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Abstract
The objective was to characterize the biodistribution of nanoscale ceria from blood and its effects on oxidative stress
endpoints. A commercial 5% crystalline ceria dispersion in water (average particle size 3194 nm) was infused
intravenously into rats (0, 50, 250 and 750 mg/kg), which were terminated 1 or 20 h later. Biodistribution in rat tissues
was assessed by microscopy and ICP-AES/MS. Oxidative stress effects were assessed by protein-bound 4-hydroxy 2-transnonenal (HNE), protein-bound 3-nitrotyrosine (3-NT), and protein carbonyls. Evans blue (EB)-albumin and Na
fluorescein (Na2F) were given intravenously as blood-brain barrier (BBB) integrity markers. The initial ceria t½ in blood
was 7 min. Brain EB and Na2F increased some at 20 h. Microscopy revealed peripheral organ ceria agglomerations but
little in the brain. Spleen Ce concentration was liver blood brain. Reticuloendothelial tissues cleared ceria. HNE was
significantly increased in the hippocampus at 20 h. Protein carbonyl and 3-NT changes were small. The nanoparticle
characterizations before and after biodistribution, linked with the physiological responses, provide a foundation for
evaluating the effects of engineered nanomaterial physico-chemical properties on peripheral organ distribution, brain entry
and resultant toxicity.

Keywords: Blood-brain barrier, ceria, neurotoxicity, oxidative injury, rat

Abbreviations: AES, atomic (optical) emission spectrometry, BBB, blood-brain barrier, Ce, ceria, EB, Evans
blue, EM, electron microscopy, ENM, engineered nanomaterial, ICP, inductively-coupled plasma, MDL,
method detection limit, MS, mass spectrometry, HNE, 4-hydroxy-2-trans-nonenal, 3-NT, 3-nitrotyrosine,
RES, reticuloendothelial system, RNS, reactive nitrogen species, ROS, reactive oxygen species, RPD, relative
percent difference, SD, standard deviation, XRD, X-ray diffraction.

Introduction
The emergence of nanotechnology over the past two
decades has presented seemingly unlimited opportunities in many fields; however, information about
toxicology has lagged far behind. The complexity of
this newly emerging area of investigation poses
serious challenges for scientific investigations that
rely solely on the perspectives of traditional disciplines. An engineered nanomaterial (ENM) that
solves an important problem in the engineering or
environmental fields (i.e., ENMs for bioremediation)
may have serious consequences after unintended

