, Grand Island, NY, USA), followed by brief sonication of the cell-
buffer mixture for 30 s (235 W) using a Misonix S 4000 cuphorn sonicator (Qsonica LLC,
Newton, CT, USA). Measurement of protein concentration in cell lysates was performed
according to manufacturer recommendations (Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific, Grand Island, NY, USA). Cell extracts containing 15 pg of protein were added to
separate wells in a NUPAGE Bis-Tris gel. The gel was run using NUPAGE MES SDS
running buffer and protein transfer was performed using NUPAGE transfer buffer onto a
PVDF transfer membrane (Life Technologies, Omaha, NB, USA). Rabbit Bcl-2 was used as
a primary antibody at a dilution of 1:1000 and anti-rabbit IgG (HRP-linked) was used as a
secondary antibody at a dilution of 1:2500 (Cell Signaling Technology, Danvers, MA, USA).
Blots were then developed in WesternBright ECL HRP substrate (Advansta, Menlo Park,
CA, USA) for chemiluminescence imaging (G:Box F3, Syngene, Cambridge, UK) and band
identification (GeneSys, Daly City, CA, USA). Expression of Bcl-2 was quantified by
densitometry analysis (GeneTools-Syngene, Frederick, MD, USA).

Statistical Analysis

Every experiment was repeated using cells from 3 to 6 human subjects. Data are presented
as average +/- standard error of the mean. Each experimental condition was done in
triplicate for each individual. Mann-Whitney U test was performed on SigmaPlot (Systat
Software Inc.) to analyze the nanoparticle uptake data. Normally distributed data were
analyzed by one-way analysis of variance (ANOVA) followed by the Tuckey’s posthoc test
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using Graphpad software (Graphpad Prism 5.01, Graphpad Software Inc, San Diego, CA,
USA). A level of p < 0.05 was considered significant for a given comparison.

RESULTS

Nanoparticle and Suspension Characterization

Detailed characterization of the nanoceria particles and particle suspensions are given in
Figure 2A. The primary particle size, measured from TEM images, was determined to be
12.5 £ 3.0 nm. DLS measurements revealed that nanoceria formed polydisperse aggregates
with a slightly smaller hydrodynamic diameter in exposure medium (ex-vivo + 1% human
serum) compared to water and PBS (373, 522, and 528 nm, respectively). The zeta potential
of nanoceria in exposure medium was -8 £ 1 mV, more negative than in water (17 £ 2 mV),
suggesting that upon dilution in the medium, serum proteins partially adsorbed to the surface
of the particles.

Purity analysis of nanoceria performed via TGA revealed 95.14 wt % pure ceria and
minimal impurities (4.1 % moisture and 0.85 % acid contents). Surface area was determined
by BET to be 93.8 m2g~L. The FT-IR spectra of nanoceria, FITC, and nanoceria modified
with fluorescein are shown in Figure 3A, offset for clarity. The spectrum of nanoceria-
fluorescein is similar to that of pure FITC. One important difference is the disappearance of
the N=C=S stretch in the nanoceria-fluorescein spectrum, indicating that the fluorescein is
attached to the particles and not simply present as free FITC. The excitation and emission
spectra of nanoceria-fluorescein (FITC) in water are shown in Figure 3B. The excitation and
emission peak wavelengths are 490 nm and 520 nm, respectively. The stability of nanoceria
over time, with and without fluorescein modification, in exposure medium, water, and PBS,
was studied with DLS, and the results are presented in Figure 3C and D. These studies
revealed that while a small amount of aggregation occurred over time, there were no
significant changes in stability caused by the fluorescein modification of nanoceria in any
suspension medium.

Characterization of Mature MDMs

We confirmed differentiation of monocytes to MDMs through different established criteria.
First, TEM analysis was performed to monitor changes in cell size and morphology. We
observed an increase in size, formation of lamellipodia, and an increase in nuclear to
cytoplasm ratio in the MDMs as compared to monocytes (Figure 1A). Second, we measured
cell size by flow cytometery (forward scatter analysis), which further confirmed TEM
observations (Figure 1B). Third, we labeled cells with mature macrophage markers (25F9
and CD68). Both 25F9 and CD68 were not expressed by CD14+ monocytes (day 0) but
showed strong upregulation with the passage of time, and by day 5 approximately 98-99 %
of cells tested positive via analysis of expression by flow cytometry (Figure 1C).

