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Abstract
The study of the chemical and biological properties of CeO2 NPs (CNPs) has expanded recently
due to its therapeutic potential, and the methods used to synthesize these materials are diverse.
Moreover, conflicting reports exists regarding the toxicity of CNP. To help resolve these
discrepancies, we must first determine whether CeO2 NPs made by different methods are similar
or different in their physiochemical and catalytic properties. In this paper, we have synthesized
several forms of CNPs using identical precursors through a wet chemical process but using
different oxidizer/reducer H2O2 (CNP1), NH4OH (CNP2) or hexamethylenetetramine (HMT-
CNP1). Physiochemical properties of these CeO2 NPs were extensively studied and found to be
different depending on the preparation methods. Unlike CNP1 and CNP2, HMT-CNP1 were
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readily taken into endothelial cells and their aggregation can be visualized using light microscopy.
Exposure to HMT-CNP1 also reduced cell viability (MTT) at a 10-fold lower concentration than
CNP1 or CNP2. Surprisingly, exposure to HMT-CNP1 led to substantial decreases in the ATP
levels. Mechanistic studies revealed that HMT-CNP1 exhibited substantial ATPase (phosphatase)
activity. Though CNP2 also exhibits ATPase activity, CNP1 lacked ATPase activity. The
difference in catalytic (ATPase) activity of different CeO2 NPs preparation may be due to
differences in their morphology and oxygen extraction energy. These results suggest the
combination of increased uptake and ATPase activity of HMT-CNP1 may underlie the
biomechanism of the toxicity of this preparation of CNPs, and may suggest ATPase activity
should be considered when synthesizing CNPs for use in biomedical applications.

Keywords
cerium oxide nanoparticles; phosphatase activity; toxicity; surface modification; nanoparticles-cell
interaction

Cerium is a rare earth metal that belongs to the Lanthanides series of the periodic table and
its derivatives are used in many industrial applications.1 Cerium in its oxide form has a
fluorite structure. However in the nanoscale regime, CeO2 NPs (CNPs) retain their fluorite
structure with oxygen deficiencies, yielding CeO2-x, with vacancies as the most likely sites
for reduction-oxidation (redox) reactions.2 This unique property of CNPs make it useful for
industrial applications including the removal of carbon monoxide (CO), hydrocarbons and
nitric oxide species (NOx) from exhaust gas.3 This property of CNPs is facilitated by the
ability of CNPs to mediate its oxidation state between 3+ and 4+. The redox potential of
CNPs favors the cycling of cerium to scavenge a variety of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) species.4–7 Moreover, at the same time the unique
oxygen buffering capacity of CNP allows the regeneration of its trivalent oxidation state (for
further scavenging of radicals) without entering into deleterious side reactions for
regeneration. The unique regenerative ability to scavenge ROS/RNS species has led to CNPs
testing as potential therapeutics in numerous biological systems to reduce potentially
harmful ROS/RNS in disease and aging. These studies include the protection of biological
tissues against radiation induced damage,8 prevention against laser induced retinal damage,9

induction of angiogenesis through modulation of oxygen,10 reduction of spinal injury,11

reduction of chronic inflammation12 and control or reduction of the growth and proliferation
of tumors and inhibition of the tumorstroma interactions.12, 13

Nanoparticles in general exhibit novel surface properties and chemistry that influence their
interaction with biological systems. For CNPs to be a realistic therapeutic, they must
undergo a careful materials and biological characterization in order to insure safety. Part of
that understanding must include a variety of synthesis processes in which the CNPs have
been created. The methods used inpreparation of CNPs are widely varied;14 this includes
creating NPs with the core CeO2 nanomaterial with different size, shape, surface
modification and stability of the nanoparticles modifications.14,15 Even when synthesizing
‘bare’ CNPs, there are numerous synthesis methods that have been employed.14, 16–18 Over
the past decades, synthesis methods for CNPs use have been extensively tested for
industrial19 and biological uses.20 These methods include hydrolysis, precipitation, thermal
deposition, combustion or flame-synthesis, sol-gel, hydrothermal or solvothermal,
microemulsion method, gas condensation, sonochemical synthesis, and electrochemical
synthesis among others.14 Several preparation processes and surface coatings have been
reported for CNPs for increasing bio-compatibility, decreased nonspecific interaction and
stabilization in biological media.21 Catalytic properties of room temperature/wet chemical
synthesis of CeO2 NPs have been well studied.4–7 The rationale for this synthesis method is
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that they seem to be less toxic22–24 and the ability to control the Ce3+/Ce4+ ratio.25 On the
other hand, hexamethylenetetramine (HMT) based synthesis of CNPs is also routinely
employed and several reports exist on toxicological properties of this preparation both in
vitro and in vivo. However, physiochemical and catalytic properties of
hexamethylenetetramine (HMT) based synthesis of CeO2 NPs26–29 were not studied as
extensively. Indeed, for CNPs to be a potential therapy for the reduction of ROS/RNS in
disease, the mechanism of action for CNPs, respective of synthesis procedure, must be well
defined. Unfortunately, the material synthesis of these studies varies significantly. Thus it
must first be determined whether CNPs made by different methods are similar or different in
their physiochemical properties. Therefore the next step is to determine the pathways that
CNPs might antagonize or augment based on their synthesis. The underlying mechanisms of
anti-oxidant or pro-oxidant properties of CNPs are now being determined by several groups.
However, the outcomes of CNP exposure can vary as much as the synthesis methods and
cell types tested.30–32 This underscores the need to fully understand the nanoparticles
physiochemical properties from different synthesis methods, possibly resulting in different
catalytic behavior(s) and their influence(s) in various biological settings (from toxicity to
therapeutics). Compared to other non-redox active nanoparticles, synthesis procedures of
CNP (redox active) need to be well controlled to ensure consistency since catalytic/chemical
properties of CNP from varying synthesis procedures may result in catalytically inactive or
pro oxidant CNPs due to potential changes in the surface chemistry of the CNPs. Other than
the CNPs antioxidant property, CNPs also exhibit phosphatase-like activity,33 yet this
activity is poorly understood and its biological relevance is not well understood.

Phosphorylation and dephosphorylation play a significant role in a wide range of important
regulatory mechanisms in mammals. Control of the addition or removal of phosphate
(PO4

3–) groups is especially important for energy maintenance, and is particularly critical
for adenosine triphosphate (ATP) which is a critical energy storage molecule. The
hydrolysis of ATP to adenosine diphosphate (ADP) releases energy (H+) and inorganic
phosphate which is then utilized in a wide range of cellular applications such as the
movement of organelles (endosomes, lysosomes, mitochondria) along microtubules as well
as muscle contractions, small molecule transport, or biosynthetic reactions driving
anabolism. Any perturbation of ATP levels can have a significant effect on cellular
physiology and metabolism, yet the ability of redox-active nanomaterials to alter ATP levels
has rarely been carried out in previous studies.