uptake by humans. Inadequate identification of
ENM hazards and management of risks from exposure could lead to serious human health problems
(Nel et al. 2006). Engineered nanomaterials that
exist as discrete, submicron particles are particularly
worrisome. Their small sizes (comparable to DNA
[2.5 nm] and large proteins [albumin 7.2 nm]) make
it physically possible for the nanoparticle to migrate
through capillaries, cell membranes and cell substructures, and their enormous surface area to mass
ratios may expose highly reactive sites, such as
specific crystal surfaces, edges or corners, to local
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environments in the body (Oberdörster et al. 2005b;
Davies 2006; Maynard 2006). ENM properties
thought to influence their pharmacokinetics and
toxicity are: (i) Particle size and distribution (Mamot
et al. 2004; Lovric et al. 2005; Gao and Jiang 2006),
(ii) agglomeration (Jakupec et al. 2005), (iii) shape,
and (iv) surface properties, such as (a) area compared
to particle size, (b) porosity, (c) charge [zeta potential] (Fenart et al. 1999; Brigger et al. 2004; Lockman
et al. 2004), (d) surface chemistry [coating], (e)
chemical composition, (f) crystallinity and (g) reactivity. Biopersistence and re-distribution within the
organism also influence ENM pharmacokinetics and
toxicity (Ferin et al. 1990, 1992; Kreyling et al. 2002;
Semmler et al. 2004; Oberdörster et al. 2005b).
There is little information about the toxicology of
ENMs. There is a need to determine the influence of
the physico-chemical properties of ENMs on their
distribution into and across the blood-brain barrier
(BBB) and into brain cells, compared to peripheral
organs, and their beneficial and/or hazardous effects
on these organs.
Many ENMs are comprised primarily of metals
and oxides of Al, Ce, Cu, Au, Fe, Pd, Si, Ag, Ti and
Zn. Ceria (a.k.a.: CeO2, ceric oxide, Ce dioxide, Ce
oxide, CAS # 1306-38-3) was selected for the
present studies to characterize ENM biodistribution
from blood and its effects on oxidative stress endpoints because: (1) It is an insoluble metal oxide that
can be readily observed in situ by electron microscopy (EM), making it a useful in vivo tracer, (2) it is
redox reactive (Zhang et al. 2004), (3) it can be
functionalized (e.g., Qi et al. 2008), (4) it is available
in sizes relevant for uptake across the BBB, one of
the most limiting mammalian membranes, (5) it can
be produced in a variety of shapes by many different
methods, including nanodisks, nanoplates, nanotubes, nanocubes, nanorods, nanopolyhydra, and
tadpole, comet, and prism shapes (Mai et al. 2005;
Si et al. 2005; Yu et al. 2005; Bai et al. 2006; Han
et al. 2006; Yang and Gao 2006), and (6) it has
current commercial applications. A major commercial application of ceria is its use as an abrasive for
chemical-mechanical planarization of advanced integrated circuits. This application of ENMs accounted for 60% of the $1 billion market for
nanomaterials in 2005 (Feng et al. 2006). Another
significant application is its use as a catalyst in
ENMs that have very small size, large surface area,
thermal stability to 6508C and are stable in humid
air (Trovarelli 2002). For example, ceria (10 nm
primary particles coated with a dispersant to facilitate its dispersion in fuel liquids) is marketed by
Oxonica Ltd. as Envirox† , a diesel fuel catalyst to
improve combustion, reduce fuel consumption and
decrease exhaust emissions (UK MNT Network).
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Ceria was also considered to be a good candidate
for these studies because it has been reported to have
both pro-oxidant and anti-oxidant properties (see
the Discussion section). These properties represent
the conundrum enveloping the development of
ENMs: There is evidence for both beneficial and
toxic effects to the same organ, the brain.
Both the ILSIRF/RSI expert working group and
the National Cancer Institute Nanotechnology
Characterization Laboratory highlighted three key
elements for a toxicity screening strategy of ENMs:
(1) Physico-chemical characteristics, (2) cellular and
non-cellular in vitro assays, and (3) in vivo assays.
‘Tier 1 evaluations’ of these groups included markers of inflammation and oxidant stress in selected
remote organs and tissues such as the nervous
system (Oberdörster et al. 2005a). Nanoscale ceria
has been nominated by the NIEHS for toxicological
consideration, including toxicokinetic studies, due to
its widespread and expanding industrial uses, limited
toxicity data, and a lack of toxicological studies for
nanoscale ceria (Integrated Laboratory Systems
2006).
The primary anticipated routes of human exposure to ENMs intended for industrial or environmental applications include inhalation exposure,
dermal uptake, and oral ingestion with possible
subsequent absorption of ENMs into systemic
circulation. Translocation from the lung to systemic
organs, particularly the liver, has been seen with
nanoscale silver (Takenaka et al. 2001), 192Ir (Kreyling et al. 2002), 99mTc-labeled carbon (Nemmar
et al. 2002) and 2029 nm 13C particles (Oberdörster et al. 2002), although the percentage of the
dose found in internal organs was small. There
appears to be no reports of skin penetration
of ENMs 510 nm and no evidence that ENMs
]20 nm penetrate healthy skin (Warheit et al.
2007). There is considerable interest in ENMs to
enhance drug delivery to the brain, as reviewed by
Koziara et al. (2006). Although some data exist on
the absorption properties and associated toxicities of
ENMs after exposure via the pulmonary, oral, and
topical routes, little is known about their distribution
into the brain once they reach systemic circulation.
As stated in a review of the risks of industrial
nanomaterials, ‘The effect of nanomaterials on
organs ‘‘inside’’ the body (e.g., liver and brain) and
the blood have been studied from the few publications on the permeation of nanomaterials through
the lung, skin, or intestinal barrier . . . ’ (Luther
2004).
The objectives of the present research were to
determine: (1) The distribution of ceria ENMs from
systemic circulation into the BBB, brain, and
selected peripheral organs, and (2) the resultant
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selected effects, including histopathology and pro- or
antioxidant effects. The intravenous route of exposure was used to assess the potential for the model
ENM, after being absorbed by any route and
entering systemic circulation, to distribute into
organs and produce toxicity.
Methods
Materials
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Nanomaterial. A 5% ceria dispersion in water at
pH 4.2 (Aldrich #639648; USA) was used. The
specifications for this product were: B150 nm and a
4.55.5% dispersion. The physical properties of
nanoparticles reported by the manufacturer are not
always the actual properties of a particular lot.
Ceria characterization. The ceria dispersion was
opaque, suggesting that some particles were larger
than 100 nm. Therefore, the physical properties of
this sample were determined in our laboratory:
TEM for primary particle morphology, dynamic
light scattering to evaluate agglomeration and zpotential to determine dispersion stability. Fourier
transform infra-red spectroscopy (FTIR) studies
were conducted to ascertain whether this ENM
had been surface stabilized. X-ray diffraction
(XRD) was conducted to obtain information on
the crystal lattice parameters and crystallite sizes of
the ceria ENM. The XRD patterns were scanned
from 20908 2 theta range using 0.028 step intervals.
For these studies the commercial product (10 ml)
was sonicated for 3 min (0.5 inch probe, Dr
Hielscher GmbH UP400S Ultraschallprozessor,
0.5 sec on/0.5 sec off, 50% power). To determine if
the sonicator probe released metals into the ceria
dispersion, samples of unsonicated ceria dispersion
and four aliquots of sonicated dispersion, two
obtained from an infusion syringe after completion
of ceria infusion to rats, two that had not been
placed in a syringe, were analyzed by ICP-MS.
Osmotic strength was measured using a Fiske OneTen Freezing Point Osmometer and found to
be 30 mOs. To avoid intravenous administration
of a considerable volume of a grossly hypotonic ceria
dispersion, the potential to use saline or 10% sucrose
as a vehicle was assessed. Primary ENM size and
structure were determined using HR-TEM and HRSTEM. Additional information about crystal structure was obtained using electron diffraction in TEM
mode.
Ceria characterization results. Particle size determination was conducted by dynamic light scattering
(DLS: Brookhaven Instruments Limited 90Plus