Nanoceria Uptake by MDMs

TEM analysis revealed that nanoceria was taken up by MDMs (Figure 4). Nanoceria
induced extensive vesicle formation and formed flattened aggregates that were taken up into
these vesicles (Figure 4B). Smaller nanoceria aggregates were also seen in the cytoplasm.
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Nanoceria does not induce cytotoxicity and mitochondrial damage in MDMs

We employed time-course (24 and 48 hours) and dose response (1-20 pug/mL) strategies to
evaluate potential cytotoxicity and mitochondrial damage by MDMs. We utilized two
independent techniques, flow cytometry (PI labeling, Figure 5A) and spectrophotometry
(LDH leakage, data not shown), and both confirmed the nontoxic response in MDMs. We
further demonstrated that nanoceria did not induce loss of mitochondrial membrane potential
(Figure 5B), activation of Bax (Figure 5C), or AlF expression (Figure 5D) in human MDMs.
Moreover, no increase in ROS and NO production were noted after nanoceria exposure (data
not shown).

Maturation leads to accumulation of mitochondria-protective proteins in MDMs

In order to better understand mitochondrial protection in MDMs, we further evaluated the
levels of anti-apoptotic proteins. Maturation of monocytes into MDMs led to a significant
increase in accumulation of mitochondrial protective protein Mcl-1, especially during the
later stages of differentiation (Figure 6A, 6B). A similar increase was noted for another
important mitochondria protective protein Bcl-2 (Figure 6C, 6D). We further noted that
nanoceria did not induce any further change in the levels of these proteins (Figure 6C).

MDMs show significantly lower volume-corrected uptake of nhanoceria than monocytes

We employed primary human monocytes (CD14+ cells) as a nanoceria-sensitive model
system to compare nanoceria uptake and toxic response. First we validated that monocytes
from the same human subjects show significant cytotoxicity after exposure to similar doses
of nanoceria (Figure 7A). We then quantified nanoceria uptake in both cell types by laser
scanning confocal microscopy and 3D image analysis. Representative images of monocytes
and MDMs are shown in (Figure 7B). Qualitative assessment indicated that nanoceria
occupied more cell cytoplasm in monocytes than MDMs. We therefore evaluated cell
volume and internalized nanoparticle volume. As shown in Figure 7C, cell size significantly
increased as monocytes matured to macrophages. However, internalized nanoparticle
volume did not increase at the same pace (Figure 7D), resulting in more “diluted” nanoceria
in the cytoplasm of MDMs as compared to monocytes (Figure 7E).

DISCUSSION

In the present study we evaluated nanoceria toxicity in human MDMs and found that MDMs
were resistant to nanoceria toxicity. This decreased sensitivity of MDMs was associated with
increased levels of mitochondrial protective proteins Mcl-1 and Bcl-2 and lower volume-
corrected intracellular dose of nanoceria. To the best of our knowledge, this study is the first
study to demonstrate cell-specific factors of cell protection against nanoceria-induced
toxicity.

The research on health effects of nanoceria continues to be inconclusive, as various studies
present contradictory findings about its biological activity. It has been reported that
nanoceria is cytoprotective and reduces exogenously-induced oxidative stress, 21.25
However, other authors observed nanoceria-induced toxicity with or without oxidative stress
induction. 14:26-29 An excellent series of expert reviews on the different aspects of nanoceria
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was recently published. 30-33 Some of the known factors that potentially explain the
different biological outcomes after nanoceria exposure include material-related factors such
as: method of production (anti-oxidative room temperature synthesis vs. pro-oxidative high
temperature synthesis); differential valence state composition (pro-oxidative Ce3* vs. anti-
oxidative Ce**); shape/aspect ratio (toxic sharp edges and high aspect ratio vs. non-toxic
round edges and low aspect ratio); and pH of the internalizing cellular compartment (pro-
oxidative at low vesicular pH vs anti-oxidative at neutral cytoplasmic pH). 2%:34 Moreover, it
has been shown that primary particle size is inversely related to agglomeration tendency of
nanoceria. 3° Differential agglomeration leads to disparate uptake and intracellular
localization resulting in a variety of biological outcomes. Here we add another dimension of
nanoceria toxicity analysis by including cell type-specific differential uptake and level of
protective factors. Our findings suggest that sensitivity to nanoceria relies not only on
physicochemical characteristics but also on the intracellular concentration of this
nanomaterial, ability of exposed cells to deal with the exogenous stress, and on the presence
of cellular mechanisms to avoid an injury response (e.g. mitochondrial damage).

Various literature reports describe a direct correlation between the amount of internalized
nanomaterials and cytotoxicity. 1936 However, in the case of MDMs, our studies showed that
this internalization-toxicity relationship does not exist, as MDMs did not show a toxic
response in spite of efficient nanoceria internalization in a majority of the cells. This
indicated that internalization alone cannot explain the decreased sensitivity of MDMs
towards nanoceria, and that further quantitative analysis on the uptake was needed to better
understand this phenomenon. This led us to evaluate volume-corrected uptake in monocytes
and MDMs. Interestingly, we observed higher volume-corrected uptake of nanoceria in
monocytes as compared to MDMs, which can at least partly explain the observed higher
toxicity in monocytes as compared to MDMs. These observations suggest that in the case of
MDMs, due to higher cytoplasmic volume, the internalized nanoparticles may be more
“diluted” and thus less toxic.