In this study we compared CNPs synthesized using wet chemical methods varying the
oxidizer/reductant (H2O2, NH4OH precipitation, and HMT-based) to begin to understand the
enigma of how CNPs can be reported to be both toxic and non-toxic when exposed to a
variety of organisms and cells in culture at similar concentrations. Based on our results, the
toxicity of HMT-CNPs may be due to differential cellular uptake and dissimilar catalytic
properties of CNPs that proceeds through a poorly understood catalytic mechanism at the
surface of the nanoparticle.

Results and Discussion
CNPs vary in size, shape, surface charge and physicochemical properties depending upon
synthesis method

Careful characterization of nanoparticle preparations used in a study is critical when
addressing catalytic properties and biological relevance. In this study we chose different
synthesis procedures for making CNP and varying the physiochemical properties. These
methods have been frequently used in the literature since it has been established that
biological properties vary depending upon the synthesis method.15 CNPs prepared using
H2O2 (CNP1), NH4OH (CNP2) or hexamethylenetetramine (HMT) (HMT-CNP1)were
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characterized thoroughly. We modified the HMT preparation method to produce
nanoparticles with varying amounts of HMT on the surface and to generate a spherical
morphology. HMT-CNP2 (higher levels of HMT) was produced by omitting the acetone
wash during the final washing stages. A spherical morphology of cerium oxide nanoparticles
(HMT-CNP3) was produced by preheating the precursor solution. High resolution -
transmission electron microscopy (HRTEM) images of all the nanoparticles are shown in
Figure 1 ((a)-CNP1; (b)-CNP2, (c)-HMT-CNP1, (d)-HMT-CNP2 and (e)-HMT-CNP3)).
Selected areas diffraction pattern (SEAD) confirmed the crystalline property of all the
nanoparticles (Supplementary Figure S1). In general, CNP1 & CNP2 are smaller and
rounder than the HMT-CNPs which display a sharp, angular shape. This demonstrates that
depending upon synthesis method and the differing conditions during synthesis (see
Materials and Methods) nanoparticles of the same cerium oxide composition (CeO2) can be
very different morphologically yet the biological relevance of these differences is poorly
understood.

CNPs in general exhibit novel surface properties and change in nanoparticle morphology
and surface properties due to different synthesis conditions, media and process can affect
their interaction with biological systems. Table 1 contains a chart outlining the physico-
chemical characteristics of all CNPs used throughout this study. The details of the synthesis
are described in the methods section. Distribution of the hydrodynamic radius of individual
particles is shown in Supplementary Figure S2a–e. Surface charge differences of CNPs
(CNP1 and CNP2) and HMT CNPs were also estimated in dH2O suspension. Additionally,
Supplementary Table S1 contains data of the size and zeta potential of the various CNPs
when in culture media for 4 or 24 hours. CNP’s dispersed in culture media showed a slight
increase in size as compared to water and zeta potential values changed from positive to
slightly negative. The surface oxidation state (Ce3+/Ce4+ ratio) of the CNPs preparations
were calculated from x-ray photoelectron spectroscopy (XPS) data as described
previously.34 The intensity of peaks at 880.8, 885.8, 899.3 and 903.5 eV corresponding to
the cerium (III) oxidation state and intensity of peaks at 881.9, 888.4, 897.9, 901.2, 906.8
and 916.3 eV corresponding to the cerium (IV) were determined and ratios calculated.
Deconvoluted XPS spectra for all nanoparticles used in this study are shown in
Supplementary Figure S3a–e. Fourier transform infrared spectroscopy (FTIR) spectra of
hexamethyltetramine (HMT) and HMT-CNP1 revealed residual HMT on the surface of the
HMT-CNP1 as compared with CNP1 (Supplementary Figure S4). The level of the organic
was determined to contain HMT and was estimated by calculating differential scanning
calorimetry - thermogravimetric analysis (DSC-TGA) by the percentage of weight loss.35

TGA plots of thermal decomposition of HMT present on the surface of the HMT-CNPs is
shown in Supplementary Figure S5a–c which confirmed the amount of HMT/organic
contaminate on the surface of the nanoparticles. Moreover, XPS spectra of Nitrogen 1s (N
1s) of HMT-CNP1 also confirms presence of HMT on the surface of the nanoparticles.
Interestingly, a shift in peak position of N 1s was observed for HMT-CNP1 (399.05 eV)
compared to pure HMT (399.15 eV) (Supplementary Figure S6). The shift in peak position
may be due to an interaction of HMT nitrogen with surface of the CNP1.

CNP1 and CNP2 were crystalline and due to their nanometer length scale, oxygen defects at
the surface are present that yield reactive sites.1 Within these sites, CNPs have the ability to
interchange between the 3+ and 4+ oxidation states.5 Two different CNPs exhibiting mixed
Ce3+/Ce4+valence states were synthesized.25 CNPs with a higher 3+/4+ ratio of
approximately 1.28 (CNP1) exhibits efficient superoxide dismutase (SOD) activity5, 6 when
compared to CeO2 NPs with lower 3+/4+ ratio of approximately 0.37 (CNP2). It should be
noted that CeO2 NPs with a lower 3+/4+ ratio (CNP2) exhibit increased catalase mimetic
activity7 as well as the ability to effectively scavenge soluble nitric oxide (·NO).4 HMT-
based CNPs (HMT-CNP1, HMT-CNP2 or HMT-CNP3) contained lower 3+/4+ ratios
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measuring 0.37, 0.36, 0.32 respectively, very similar to CNP2, however without having any
catalytic natures towards superoxide, hydrogen peroxide or ·NO (Supplementary Figure S15
a–e). HMT-CNP1 and HMT-CNP3 as synthesized contained very similar concentrations of
HMT, 1.68 % and 1.78 % HMT respectively, however they differ in their shape with HMT-
CNP1 morphology as polygonal and HMT-CNP3 morphology as round (Figure 1). HMT-
CNP1 (1.68%) differed from HMT-CNP2 (8.16%) in the amount of HMT present on the
surface of the nanoparticles. In addition, the mean hydrodynamic ratios of all three HMT-
CNP’s were increased when compared to CNP1 or CNP2.

Nanoparticles have high surface area to volume ratios and the physical properties of a
nanoparticle can be dominated by the nature of the nanoparticle surface.36 Particle size and
surface area are important features when considering in vivo nano-bio reactivity.37 High
surface areas can also increase surface reactivity leading to catalytic activities that can be
both beneficial and detrimental to cells.15 The surface areas, as determined by BET, closely
ranged between 71 and 118 m2/g and it appeared that the presence of HMT had no dramatic
influence on surface area.