NanoParticle Size Distribution Analyzer). The ceria
dispersion was not transparent at the original concentration (5 wt%) and was diluted 1:500 with
distilled water with sonication. This dispersion was
optically clear and suitable for DLS evaluation. The
number-average particle size distribution showed
that the average particle size was 3194 nm (consistent with the transparency of the dispersion),
and 99% of the particles were in a fairly narrow
range. If the nanoparticles were platelets, then the
exact diameter would have to be estimated by
modifying the light scattering calculations using
shape correction factors. This average diameter
seems consistent, and should be, with the particle
sizes observed by HRTEM (Figure 1). Volumeaverage particle size diameters were also estimated
by light scattering (this method is more indicative of
the mass of the particles in specific fractions, and
emphasizes larger particles). The volume-based
PSD was bimodal, with one peak centered near
31 nm (77 mass%), and a second peak centered
near 160 nm (23 mass%). For these data, the
correlation function was good, i.e., insufficient
agglomeration occurred during the analysis time
(15 min) to affect the distributions. These results
are typical of seven different samples.
The particle size distribution of this sample was
analyzed using TEM and software (Digital Micrograph). The sample had a bimodal distribution, with
peaks having average particle sizes of 8 and 24 nm.
There were some particles in this sample 100 nm.
HRTEM analysis of the sample (Figure 1) shows
that the nanoparticles were highly crystalline (illustrated by the uniform lines in the particle that
demonstrate aligned atoms), and that most of the
particles were platelets. Given that the ceria nanoparticles were platelets that did not have a monodisperse particle size distribution, the typical
equation relating surface area of spherical particles
to their average diameter would not be accurate.
Zeta potential measurements of the dispersion,
from a Malvern 2000 zetasizer, showed that the
system was unstable (7.693.7 mV) at its original
pH (4.2), but that the system should be stable at
physiological pH (35 mV at pH 7.4). Acetic acid
and potassium hydroxide were used to control pH.
Therefore, the dispersion was not stable and would
be expected to agglomerate. Agglomerated material
could be dispersed by sonication, which was applied
prior to infusions and other operations.
Taking the HRTEM and light scattering data
together, this ceria sample had particles with one
dimension in the order of 31 nm. Both light scattering and zeta potential results suggest that agglomeration can occur in the as-received sample.
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Figure 1. HRTEM results for the ultrasonicated 5% ceria ENM dispersion used in this study. Panel A: Lower magnification showing
particle size distribution. The upper limit of the particle size range was 100 nm. Panel B: Higher magnification illustrating that the lower
limit of the particle size range was 5 nm. All size fractions of the ceria ENM were highly crystalline. Panel C: The volume-based particle
size distribution was bimodal. Panel D: FTIR scan of the powder surface showed the presence of carboxylate groups.