In this manuscript we demonstrate that cell volume-corrected intracellular NP abundance is
a good indicator of adverse outcome after nanoceria exposure. Higher cell volume-corrected
nanoceria abundance inside the cytoplasm means higher cytoplasmic concentration of
particles, and thus higher local exposure dose to susceptible organelles like mitochondria
and lysosomes. Indeed we observed mitochondrial damage only in the monocytes, which
had significantly higher corrected abundance of nanoceria inside the cell. As cell toxicity is
linked to exposure dose, we now propose that organelle toxicity may be uniquely linked to
nanoceria abundance in the cytoplasm, which is after all the milieu in which organelles are
bathed. There are several ways through which intracellular concentration of NPs may have a
unique association with organelle damage. Higher volume of nanoparticles inside the cell
pushes the cytoplasmic contents in a smaller space (partly through vesicle formation),
resulting in cytoplasmic strain and higher steric hindrance as well as overcrowding of the
cytoplasm. Although cytoplasm is known to act as a colloid, higher stress can change its
dynamics. 37:38 Overcrowding of cytoplasm results in increased protein concentration and
total protein density, leading to altered biochemical kinetics as well as changes in stress-
related signaling. 3° An increased intracytoplasmic abundance of particles may result in
higher steric hindrance, which, coupled with cytoplasmic overcrowding and stretching, can
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impact vesicle as well as receptor and transcription factor traffic and cell signaling. Indeed,
overcrowding of cytoplasm can lead to reduced vesicle and transcription factor transport. 39
Moreover, higher particle volume/concentration inside the cytoplasm may bind an increased
number of molecules, especially proteins such as enzymes, with potentially deleterious
consequences. 4041

In a previous manuscript we demonstrated that at lower dose (10 pg/mL) of nanoceria
induced toxicity in human monocytes. 15 We demonstrated that the mechanism of nanoceria
toxicity in human monocytes includes mitochondrial toxicity (loss of mitochondrial
membrane potential, activation of Bax activation, and expression of AIF) as well as
autophagy. 1> We also demonstrated that this process occurs independent of reactive oxygen
species and caspase activation. In this manuscript we confirm the nontoxic nature of
nanoceria towards MDMs at even two times higher concentration (20 pg/mL). It is
noteworthy that compared to published literature, the relatively lower doses (0-20 pg/mL, 0—
5 pg/cm?, 5.8-116 pM) of nanoceria used in this study still fall within the potential
environmental and therapeutic exposure levels, given that nanoceria has a very slow
clearance rate (months to years). 9:21.42-45

As mitochondrial damage is the main mechanism of nanoceria-induced cell injury, we
evaluated mitochondrial protection in MDMs. Mitochondrial membrane potential is a well-
established indicator of mitochondrial injury. We did not observe loss of mitochondrial
membrane potential after nanoceria exposure in MDMs, indicating absence of mitochondrial
toxicity. We measured expression levels of Mcl-1 and Bcl-2, which are important apoptosis-
inhibiting members of the B-cell lymphoma 2 (Bcl-2) family. We observed a significant
increase in Mcl-1 and Bcl-2 levels during the maturation process of monocytes into MDMs.
This observation is in agreement with published literature demonstrating significant
increases in Mcl-1 levels in MDMs due to activation of survival pathways during monocyte
differentiation. 46 Moreover, Mcl-1 overexpression has been noted in tissue macrophages. 4/
These findings, coupled with existing literature reports of a significantly higher number of
mitochondria per cell in MDMSs compared to monocytes, potentially explain the lower levels
of mitochondrial injury after nanoceria exposure in MDMs, 48

In conclusion, a higher intracellular volume-corrected dose, coupled with higher abundance
of protective factors against mitochondrial injury, resulted in lower sensitivity of MDMs to
the deleterious effects of nanoceria. These results have significant implications for the
prediction of cell response after /n vivo nanoceria exposure. Our findings indicate that
resident macrophages are better equipped to deal with nanoceria exposure than circulating
monocytes. Our results also suggest possible mechanisms (e.g. mitochondrial protection)
that may ameliorate nanoceria-induced toxicity in susceptible tissues. Further research is
currently underway in our laboratory to understand the impact of nanoceria exposure on
immune response initiation and propagation by human blood mononuclear cells.
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Figure 1. Experimental Layout and Maturation of Human Peripheral Blood Monocytesinto
Monocyte-Derived M acrophages