HMT-based nanoparticles are more toxic than CNP1 or CNP2
The rapid development of CNPs for various potential applications in the field of
nanomedicine has led to numerous studies evaluating CNP toxicity or biocompatibility. We
employed the primary cell type Human Umbilical Vein Endothelial Cells (HUVECs) as a
biological model to test toxicity in the context of human tissue. To investigate whether
different particles made using different synthesis methods can effect overt toxicity, HUVEC
cells were exposed to increasing CNP concentrations (0, 0.02, 0.08, 0.86, 8.6, 17 µg/mL) for
48 h (Figure 2). It should be noted that the HMT-CNPs were extensively washed during
synthesis to avoid adsorption of background molecules of HMT onto the NPs so to prevent
the residual HMT from affecting the NPs surface chemistry or be present in the aqueous
portion of the samples (See Materials & Methods). We observed a reduced toxicity for
CNP1, as previously reported11 (Figure 2a) with similar observations for CNP2 (Figure 2b).
Even at the highest concentrations (17 µg/mL), CNP1 and CNP2 only had modest effects on
cell viability (20 %) whereas HMT-CNP1 showed a greater reduction in cell viability (30
%). However, at a ten-fold lower concentration (0.86 µg/mL) the HMT-CNP1 begin to
exhibit a derogatory effect whereas the water-based, CNP1 and CNP2 did not (Figure 2c).
To address whether the HMT concentration was responsible for the deceased cell viability,
HMT-CNP2s which contain 8.16 % HMT (Figure 2d) were also tested and MTT results are
similar to HMT-CNP1 (Figure 2c).

Sharp edges and corners present in the nanoparticles crystal structure may cause mechanical
damage to the cell membrane which might also play a role in mediating toxicity to cells/
living organism.38 HMT-CNP1 have a polygonal shape and thus sharp edges. Therefore, to
address if shape of the nanoparticle was a factor in toxicity, HMT-CNP3 containing similar
concentration of HMT as HMT-CNP1 however having a rounder appearance (Figure 1e),
similar to CNP1 and CNP2 (Figure 1a and 1b), were tested. MTT results for HMT-CNP3
(Figure 2e) were again similar to HMT-CNP1 strongly suggesting that increasing HMT
concentration or shape did not play a role in the decreased HUVEC viability of HMT-CNP1
when compared to wet chemical based CNPs, CNP1 and CNP2. Additionally, all three
HMT-CNPs started to show decreased cell viability at 0.86 µg/mL concentration whereas
neither of the wet chemical based CNPs exhibit any toxicity at the 0.86 µg/mL
concentration. To rule out that decreased cell viability was due solely to the presence of the
HMT solvent, we tested the higher concentrations of HMT solvent only and found no
toxicity to be attributed to the presence of the solvent alone (Figure 2f). The MTT assay
relies upon metabolically active cells to reduce the MTT dye. The cell’s source of energy is
supplied by adenosine-5'-triphosphate (ATP) and is produced in mitochondria (via oxidative
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phosphorylation) or by glycolysis (which take place in the cytoplasm). HUVECs are a
primary cell line that primarily uses oxidative phosphorylation to acquire its energy. This led
us to determine if intercellular ATP levels of HUVECs exposed to various preparations of
CNPs were affected.

Exposure to HMT-CNP leads to decreases in intercellular ATP levels
To determine a possible mechanism linking exposure to HMT-CNPs and reduced HUVEC
viability, we treated HUVECs with increasing CNP concentrations (0, 0.02, 0.08, 0.86, 8.6,
17 µg/mL) and measured ATP levels in cell lysates at 48 h as an alternative to MTT
reduction. At the higher exposure concentrations (17 µg/mL), both CNP1 (Figure 3a) and
CNP2 (Figure 3b) had diminished ATP levels (70-68%, respectively) as compared to
controls. However, HMT-CNP1 treated cells showed dramatically reduced ATP levels at a
twenty-fold lower exposure of 0.86 µg/mL (42 %) Figure 3c). We found similar decreases at
the 0.86 µg/mL concentrations using HMT-CNP2 (Figure 3d) and HMT-CNP3 (Figure 3e).
Similar to our MTT results, HMT solvent alone had no effect on ATP concentration (Figure
3f). Thus exposure to HMT-CNPs at lower doses resulted in a significant reduction in ATP
levels than CNP1 or CNP2 exposure.

HMT-CNP1 aggregate in exposed HUVEC cells
CNPs are readily internalized by cells due to their small size. Since the HMT-CNPs all had
similar toxicities (Figures 2 & 3) as well as phosphatase activities (to be discussed later in
paper (Supplementary Figure S11c)) we chose to use HMT-CNP1 for additional in depth
comparisons with CNP1 and CNP2. Untreated HUVECs as well as CNP1 and CNP2 (8.6
µg/mL) treated HUVECs exhibited no visible morphological changes (Figure 4a – c).
Strikingly, HUVECs treated with HMT-CNP1 at the same concentration exhibited visible
changes in morphology with live-cell imaging using 40× objective (Figure 4d). The ability
to see nanoparticles using unaided microscopy techniques is uncommon. In the study by
Yokel, et. al., similar CeO2 NP agglomerations were seen in light microscope images of
spleen of rats treated with 250 mg/kg CeO2 NPs after only 1 hour.39 These intracellular
accumulations led us to probe further the biological interaction of our CeO2 NPs with
HUVECs.

Confocal laser scanning microscopy (CLSM) images reveal perinuclear aggregation of
HMT-CNP in HUVECs

It has been reported that CNPs dispersed directly into culture media may form aggregates
after internalization into cells.40 To confirm whether the dense granules visualized by bright
field microscopy were actually HMT-CNP1 aggregates within the cell and not simply
associated outside the cells, HUVECs were treated for 24 h with nanoparticles, washed
repeatedly, trypsinized and seeded onto glass coverslips for 4 h (to allow for cell attachment)
before fixation. Using immunocytochemistry we labeled the plasma membranes of HUVECs
with wheat germ agglutinin (WGA) with fluorescein conjugate and took simultaneous
fluorescent and bright field imaging using confocal microscopy. Untreated, CNP1 and CNP2
(8.6 µg/mL) treated HUVECs under bright field and merged channels show no evidence of
nanoparticle aggregation (Figure 5a & b). By contrast, HUVECs treated with HMT-CNP1
(8.6 µg/mL) showed a robust increase in agglomerated, granular material in both the bright
field and merged channels (Figure 5d). This aggregation becomes even more evident in
HUVECs treated with a higher concentration of HMT-CNP1 (86 µg/mL) (Supplementary
Figure S7) and at this concentration the nuclei are condensed indicating cells are dying or
dead after only 24 h of treatment. Cell death is corroborated by MTT and ATP assays using
the 86 µg/mL concentration (Supplemental Figure S8a & d). Notably, CLSM strongly
suggested that the apparent dense granules were in fact intracellular HMT-CNP1s and their
subcellular location was peri-nuclear. The subcellular localization is in agreement with
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previous studies testing CNPs using in vitro cell culture models.41 To explore the toxicity
and drop in ATP concentrations by HMT-CNP1 further, we considered that the intercellular
location of the HMT-CNP1 may play a role in their toxic nature. The wheat germ agglutinin
(WGA) antibody used in Figure 5 and Supplementary Figure S7 specifically labels
glycoproteins in plasma membranes as well the ER and Golgi – the location in the cells
where sugars are incorporated into proteins in cells- in all cell images. We found the HMT-
CNP1 aggregated in a peri-nuclear location aligning with the endoplasmic reticulum (ER) as
visualized by WGA antibody. To further establish intercellular localization and in order to
better visualize the HMT-CNP1, a fluorescent probe was conjugated to the HMT-CNP1
(FL-HMT-CNP1) and their subcellular localization determined with respect to mitochondria
and lysosomes (Supplementary Figure S9). FL-HMT-CNP1 treated HUVEC cells were
labeled with Mitotracker®. It did not appear that FL-HMT-CNP1 co-localize with
mitochondria based on the merged image (Supplementary Figure S9b) suggesting the drop
in ATP levels were not necessarily due to a direct interaction with mitochondria or proteins
present in the electron transport chain including ATPases. Nanoparticles as well as most
macromolecules are taken up in cells by the endosomal/lysosomal pathway. To determine if
FL-HMT-CNP1 co-localized with lysosomes, HUVEC cells were labeled with Lysotracker®