Agglomeration assessment

Animals

The effect of saline and 10% sucrose on agglomeration of this ceria ENM was assessed in vitro by their
individual addition to a 5% dispersion, followed by
repeated particle size determination. These caused
sufficient ceria ENM agglomeration to discourage
their use as vehicles to prepare an iso-osmotic ceria
dispersion. In the absence of a suitable agent to raise
the osmotic strength of the ceria dispersion, it was
administered to the rats in water.
To predict ceria ENM agglomeration in vivo,
freshly drawn whole rat blood was incubated with
the ceria ENM (0.14, 0.7 and 3.56 mg ceria/ml) for
1 h, allowed to clot, fixed in formalin, and processed
for high resolution transmission electron microscopy,
scanning TEM, and energy-dispersive X-ray spectroscopy.

This study used 52 male Fisher 344 rats, weighing
275925 g (mean9SD) that were housed individually prior to the study in the University of Kentucky
Division of Laboratory Animal Resources facility.
Animal work was approved by the University of
Kentucky Institutional Animal Care and Use Committee. The research was conducted in accordance
with the Guiding Principles in the Use of Animals in
Toxicology.
Ceria pharmacokinetics and distribution
Rats were surgically prepared with two intravenous
cannula that were inserted into femoral veins and
terminated in the vena cava. The next day the
unanesthetized rats were assigned to be infused
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intravenously with ceria in water via one (the
shorter) cannula concurrently with an equal volume
and rate of 1.8% saline infused into the second
cannula. Each fluid was delivered at the rate of
0.6 ml/h. Nineteen rats were infused with 0 (n 4;
1 infused 0.5 h, 2 infused 2.5 h and 1 infused 7.5 h),
50 (n 5), 250 (n 5) or 750 (n 5) mg ceria/kg
and terminated 1.08090.001 h (mean9SD) after
completion of the infusion and 32 rats were infused
with 0 (n 10; two infused 0.5 h, 4 infused 2.5 h and
4 infused 7.5 h), 50 (n 7), 250 (n 7) or 750
(n 8) mg ceria/kg and terminated 2094, (mean9
SD) h after completion of the infusion. Therefore
the 50, 250 and 750 mg ceria/kg doses were achieved
by infusion durations of 0.5, 2.5 and 7.5 h. Blood
was repeatedly withdrawn from some rats after
completion of ceria infusion for up to 240 min.
One or 20 h after completion of the ceria or vehicle
infusion the rats were anesthetized with ketamine,
dosed with BBB integrity markers described below,
given additional ketamine if necessary and decapitated to rapidly harvest the brain and other organs.
Post-mortem samples were obtained to determine
the Ce concentration in brain, liver, spleen and
blood by ICP-AES/ICP-MS. The weight of the
brain, liver, spleen and a kidney were determined
in all rats that were terminated 1 h after the infusion
and in 6, 3, 3, and 6 rats terminated 20 h after 0, 50,
250 or 750 mg/kg ceria infusions (except not brain)
to enable a mass balance determination of the ceria
in the brain, liver and spleen, as the product of tissue
[Ce]  organ weight. To estimate the percentage of
the ceria dose in the blood, blood [Ce] was multiplied by the rat’s weight  7%, the average blood
volume of the rat (Wang and Hegsted 1949).
To prepare for Ce analysis tissue, blood and
serum were dried, digested in a 2:1 HNO3:H2O2
mixture2% H2SO4, the liquid evaporated, and the
residue reconstituted in 2% HNO3. Ce was initially
analyzed by ICP-AES (Thermo Jarrell Ash IRIS
Advantage Dual View). The instrument detection
limit (IDL) was determined following US EPA 2002
guidelines, as follows. The IDL was estimated, a
laboratory standard was prepared at that concentration and analyzed on three non-consecutive days
and the IDL calculated from the SD of seven
replicates and the t-value of 3.143 for 99% confidence level. The IDL was 0.008 mg Ce/l. Spike
recovery for ICP-AES analyses ranged from
96104%. Each sample was analyzed ]2 times.
The relative standard deviation of 95% of the
samples was B10, the RSD of the remaining 5%
of the samples was 10 and B20%. One sample
was 20% and was not included in the data
analysis. Samples below the IDL for ICP-AES