A) Experimental time points and TEM images of monocytes (Day 0) and MDMs (Day 5).
B) Cell size estimation (Day 0 - Day 7) by flow cytometry. C) Time course analysis of cell
surface expression of mature macrophage markers (25F9) and intracellular expression of
CD68 expression by flow cytometry. Data were analyzed by analysis of variance (ANOVA)
followed by Tukey’s post hoc test. Graphs show average + SEM of three independent
experiments with triplicates of each condition. ****p < 0.0001 (compared to Day 0)
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Figure 2. Characterization of nanoceria
A) The physicochemical characteristics of nanoceria. B) TEM image of nanoceria. Image

courtesy of Dr. A R Badireddy. C) Intensity-weighted size distributions of freshly prepared
nanoceria suspensions in exposure medium (Ex-vivo medium + 1% serum), PBS, and water.
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Figure 3. Characterization of fluorescein-modified nanoceria
Fluorescein-modified nanoceria nanoparticles were characterized by A) FT-IR and B) UV-

VIS and fluorescence spectroscopies. DLS analyses of particle suspension stability with

fluorescein-modified and unmodified nanoceria in C) exposure medium (Ex vivo medium
+ 1%serum) and D) water and PBS. Particle suspensions were characterized at 0, 2, 16, 24
and 48 hours. Error bars and values in parentheses correspond to standard deviation of the

measurements.
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Figure 4. Ultrastructural (TEM) analyses of human M DM s after nanoceria exposure for 24
hours

A) Control and B) nanoceria treated MDMSs both at day 6. Arrows indicate ceria
accumulation in the vesicles. Arrow head indicates free ceria in the cytoplasm

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hussain et al. Page 19

— el B Contro Ceria
1 Bl 24h
80 48h 24
50+ '
40 4
30 4
204 Control Ceria
10 - - T T e i I 48
oL | |
Control 1 5 10 20
Ceria (pg/mL)

>

% Pl Positive Cells

>
C g 80 - *k D i
:é ek
2 504 5 4
° ©
ﬁ 3 3-
> 40 £
— o
n 5 24
o e
% 207 T
et
[ H] 0' 0- T T
i Control Ceria 20 Control Ceria20 H:202 Control Ceria 20 Control Ceria20 STS
24h 48h 24h 48h

Figure 5. Nanoceria does not induce cytotoxicity and mitochondrial damage in human MDMs
A) MDMs were exposed to 0-20 pg/mL nanoceria for 24 or 48 hours and cell death was

quantified by flow cytometry (propidium iodide staining). B) MDMs were exposed to 20
pg/mL nanoceria for 24 or 48 hours, labeled with JC-1 probe, and analyzed by fluorescent
microscopy. C) MDMs were immunostained with an antibody against activated Bax (6A7)
and analyzed by fluorescent microscopy. D) MDMs were labeled for AlF protein and
analyzed by flow cytometry. H,O, and Staurosporine (STS) were used as positive controls.
Data are represented as mean + SEM of at least 3-6 independent experiments with
triplicates of each condition. Data were analyzed by analysis of variance (ANOVA) followed
by Tukey’s post hoc test or students t-test. **p < 0.01, ****p < 0.0001 compared to
untreated control
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Figure 6. Differentiation dependent increase in expression of anti-apoptotic Mcl-1 and Bcl-2
proteinsin human MDMs
A) Representative images of Mcl-1 expression in cells during different time points of

differentiation. B) Corrected total cell fluorescence (CTCF) for Mcl-1 during the maturation
period. C) Representative western blot analysis of BcL-2 expression during the maturation
of monocytes to MDMs with or without nanoceria exposure. D) Densitometry data of the
Bcl-2 expression experiments (n=3). Data are presented as mean + SEM and analyzed by
ANOVA followed by Tukey’s posthoc test. *p < 0.05,**p < 0.01,****p < 0.0001 (compared
to Day 1).
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Figure 7. Quantification of nanoceria uptake in monocytes (CD14+ cells) and MDMs
A) Validation of nanoceria toxicity in CD14+ cells and its comparison with MDMs by flow

cytometry using Pl as a marker of toxicity. B) LSCM images of nanoceria treated monocytes
(CD14+) and MDM:s. Cell nuclei are marked with DAPI (blue), particles are green, and cell
membranes are marked with Cellmask deep red (red). C) Quantification of cell volume after
nanoceria exposure (20ug/mL) for 24 or 48 hours. D) Quantification of nanoparticle volume
internalized by cell using 3D image analysis. E) Cell volume corrected uptake of nanoceria
by monocytes (CD14+) and MDM after 24 and 48 hours exposure to 20 pg/mL
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nanoparticles. Data are presented as mean + standard error of mean and were analyzed by
Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001

J Biomed Nanotechnol. Author manuscript; available in PMC 2017 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hussain et al.

Table 1
Population Demographics
Age Gender Race Medications
(Years) (Male/Female) (African
American/Asian/Caucasian/
Multi-racial
37.4+95 26/19 17/1/22/5 None
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