and a portion of the FL-HMT-CNP1 were found to co-localize with lysosomes
(Supplementary Figure S9c). Together, these confocal studies demonstrate that the HMT-
CNP1/FL-HMT-CNP1 appear to be located in the perinuclear region aligning with the ER
and co-localizing mainly with lysosomes. Though the FL-HMT-CNP1 did not co-localize
with mitochondria, mitochondria and ER are intimately connected and both play an essential
role in cellular Ca2+ homeostasis.42 It is possible a portion of the toxicity and drop in ATP
concentrations is due to the aggregation of HMT-CNP1 and their cellular location, yet the
decreases in ATP levels are likely due to the observed phosphatase activity given the
localization of the particles.

HMT-CNP1 are transported into HUVECs more efficiently than water based cerium oxide
nanoparticles

Uptake of nanomaterial varies vastly between materials tested and cell types.43, 44 Based
upon the morphological changes in HUVECs treated with HMT-CNP1 easily seen by light
microscopy, we incubated HUVECs with increasing concentrations (0, 1.7, 8.6, 17, 86 µg/
mL) of CNP1, CNP2 and HMT-CNP1 and harvested cells after 24 h. We used inductively
coupled plasma mass spectrometry (ICP-MS) to determine the concentration of cerium
inside the cells. Interestingly, CNP2 uptake was more efficient than CNP1 uptake and
cellular uptake of HMT-CNP1 was greatly increased in HUVECs at every concentration
tested (Figure 6). Detection of NPs at a concentration of 1.7 µg/mL by ICP-MS was nominal
but our biological data (Figures 2 and 3) clearly demonstrates there is an effect in cell
viability and ATP concentrations at 0.86 µg/mL for HMT-CNP1. This discrepancy may be
due to the detectable limit of ICP-MS. When comparing the ATP levels, MTT assay data
(Figures 2, 3 and Supplementary S8) and the uptake analysis, it is clear that at exposure to
relatively low levels of HMT-CNP are impacting energy metabolism. If ATP hydrolysis is
indeed occurring, the mitochondrial enzyme activity is possibly tryng to compensate in order
to maintain sufficient ATP for cellular function. This likely explains why the MTT assay
and ATP levels are not in complete agreement when assumed to reflect cell viability.
Furthermore this is precisely why we followed the NPs using multiple methods in terms of
subcellular localization (Figures 4, 5 and Supplementary S9). The zeta potentials of CNP1,
CNP2 and HMT-CNP1 were very similar (~ −10) (Supplementary Table S1) therefore
surface charge is not likely a major influence on the interaction of the particles with the
cells. Thus the HMT contamination on the surface of the HMT-CNP1 might play an
important role in increased cellular internalization as compared to CNP2 and CNP1. Taken
together, this clearly shows that HMT-CNP1s are readily internalized by HUVEC cells and
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this could be a contributing factor as to the toxicity previously observed in a Caenorhabditis
elegans model29 as well as their exhibiting an oxidant induced change in gene expression
effect in a mouse neuronal model.45 We tested CNP1 and HMT-CNP1 in a comparable
model system, Drosophila melanogaster and found that CNP1 were not toxic and HMT-
CNP1 NPs were only marginally toxic at a concentration of 86 µg/mL (Supplementary
Figure S10) when fed to larvae. Though it is not practical to test the catalytic activity or size
distribution in the Jazz® mix fly food, the nanoparticles were sonicated prior to addition to
the food and particle size gradient distribution46 allows for many sized particles and
minimizes possible agglomeration effect of particles preventing uptake by the feeding
larvae. However, these effects, if present, would be shared equally between all samples
tested. Thus, uptake must be taken under consideration when determining toxicity as well as
inherent differences in model systems, in our case in vitro cell culture toxicity vs whole
animal marginal toxicity. Our ICP-MS data shows that the CNP2 are also readily taken up
by HUVEC cells compared to CNP1, especially at higher concentrations, and yet they have
not shown toxicity when compared to HMT-CNP1 in HUVECs. It should be noted that
CNP2 exhibit catalase mimetic activity and scavenge ·NO4, 7 and therefore these catalytic
activities could be at the basis for their lack of toxicity.47