were analyzed by ICP-MS (Agilent 7500cx) using
external calibration and 5 ng terbium as an internal
standard. Spike recovery for ICP-MS analyses was
9493% (mean9SD). Average relative percent difference between replicate analyses was 3.292.0%.
The IDL ranged from 1363 ng/L. Based on the
average wet weight of tissue (44 mg) and blood or
serum (214 mg), dilution of the digested sample to
15 ml for ICP-AES and 30 ml for ICP-MS, and an
MDL for acid digestion blanks assayed by ICP-MS,
calculated as three times the SD of the blanks of
0.0039 mg Ce/l, the MDLs for tissue and blood or
serum samples analyzed by ICP-MS were 0.089 mg
Ce/kg and 0.018 mg Ce/l, respectively. Based on the
IDL of 0.008 mg Ce/l for ICP-AES, the 44 and
214 mg wet weight of tissue and blood or serum
produce detection limits of 2.73 and 0.56 mg ceria/
kg or l, respectively. Values below the MDL were
assigned a value of ½ of the MDLs for data analysis.
Blood-brain barrier integrity assessment
Five min before termination the anesthetized rat was
given Na fluorescein (334 Da) and Evans blue (EB:
67,400 Da when bound to albumin) as small and
large BBB permeability markers, respectively. These
were given intravenously in saline to deliver in 1 ml/
0.3 kg rat, 20 mg EB that had been incubated
overnight with 18 mg albumin and 6 mg Na fluorescein. The doses were based on prior work (Uyama
et al. 1988; Kabuto et al. 1997; Hawkins and
Egleton 2006). Post-mortem brain samples were
obtained to quantify EB and fluorescein. Each brain
sample was homogenized in 3 ml 7.5% trichloroacetic acid then divided into two equal aliquots. To
one aliquot was added an equal volume of water,
then 250 ml of 5 N NaOH (which we found in
preliminary studies to be more than required to
produce the highly alkaline solution that converts
fluorescein to a fluorophore). This was quantified by
fluorometric spectroscopy (ex. 492 nm, em. 514
nm), compared to standards in the same matrix. The
other sample was centrifuged at 10,000 g at 48C for
10 min and EB determined by visible spectroscopy
at lmax, 609 nm compared to standards in the same
matrix.
Oxidative stress assessment
Post-mortem samples were rapidly obtained and
frozen in liquid nitrogen for later determination of
markers of protein oxidation in cortex, hippocampus, and cerebellum. Three endpoints were studied:
(1) Protein carbonyls (a product of reactive oxygen
and nitrogen species [ROS] oxidation of protein
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amino acid side chains, e.g., Lys, Arg, Pro, Thr and
His; peptide backbone scission; Michael addition
reactions of His, Lys and Cys residues with products
of lipid peroxidation; or glycoxidation reactions; (2)
3-nitrotyrosine (protein-bound 3-NT; a covalent
protein modification from the action of RNS on
the ortho position of the aromatic ring of tyrosine
residues in proteins); and (3) protein-bound (HNE;
a product of lipid peroxidation of polyunsaturated
omega-6 acyl groups, such as arachidonic, or linoleic
groups on glycerophospholipids and corresponding
fatty acids). Each parameter was determined by the
slot-blot technique with specific antibodies (Butterfield 1997; Sultana et al. 2005). Each sample was
analyzed in duplicate, and compared to samples
from control rats processed in the same analysis.
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Light and electron microscopic assessment of ceria ENM
localization
Post-mortem liver, spleen, kidney and brain samples
were stored in 10% neutral buffered formalin then
processed for light microscopic (LM) and electron
microscopic (EM) localization of ceria ENMs and
histopathology assessment. A Philips CM 10 electron microscope was used.
Data and statistical analysis
All results are expressed as mean9SD. Brain fluorescein and EB concentrations were calculated for
each rat that received ceria as a percentage of rats in
the same squad (conducted at the same time) that
did not receive ceria. Levels of brain-resident protein
carbonyls, 3-NT and protein-bound HNE concentrations were calculated for rats that received ceria as
a percentage of these same parameters in brain from
rats in the same squad (analyzed at the same time)
that did not receive ceria.
RSTRIP, a pharmacokinetic data stripping program, was used to estimate the initial half-life of
ceria clearance from blood after termination of the
ceria infusion (Fox and Lamson 1989).
One-way ANOVA tests were conducted to compare organ weights normalized to body weight, the Ce
concentration in tissues, and brain EB and fluorescein from control and treated rats, followed by
Tukey’s Multiple Comparison Test when the ANOVA was significant. One-way ANOVA tests were
conducted to compare carbonyls, protein-bound
HNE and 3-NT in the brain of treated compared to
control rats, followed by Dunnett’s Multiple Comparison Test when the ANOVA was significant. P
values B0.05 were considered significant.
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Results
Light scattering particle size determinations suggested the mean ceria ENM size was 30 nm,
which correlated with HR-TEM imaging of the
dosing material (Figure 1). The zeta potential
was 7.693.7 mV at pH 4.2, suggesting that the
dispersion was unstable. FTIR results showed several peaks between 1300 and 1700 cm 1 indicating
the ceria ENM was modified with organic molecules, probably either an intentionally added stabilizer or an unintentional contaminant. The exact
nature of this organic matter was not determined.
Bragg peaks obtained from the XRD results showed
the presence of pure ceria in a cubic lattice with
corresponding Miller indices of (111), (220) and
(311), and with lesser presence of (200), (222) and
(400). Additional Bragg peaks at (331) and (420)
were also present, although having rather low
intensity.
ICP-MS analysis of unsonicated ceria dispersions
showed the presence of lead, aluminum, copper and
titanium at quantifiable concentrations (23.5, 10.2,
4.4 and 3.2 mg/kg). Iron, nickel and zinc were below
quantifiable concentrations (6.5, 0.5 and 12 mg/kg,
respectively). Therefore, the sum of the contamination from lead, aluminum, copper, titanium, iron,
nickel and zinc was B0.2% of the Ce concentration.
There were no consistent differences in metal
concentrations in dispersions that had been in
syringes vs. those that had not. Titanium was the
only metal that sonication increased, to 34 mg/kg,
or 0.1% of the Ce concentration.
Addition of sodium chloride (to a final concentration of 0.9%) to the ceria ENM aqueous dispersion
caused rapid ceria agglomeration. After 5 min, the
agglomerate particle sizes ranged from 240430 nm;
after 40 min, 98% of the agglomerates were 270
480 nm with 2% 2 mm (number fraction basis).
One h after addition of sucrose (to a final concentration of 10%), the agglomerate size distribution
was multimodal, with peaks near 60 nm (82%),
160240 nm (16%) and 405480 nm (2%).
After 20 h, 89% of the agglomerates were
between 110 and 140 nm and 11% were between
330 and 440 nm. Blood incubated with ceria ENM
for 1 h had agglomerates ranging from 200 nm
to 1 mm (Figure 2). The presence of Ce was
verified by energy-dispersive X-ray spectroscopy in
one of the agglomerates (Figure 2).
The initial t½ of ceria clearance from blood after
termination of the infusion was very rapid (Figure 3),
and was calculated to be 7.5 min, based on the
250 mg ceria/kg dose. When blood was centrifuged,
at 1600 g for 10 min, to generate plasma, nearly 75%
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Figure 2. Upper panel: STEM image of blood incubated with ceria ENMs for 1 h. Ceria agglomerates were seen between two RBCs
(erythrocytes). The circle indicates the placement of the EDX probe. Lower panel: Energy-dispersive X-ray spectroscopic image of circled
area in the upper panel showing the presence of Ce. This was obtained using a STEM high angle angular dark field detector (HAADF).

of the suspended ceria appeared in a pellet on the
bottom of the tube. Therefore the relative concentrations of Ce in plasma vs. whole blood shown in
Figure 3 should not be interpreted as the relative
ceria distribution between these two compartments.
During the intravenous ceria infusion, clinical
toxicity was limited to slight tachypnea and dyspnea

blood 250 mg/kg
1000

plasma 250 mg/kg
blood 50 mg/kg

100

plasma 50 mg/kg

[Ce] (mg/l)
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Figure 3. Blood and plasma Ce concentrations, determined by
ICP-AES/ICP-MS, after completion of intravenous ceria ENM
infusion. Results are mean9SD of 4 rats at each dose.

that were only observed in rats that received 750 mg
ceria/kg, bruxism and excessive licking in some rats
that received all doses, and chewing the floor grate
and reaching through the grate to eat wet bedding in
some rats that received 750 mg ceria/kg. The intravenous infusion of one rat was terminated prior to
its target of 7.5 h, at 5.86 h (586 mg ceria/kg), due to
these signs. No adverse effects were seen after
completion of the intravenous infusion. No animals
died prior to their planned termination.
Kidney and liver weights increased as a function of
ceria dose. When normalized to body weight, kidney
weights in the 750 mg ceria/kg treated rats terminated at 20 h were greater than the control group
and liver weights in the 750 mg ceria/kg treated rats
terminated at 20 h were greater than the control, 50
and 250 mg ceria/kg groups.
Tissue Ce concentration was ceria dose-dependent. The Ce concentration was highest in the
spleen, which was higher than the liver, which was
higher than the brain (Table I). One and 20 h after
completion of the ceria infusion organ weight  Ce
concentration showed the liver, spleen, blood and
brain had 37, 3, B0.5, and B0.002% (1 h)
and 57, 16, 0.24, and 0.010.02% (20 h) of the
infused ceria, respectively.
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Table I. Blood and tissue Ce concentration 1 and 20 h after completion of intravenous ceria infusion.
Cerium (mg/i or mg/kg wet weight)
Ceria dose (mg/kg)
1 h termination
0
50
250
750
20 h termination
0
50
250
750