CNPs with increased surface 4+ character exhibit phosphatase and ATPase activity
Phosphorylation and dephosphorylation play significant roles in cell signaling, energy
transfer and utilization within cells. Phosphate ester hydrolysis of biological molecules by
CNPs would have important implications in their potential toxicity. In order to test any
potential phosphatase activity of CNPs and HMT-CNPs, we first used p-nitrophenyl
phosphate (pNPP) as a screening substrate.33 This assay uses an artificial chromogenic
substrate that is readily hydrolysed by phosphatases and allowed us to detect any potential
phosphatase mimetic activity. We found that CNP2 as well as HMT-CNP1 were able to
dephosphorylate pNPP whereas CNP1 did not (Supplementary Figure S11a). These results
agreed with previous observations for ceria33 and our initial results strongly suggested that
CNPs with increased 4+ shared a similar catalytic activity. In order to corroborate the
phosphatase mimetic activity and possibly explain the mechanism of cell death, we used
ATP as the substrate and looked at free phosphate production using two different assays.
Our results show again that CNP1 did not act as a phosphatase using ATP for the substrate
(Supplementary Figure S12). SiO2 NPs, a metal oxide NP of similar size was used as a
negative control and also did not cause the release of phosphate (Supplementary Figure
S11a–c). However, CNP2 and HMT-CNP1 did release phosphate from ATP with CNP2
showing a robust activity (Supplementary Figure 11b). To obtain quantitative information
on the effect of CNP2 and HMT-CNP1, we determined the apparent Km. Experimentally,
we followed the kinetics of Pi released in a continuous reaction and determined the initial
rates of free phosphate release from 34 µg/mL NPs in the presence of increasing
concentrations of ATP (Figure 7a–d). The apparent Km for HMT-CNP1 was 39.9 ± 8.2 µM.
CNP2 were efficient phosphatases at lower substrate concentrations, however, when
approaching physiological concentrations of ATP, CNP2s reached saturation and rates
declined (Figure 7a). The CNP2 apparent Km was determined to be 48.4 ± 10.6 µM. We
compared the kinetic behavior of CeO2 NPs with an established, physiologically relevant
ATPase, dynein ATPase which has reported Km of 20 µM.48 We chose to compare to a
motor protein since they have multiple active sites,49 which is similar to nanoparticles
having numerous oxygen vacancies for reactions to occur. In addition, dynein ATPase is
located in the cytoplasm, along the same location as we saw the aggregation of HMT-CNP1
NPs (Figures 4 and 5). However, CNPs differ from dynein ATPase in terms of turnover rate.
Dynein APTase Vmax is 0.22 µM/s48, however the Vmax values for CNP1 and HMT-CNP1
were 0.017 nmol/min and 0.024 nmol/min (respectively).
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Finally, to simulate the potential phosphatase activity of CNPs in cell culture, we measured
pNPP hydrolysis in the presence of increasing amounts of fetal bovine serum (FBS).
Nanoparticles in cells come into contact with various proteins and other molecules
potentially forming a corona which is dynamic and is affected by particle material, size and
surface properties.50 In some cases the corona may lead to newly acquired nanoparticle
properties.37 Supplementary Figure S13 clearly demonstrates that CNP2 phosphatase
activity diminishes with increasing concentrations of FBS whereas HMT-CNP1 phosphatase
activity was not affected, even in the presence of up to 10 % FBS. Collectively, these results
suggest that CNPs with increased level of 4+, regardless of their synthesis method, are
competent phosphatases. They were able to hydrolyze various substrates including pNPP
(Supplementary Figure S9a,c), ATP (Supplementary Figure S9b and Figure 8) and GTP
(data not shown). Furthermore, shape (HMT-CNP2) and increased HMT concentration on
the surface (HMT-NP3) were able to similarly hydrolyzed ATP when compared to HMT-
CNP1 (Supplemental Figure S9c). However, HMT-CNP1 is more readily taken up by cells
so the concentration of the catalyst is higher in cells than those exposed to CNP2.
Additionally, the difference in phosphatase activity might be due to decreased surface area
of the HMT-CNP1 (10–12 nm) as compared to CNP2 (3–5 nm) as well as HMT-CNP1’s
phosphatase activity is not affected by increasing concentrations of FBS. This suggests the
protein-HMT nanoparticle corona appears to be less detrimental to their phosphatase activity
as compared to the protein-CNP2 corona leading to a decreased level of CNP2 phosphatase
activity. Presence of HMT molecules on the surface of the nanoparticles may also interfere
with the interaction of ATP with CNP surface, which may also be one of the causes of
decreased phosphatase activity of CNP-HMT-1 as compared to CNP2. Further to find out if
oxygen vacancy on the surface of the nanoparticles may play a role in phosphatase activity,
we estimated the oxygen vacancies using Raman Spectroscopy. Differences in surface
oxygen vacancies of HMT-CNP1 and CNP2 were observed (Supplementary Figure S14). In
particular both CNP2 and HMT CNP1 has similar Ce3+/Ce4+ oxidation state ratios however
oxygen vacancy of CNP2 was found to be 2.49 ± 0.13× 1021 and 3.59 ± 0.25 × 1021 for
HMT CNP2. Micro ceria were included as references, vacancy calculation showed less
oxygen vacancy (1.16× 1021) as compared to nano sized particles. Therefore decreasing
oxygen vacancies might also play a role in increasing the phosphatase activity of the
nanoparticles. This can be explained by Scheme 1. Possible correlation of oxygen vacancy
with catalytic property of the nanoparticles might be explained in terms of water dissociation
and availability of −OH group on the surface of the nanoparticles. Oxygen vacancy strongly
coordinates with -OH group and decreased the availability of −OH on the surface51 which in
turn decreases the phosphatase activity of the nanoparticles.

Synthesis method determines surface catalytic character of CNPs
Having identified ATPase as a critical catalytic character for HMT-CNPs in terms of
toxicity, we tested these preparations of CNPs to assess the effect of synthesis on their
catalytic activity at a broader level. To evaluate the potential catalytic activities we tested
HMT-CNP1s for their ability to scavenge ·NO or to act as SOD or catalase mimetics. Unlike
CNP1 or CNP2, HMT-CNP1s did not show any reactivity towards ·NO (Supplementary
Figure S15a), superoxide (Supplementary Figure S15b), and hydrogen peroxide
(Supplementary Figure S15c).

Reduction of Ce4+ to Ce3+ causes oxygen vacancies or defects on the surface of the
crystalline lattice structure of the particles, generating a cage for redox reactions to occur.52

It has been established that the specificity of some of the catalytic activities depend upon the
ratio of Ce3+/Ce4+.4, 53 Table 2 highlights how the wet chemical synthesis method of CNPs
without HMT leads to unique physical and chemical/catalytic characteristics that are not
found in CNPs synthesized by the HMT-based method. In addition, these catalytic activities
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seem to correlate with the 3+/4+ ratio, specifically NPs with more Ce4+ displaying
phosphatase activity. This reiterates the need for the careful characterization of nanoparticle
preparations and a thorough understanding of their catalytic activities. These findings
support previous publications showing toxicity of HMT-CNP based CeO2 NPs.29, 45

Correlation of nanoparticle morphology with reactivity
To help understand and interpret the different catalytic activities of CNP2 and CNP-HMT1
(both having similar Ce3+/Ce4+ ratio), molecular dynamics (MD) simulation was used to
generate full atomistic models of CNPs with different morphologies. The models were then
used to interrogate their surface activity to enable a morphology-activity correlation. This
information will help reveal whether the morphology of CNP can influence their chemical
activity -specifically how the morphology might influence the ease of liberating oxygen
from the surface of the nanoparticle.

Experimental fabrication of CNPs typically involves a crystallisation step during synthesis.
Simulated amorphisation and crystallisation was used to generate full atomistic models for
CNP’s. The atomistic structures of two CNP’s, with different morphologies, are shown in
Figure 8. The first nanoparticle (Figure 8 a,b) exhibits a polyhedral morphology and exposes
predominantly {111} surfaces together with a small amount of {100}. Conversely, the
second CNP (Figure 8 c,d) appears more spherical and exposes at the surface a greater
proportion of {100} compared to {111} surfaces. The nanoparticle with polyhedral
morphology (Figure 8 a,b) is therefore a model representative of HMT-CNP1 and the
pseudo-spherical nanoparticle (Figure 9 c,d) is a model representative of CNP2.