Blood

Brain

Liver

Spleen

0.03290.045
0.5690.50
1.391.4
41911a,b,c

0.1290.09
0.08790.067
0.1590.10
1.190.3a,b,c

0.2590.31
3909137
16329941a,b
63279725a,b,c

0.5790.95
5449266
199491171
1135092185a,b,c

*
1.290.1
1390
354945a,b,c

*
1.090.3
3.491.0a,b
7.491.2a,b,c

*
6109131
313991528a,b
933591451a,b,c

*
28289589
923791452a,b
3275295065a,b,c
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*All were below the limit of detection. aDifferent from 0 mg/kg ceria dosed rats (controls). bDifferent from 50 mg/kg ceria dosed rats.
c
Different from 250 mg/kg ceria dosed rats.

Ceria agglomerations were seen in the spleen red
pulp at 1 h but not in the white pulp (which consists
of lymphatic nodules and diffuse lymphatic tissue)
(Figure 4, panel A). Similarly red pulp from the 20 h
rats showed considerable ceria accumulation. These
were intracellular accumulations, presumably by
macrophages. Electron microscopic analysis indicated cytoplasmic localization without specific nuclear or mitochondria affiliation. No obvious
histopathology was seen in the spleen. Intracellular
ceria agglomerations were seen in Kupffer cells and
hepatocytes (Figure 4, Panels B and C). The
Kupffer cells were enlarged, accommodating the
intracellular agglomerations. Some histopathology
was seen in hepatocytes in rats that received 250 mg
ceria/kg and were terminated at 20 h. More cells
were affected in rats that received the 750 mg/kg
dose, as shown in Figure 4, Panel C. Electron
micrographs revealed intracellular ceria ENM in
the kidney (Figure 4, Panel D).
Additionally, accumulations of ceria were seen in
the afferent arterioles leading into glomeruli in rats
given 750 mg ceria/kg. It is not known if these were
extra- or intracellular. Similar accumulations were
not observed in the liver or spleen. Some histopathology was seen in the kidney in 250 and 750 mg/
kg dosed rats terminated 20 h after the infusion.
Some epithelial lining in proximal convoluted tubules became distended with proteinacious material.
Cytoplasmic protein globules in cells of the proximal
convoluted tubules were observed in a few of the
750 mg/kg treated rats 20 h after exposure. However, renal corpuscle swelling was not observed. The
ceria infusion produced a dose- and time-dependent
increase of activated Kupffer cells, which were not
seen in the control rats (Figure 5). In contrast to the
significant accumulation of ceria agglomerations in
reticuloendothelial organs, much less ceria was seen
in the brain (Figure 6), consistent with the much
lower Ce concentration in this organ compared to

the spleen, liver and kidney (Table I). No microscopic evidence of disruption of the BBB was
observed.
Brain fluorescein and EB in ceria-dosed rats were
not significantly different from control rats 1 h after
ceria infusion (Figure 7, upper panel). Twenty h
after completion of the ceria infusion, fluorescein
and EB were elevated, although generally not reaching statistical significance (Figure 7, lower panel).
There were no significant changes in the oxidative
stress markers (protein-bound HNE, protein-bound
3-NT and protein carbonyls) in rats terminated 1 h
after completion of the ceria infusion (Figure 8,
upper panel). Rats terminated 20 h after the ceria
infusion showed a significant increase of proteinbound HNE in the hippocampus and a decrease of
protein carbonyls in the cerebellum (Figure 8, lower
panel).
Discussion
Material characterization results we obtained were
not fully consistent with the properties of this
commercial ENM provided by its supplier. FTIR
results suggested it had an unknown, and not
revealed (for proprietary purposes), surface stabilizer(s). Surface stabilizers are commonly added to
ENM to provide ease of dispersion. However, in an
adverse effects assessment, as in this study, the
presence of unknown components of the study
material is not desired. To avoid this confound in
future studies, we are preparing materials to have
precise control over surface coating effects in our
future studies. The commercial ceria ENM used in
this study was quite pure in regards to other metals.
Sonication added little metal to the ceria. The low
ratio of non-cerium metals to ceria suggests that
effects seen in this work are due to the ceria ENM.
The size of the ceria ENM utilized in the present
study was larger than the ceria added to diesel fuel
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Figure 5. Activated Kupffer cell counts. Results are mean9SD
from ]100 fields for each condition scored from 20 (rats
terminated at 20 h) or 40 (rats terminated at 1 h) magnified
images. The x axis shows the ceria dose and termination time after
infusion. The rater was blind to the treatment conditions. a, b, c,
d, and edifferent from 50 mg/kg 1 h, 250 mg/kg 1 h, 750 mg/kg
1 h, 50 mg/kg 20 h, and 250 mg/kg 20 h treated rats, respectively.