A comparison between the calculated activity ‘fingerprints’, Figure 8 b and d, for the
polyhedral (HMT-CNP1) and spherical morphologies (CNP2) respectively, reveals the
‘spherical’ morphology/CNP2, Figure 8 d, is more active towards surface oxygen release
compared to the CNP with polyhedral morphology/HMT-CNP1, Figure 8 b, which further
supports our experimental, catalase and phosphatase activity observations of CNP2 and
HMT CNP1. In particular, the {111} surfaces are predicted to be less active towards oxygen
release from the surface compared to {100} surfaces. The simulations therefore predict that
the morphology of CNP’s can influence significantly their surface activity - specifically
their ability to liberate oxygen from the surface.

Conclusion
The toxicology and surface reactivity of CeO2 nanoparticles synthesized by two different
methods were compared in this work in order to elucidate the mechanisms behind the varied
observations with biological models in the current literature. In this study we showed that
HMT-CNP1 are readily taken up by HUVECs and their aggregation was visible using
conventional light microscopy techniques (Figures 5 and 6). An increase in the uptake of
HMT-CNP1 certainly could have a negative effect on a HUVEC cell’s metabolism along
with their perinuclear aggregation. Compared to CNP2, enhanced cellular internalization of
HMT-CNP1 may indicate residual surface HMT promotes cellular interaction and
internalization of CNPs. However, the CNP2 are also taken up but do not aggregate (Figures
5 & 6), and the internalization is approximately one third as compared to HMT-CNP. The
reduced, relative toxicity by CNP2 may be explained in terms of lower cellular
internalization as compared to HMT CNP1 (Figure 7) as well as CNP2 are catalase
mimetics 7 and scavenge soluble ·NO.4

Herein, we have demonstrated that synthesis methods of CNPs can further affect surface
properties. For non-redox active nanoparticles, varying the synthesis procedure may not
have a substantial effect but our data demonstrates that it is not the case when dealing with
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redox active nanomaterials. A slight change in physico-chemical properties (Figure 2) can
give you a vast difference in the redox properties of the nanomaterials (Table 2). Kuchma et.
al. report that the phosphatase activity appears to be dependent upon the Cerium(III) sites.33

It is possible that the ATPase activity seen in the CNP2 and HMT-CNP1 may be due to a
nucleophile attraction of the Ce3+ and the terminal phosphate on an ATP molecule.
Paradoxically, CNP1, which have more vacancies on the surface are not phosphatase
mimetics. Moreover, simulation results reveled that morphology has also influence on
nanoparticle reactivity, which may explain the lower phosphatase activity of HMT-CNP 1 as
compared to CNP 2, while they have similar Ce3+/Ce4+ ratios on the surface. Moreover,
higher oxygen vacancy/decreased availability of -OH on the surface of HMT-CNP1
potentially make them less reactive towards phosphatase activity.

Although most of the focus of CeO2 NP research has been on the ability of these materials to
reduce reactive oxygen and nitrogen species in biological systems,54 there are reports that
claim that nanoceria are toxic. Unfortunately, the material synthesis methods used are not
always clearly reported and it is likely that these observed toxicities are due to different
physiochemical properties and unwanted surface modification. The CNPs synthesized in
HMT resulted in different surface chemistry which resulted in different catalytic activities
than the CNPs synthesized without HMT. The increased uptake and phosphatase/ATPase
activity of HMT-CNP1 may underlie their toxicity. With the recent burgeoning growth of
the use of CNPs as potential therapeutics, synthesis method and surface chemistries must be
emphasized.

Materials and Methods
Preparation of different cerium oxide nanoparticles

In this study several CNPs were prepared with varying surface oxidation state, surface
modification, and morphology. Cerium nitrate hexahydrate (99.999% pure from Sigma
Aldrich, St. Louis, MO) was used as a precursor for all of the preparations. Cerium oxide
nanoparticles with a higher Ce3+/Ce4+ ratio (CNP1) or with lower Ce3+/Ce4+ ratio (CNP 2)
were prepared using wet chemical method as described previously.55 Briefly, precursor
dissolved in distilled water (dH2O) and stoichiometric H2O2 (CNP1) or NH4OH (CNP2)
was added to the precursor solution. After addition of H2O2 (CNP1) or NH4OH (CNP2)
solutions were mixed properly. NH4OH preparation was washed four times with ddH2O and
resuspended in same volume of water. pH of the both nanoparticles suspensions were then
adjusted to 3 to get stable suspensions. Surface modified cerium oxide nanoparticles were
prepared using hexamethylenetetramine (HMT).56 Briefly, equal volumes of 37.5 mM
cerium nitrate solution and 0.5 M HMT were mixed together and stirred for 24 h at room
temperature. Cerium oxide nanoparticles prepared using HMT were washed with either
ethanol and acetone or dH2O for three times and finally resuspended in dH2O. It is
important to mention that after washing with ethanol and acetone, CNP-HMT1 was washed
with dH2O (three times) to remove any trace amount of solvent (ethanol or acetone) before
resuspending in dH2O. Cerium oxide nanoparticles washed with ethanol and acetone to
remove the maximum amount of HMT were designated as CNP-HMT1. CNPs washed with
only dH2O were designated as HMT-CNP2. Different morphologies of CNP-HMT3 were
prepared by preheating both the solutions (37.5 mM cerium nitrate precursor and 0.5 M
HMT) at 60° C and then equal volumes of the solutions were mixed and stirred for 4 h.
CNPs formed were then washed with ethanol and acetone for three times and finally with
dH2O to remove the solvent before resuspending in dH2O. All the nanoparticles were aged
for same amount of time (six weeks) before start the biological and catalytic experiment.
Moreover, all the nanoparticles were stored at in room temperature and glass container to
ensure similar storage condition and minimize any external influence. All the nanoparticles
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used in different reactions were characterized thoroughly after six week of ageing and to
ensure stable water dispersed nanoparticles.

Preparation of Fluorescence Conjugated HMT-CNP1
HMT ceria was partially coated with (3-amino) propyl trimethoxysilane. 1:0.1 molar ratio of
HMT CeO2:Silane was used for partial coating or amine functionalization and reaction were
carried in Tolune. Excess silane was removed by washing. Then anime functionalized HMT
CNP was conjugated to NHS-fluorescein using N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) chemistry.57 Free fluorescence
molecules were removed by washing with distilled water.

Physico-Chemical Properties of Cerium Oxide Nanoparticles (CeO2)
High resolution transmission electron microscopy (HRTEM) was used to analyze size and
morphology of the nanoparticles. Hydrodynamic radius and surface charge of the
nanoparticles were estimated using Zetasizer (Nano-ZS from Malvern Instruments, Houston,
TX). X-Ray photoelectron spectroscopy (5400 PHI ESCA) was used to determine the
surface oxidation state of the nanoparticles. Mg-Ka X-radiation (1253.6 eV) and 350 W
power was used during the data collection as previously described.55 Fourier transform
infrared (FTIR) spectra were collected to confirm the presence of any HMT molecule on the
nanoparticle surface using a PerkinElmer Spectrum IR Spectrophotometer (Waltham, MA).
The amount of HMT that remains on the surface of the nanoparticles was determined with
differential scanning calorimetry and thermogravimetric analysis (DSC-TGA) using a TA
Instruments SDT-Q600 (New Castle, DE), with open alumina pans under 100 mL/min air
flow. Particle size analysis was also carried out by measuring the specific surface area (m2/
g) using the Brunauer, Emmett, and Teller (BET) method with a Quantachrome Nova 4200e
surface area analyzer (Boynton Beach, FL).

Cultivation of HUVECs
Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza Walkerville, Inc.,
Walkersville, MD) were maintained at 37° C in a humidified atmosphere containing 5 %
CO2 in endothelial basal medium (EBM) (Lonza Walkerville, Inc., Walkersville, MD)
supplemented with 2 % fetal bovine serum (FBS). Only cells from passages 3–6 were used
in experiments.

Cell viability MTT assay
HUVECs were cultured in 96-well plates and exposed to CNPs for 48 h followed by
addition of thiazoyl blue tetrazolium bromide (MTT) (Amresco, Solon, OH) (1.2 mM) as
previously described.58 Cell viability was determined by dividing the absorbance of treated
samples to untreated controls and reported as a percentage of control cells. Results were
collected from at least three independent experiments and are expressed as mean ± standard
deviation (s.d.). Statistical analysis of two populations was compared using two-tailed non-
paired Student’s t test.

Analysis of intracellular ATP levels
HUVECs were cultured in opaque-walled 96-well plates and treated with CNPs for 48 h.
Plates were equilibrated to room temperature and cells were lysed according to manufacturer
instructions. CellTiter-Glo® Reagent was added and plates were incubated for 10 min to
stabilize the luminescent signal. Luminescence was then recorded with a Varian Cary
Eclipse fluorescence spectrophotometer (Palo Alto, CA) using 1 second integration time per
well. Results were collected from at least three or more independent experiments and are
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expressed as mean ± standard deviation (s.d.). Statistical analysis of two populations was
compared using two-tailed non-paired Student’s t test.

ICP-MS uptake of CNPs studies
HUVEC culture monolayers were incubated for 24 h with nanoparticles. Cells were washed
two-times to remove extracellular nanoparticles and then collected by typsination and
washed with PBS again to remove excess media and particles that could be adsorbed on the
surface of the cells. Cells exposed to CNPs were analyzed for their cerium content using a
Thermo Electron X-Series inductively coupled plasma mass spectrometer (ICP-MS, Thermo
Scientific, Pittsburgh, PA) following APHA method 3125B to determine the amount of
CNPs taken up by the cells.

Live cell imaging of HUVECs exposed to CNPs
HUVECs were cultured on Lab-Tek®II chambered coverglass (NUNC, Rochester, NY)
slides in phenol red-free EBM (Lonza, Walkersville, MD) supplemented with 2 % FBS.
Cells were exposed to various preparations of CeO2 NPs for 36 h. To visualize nuclei,
Hoechst 33342 dye (Molecular Probes, Invitrogen, Eugene, OR) (1µg/mL) was added to the
medium for 10 min at 37° C in a humidified 5 % CO2 incubator. Dye was removed and
replaced with pre-warmed medium. Chamber slides with cultured HUVECs were examined
under phase-contrast 40× air objective on a Nikon Eclipse Ti fluorescence microscope
(Model # 602542, Melville, NY USA) and images acquired at 37° C in a humidified 5 %
CO2 atmosphere.

Confocal microscopy
HUVECs were exposed to nanoparticles for 24 h and subsequently washed, trypsinized and
seeded onto glass coverslips for 4 h (to allow for cell attachment). Cells were then fixed in 4
% formaldehyde for 20 min at RT. Cells were washed two times in PBS and then labeled
with wheat germ agglutinin (WGA), Alexa Fluor® 488 (Molecular Probes, Invitrogen,
Eugene, OR) (5 µg/mL) for identification of plasma membranes (green channel, excitation
405nm/emission 498) and Hoechst 33342 for identification of nuclei (blue channel,
excitation 405/emission 428). Cells were washed and mounted in anti-fade mounting media
(Calbiochem, St. Louis, MO) and slides cured 24h at RT. Slides were stored at 4° C until
simultaneous confocal and bright field imaging by Leica TCS SP5 laser scanning confocal
microscope (Buffalo Grove, IL) with 40×/1.25 oil objective lens.

Phosphatase mimetic assay
To measure the phosphatase activity of various CNPs, 1.2 mM of p-nitrophenyl phosphate
(pNPP) (New England BioLabs Inc., Ipswich, MA) was incubated in a 96-well plate in the
presence of various concentrations of CNPs (4.3, 8.6, 17, 34 µg/mL) in a total volume of 200
µL H2O. The ability of CNPs to catalyze the hydrolysis of pNPP to p-nitrophenyl was
measured by following the increasing absorbance (405 nm) every minute for 20 min using a
Spectramax 190 UV-visible spectrophotometer (Molecular Devices, Sunnyvale, CA).

ATPase activity assays
The concentration of inorganic phosphate liberated by various preparations of CNPs was
determined using a malachite green assay (R&D Systems, Minneapolis, MN). Nanoparticles
(34 µg/mL) were added to ATP or GTP (Sigma Aldrich St. Louis, MO) (34 µg/mL) at
various time points (0, 30 sec, 1 min, 2 min, 4 min, 6 min, 8 min ,10 min) at room
temperature in 50 mM Tris buffer at pH 8.0. A phosphate standard curve was generated to
enable quantitative determination of phosphate. The Malachite Green solutions were added
to each well and the absorbance (620 nm) was determined using a Spectramax 190 UV-
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visible spectrophotometer (Molecular Devices, Sunnyvale, CA) after a 20 min incubation to
stabilize the dye/PO4 complex.

The concentration of inorganic phosphate liberated by various preparations of CNPs was
also determined using the EnzCheck Phosphate Assay (Invitrogen, Grand Island, NY USA).
The EnzCheck phosphate reaction is a fast, quantitative enzymatically linked assay in which
in the presence of Pi the substrate 2-amino-6-mercapto-7-methylpurine riboside (MESG) is
converted enzymatically by purine nucleoside phosphorylase (PNP) to ribose 1-phosphate
and 2-amino-6-mercapto-7-methyl purine. The conversion of MESG can be followed by the
increase in absorbance at 360 nm. Nanoparticles (34 µg/mL) were added to varying
concentrations of ATP (Sigma Aldrich St. Louis, MO) and phosphate release followed every
30 sec for 30 min at 360 nm using a Spectramax 190 UV-visible spectrophotometer
(Molecular Devices, Sunnyvale, CA) after initial 10 min incubation. A phosphate standard
curve was generated to enable quantitative determination of phosphate in solution. Baseline
changes due to hydrolysis of phosphate from ATP only controls was subtracted from each
concentration to determine free phosphate liberated only by addition of CNPs. The kinetic
parameters, Vmax and Km were calculated by using SigmaPlot® 10 software (Systat
Software, Inc., Point Richmond, CA).

Drosophila melanogaster exposure to CNP1, CNP2 or HMT-CNP1 cerium oxide
nanoparticles

Male and female wild-type D. melanogaster (Oregon R) were maintained under optimal
conditions in a standard corn meal medium at a temperature of 25° C.59 Exposure to
nanoparticles began at the larval stage and continued through eclosion of adults. Parental
crosses were set up in cages with 150 females and 30–40 males on grape plates seeded with
live yeast. After 21 hours, each grape plate was changed and hatched larvae removed.
Groups of 50 larvae from grape plates were isolated using a mounting needle under a
dissecting microscope and placed in vials containing 6 ml Jazzmix (Fisher Scientific,
Pittsburg, PA) food medium containing 86 µg/mL of nanoparticles, CNP1 or HMT-CNP1.
Control larvae were cultured in parallel in food vials containing only H2O or 500 µM HMT.
All vials were kept at 25° C and checked daily for pupariation and eclosion. Statistical
analysis was performed using one-way ANOVA followed by post hoc Tukey’s test using
Statistical Packages for the Social Sciences (SPSS) software.

Raman spectroscopy
Raman spectra were collected using a Horiba JobinYvon LabRam infrared (IR) micro-
Raman system using a 633 nm helium-neon laser with a spatial resolution of 2 µm to obtain
the electronic structure. Defect concentration of the nanomaterials were calculated using the
following equations as described.60, 61

(1)

Where, Γ and dg are half width at half maxima (HWHM) and grain size, respectively

(2)

L is correlation length (average distance between two lattice defects) and α radius of CeO2
units (0.34 nm).
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(3)

N is defect concentration.

Simulation
Simulated amorphisation and crystallisation was used to generate full atomistic models for
CNP’s. This method has been described in detail previously62 and therefore only the salient
details are presented below.

CNP’s were cut from the parent bulk material and amorphised/melted by heating under MD
simulation to temperatures above the melting point. Once molten, MD simulation was
continued at temperatures below the melting point, which enabled crystalline seeds to
spontaneously evolve and nucleate the crystallisation of the nanoparticle. A structural
distribution of model nanoparticles was generated by altering the temperature of the
crystallisation step. In particular, temperature changes led to differences in morphology and
microstructure (such as dislocations, grain-boundaries).

Equipped with atomistic models, the surface activities of the CNP’s were interrogated by
determining the ease of extracting oxygen from the surface of the nanoparticle. We have
shown previously that the energy required to extract oxygen from the surface of a CNP
correlates with the electrostatic potential of the individual oxygen atoms comprising the
nanoparticle63 enabling visual ‘activity fingerprints’ to be generated. Accordingly, the
activity fingerprints were calculated for the CNP’s and presented graphically.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Size, shape, and morphology variation of Cerium Oxide Nanoparticles (CeO2) NPs
synthesized by two different synthesis methods. TEM images of CeO2 NPs prepared using
water-based (a & b) or solvent HMT (c – e) synthesis methods. (a) CNP1. (b) CNP2. (c)
HMT-CNP1. (d) HMT-CNP2. (e) HMT-CNP3.
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Figure 2.
Cell viability of HUVECs exposed to various preparations of CeO2 NPs. HUVEC cells were
exposed to increasing CeO2 NPs concentrations (0, 0.02, 0.08, 0.86, 8.6, 17 µg/mL). (a)
CNP1. (b) CNP2. (c) HMT-CNP1. (d) HMT-CNP2. (e) HMT-CNP3. Cell viability was
determined by dividing the absorbance of treated samples to untreated controls and reported
as a percentage of control cells. The mean of at least 4 independent cultures is plotted with
standard deviation as error. #, p ≤ 0.001.
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Figure 3.
Intercellular ATP levels of HUVECs exposed to various preparations of CeO2 NPs. HUVEC
cells were exposed to increasing CeO2 NP concentrations (0.02, 0.08, 0.86, 8.6 17 µg/mL).
(a) CNP1. (b) CNP2. (c) HMT-CNP1. (d) HMT-CNP2. (e) HMT-CNP3. ATP level was
determined by dividing the luminescence of treated samples to untreated controls and
reported as a percentage of control cells. The mean of at least 4 independent cultures is
plotted with standard deviation as error. *, p ≤ 0.05, #, p ≤ 0.001.
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Figure 4.
Live cell examination of HUVEC cells exposed to HMT-CNP1. HUVEC cells were exposed
to 8.6 µg/mL CeO2 NPs for 20 h. (a) Control cells. (b) CNP1. (c) CNP2. (d) HMT-CNP1.
Hoescht dye was added just before imaging to show location of nuclei. Representative
images feature 4x zoom of region of interest. Scale bar = 50 µm.
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Figure 5.
Intracellular aggregation of HMT-CNP1 as viewed by confocal laser scanning microscopy
(CLSM). Cells were exposed to nanoparticles for 24 h, washed, trypsinized and seeded onto
glass coverslips for 4 h (to allow for attachment), fixed and labeled with antibody for
identification of plasma membranes (green channel) and Hoechst 33342 (blue channel) for
identification of nuclei. (a) Control/no treatment (b) 8.6 µg/mL CNP1 (c) 8.6 µg/mL CNP2
(d) 8.6 µg/mL HMT-CNP1. Scale bar = 50 µM. Asterisk follows representative region of
HMT-CNP1 aggregation.
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Figure 6.
Increased uptake of HMT-CNP1 as measured by ICP-MS. HUVEC cells were incubated
with various CeO2 NPs for 24 h, washed two-times to remove extracellular nanoparticles,
collected by typsination and washed with PBS again to remove excess media and particles
which may be adsorbed on the surface of the cells. The concentration of cerium inside cells
was measured by ICP-MS as described in methods.

Dowding et al. Page 24

ACS Nano. Author manuscript; available in PMC 2014 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
CNP2 and HMT-CNP1s exhibit significant ATPase activity at physiologically relevant
concentrations of ATP. ATPase activity of CeO2 NPs was quantified by measuring
phosphate released with EnzCheck® phosphate assay using varying concentrations of ATP
with 34 µg/mL NPs. (a) CNP2. (b) HMT-CNP1. Line plot is representative of 3 or more
experiments. Double reciprocal plots of ATPase activity with ATP as substrate using
constant concentration of NPs (34 µg/mL). (c) CNP2. (d) HMT-CNP1.
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Figure 8.
Atomistic models of ceria nanoparticles (CNP). (a) Surface rendered model of a CNP with
polyhedral morphology; (b) reactivity fingerprint of the polyhedral CNP; (c) surface
rendered model of a CNP with ‘spherical’ morphology; (d) reactivity fingerprint of the
spherical CNP.
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Scheme 1.
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