(10 nm, personal communication from Barry Park,
Oxonica Ltd., to R. Yokel, 20 April 2007). However,
ceria that exits the tailpipe is associated with soot
particles, and the ceria nanoparticles have different
morphologies and particle size distributions, including peaks at 6070 nm (HEI 2001).
As has been often reported with other nanoscale
materials (Limbach et al. 2005), this nanoscale
metal oxide rapidly agglomerated in the presence
of sodium chloride and 10% sucrose, and in vitro in
blood within 1 h. It would be anticipated that it
would agglomerate in vivo, once it came into contact
with blood, if the mixing of circulating blood or
coating of circulating ceria by proteins did not
prevent the ceria particles from coming into contact
with each other. Ceria agglomerations were seen in
reticuloendothelial organs. Much less ceria was seen

Figure 4 (Continued)

Figure 4. Panel A: Light micrographic image of ceria in a rat
dosed with 250 mg/kg and terminated 1 h post infusion in the red
pulp of spleen (left side of image), but not in the white pulp (right
side of image). A similar pattern of ceria distribution was seen in
rats terminated 20 h after infusion. Panel B: Light micrographic
image of ceria engulfed in Kupffer cells (arrows) in a rat that
received 750 mg ceria/kg and was terminated 20 h after completion of the ceria infusion. Panel C: Light micrographic image of
ceria engulfed in hepatocytes in a rat that received 750 mg ceria/kg
and was terminated 20 h after completion of the ceria infusion.
Cellular degeneration was seen (*). Panel D: Electron micrographic image of ceria in vascular space (*) and mesangial cells
(M) of the kidney in a rat that received 250 mg ceria/kg and was
terminated 20 h after completion of the ceria infusion. Scale bar
1 mm.
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300

Figure 7. Brain fluorescein and Evans blue 1 h (upper panel) and
20 h (lower panel) after completion of intravenous ceria infusion.
N4, 5, 5, and 5 rats that received 0, 50, 250 and 750 mg ceria/
kg and were terminated 1 h after the infusion and 10, 7, 7, and 8
rats that received 0, 50, 250 and 750 mg ceria/kg and were
terminated 20 h after the infusion. *Significantly different from
control, pB0.05.

circulation. However, there appear to be no prior
reports of the estimated elimination half-life of
centrally administered ENMs. Accumulation of
nanoscale materials in reticuloendothelial organs,
with the greatest mass amount cleared by the liver,
has been reported after intravenous injection of
25 nm carbon particles (Biozzi et al. 1953) and
1520 nm 192Ir particles (Kreyling et al. 2002). In
the present study, ceria ENM was rapidly cleared
from the blood, largely by the reticuloendothelial
organs. Similarly, intravenous injection of 40 nm
gold nanoparticles to mice resulted in the greatest
and most rapid accumulation in Kupffer cells, with
some in macrophages of the spleen, but, unlike the
present results with ceria, none were found in the
kidney or brain (Sadauskas et al. 2007). Localization
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Figure 8. Protein-bound HNE, protein-bound 3-NT and protein carbonyls in the hippocampus, cortex and cerebellum 1 h (upper panels)
and 20 h (lower panels) after completion of intravenous ceria ENM infusion. Results are mean9SD of 4, 5, 5, and 5 rats that received 0, 50,
250 and 750 mg ceria/kg and were terminated 1 h after the infusion and 8, 5, 5 and 7 rats that received 0, 50, 250 and 750 mg ceria/kg and
were terminated 20 h after the infusion. *Significantly different from control, p B0.05.

within the macrophages was in lysosome-like structures, suggesting to the authors uptake by endocytosis. The present results suggest no ceria
redistribution out of the liver and spleen, but an
increase, between 1 and 20 h. The long-term fate of
these ceria agglomerations is not known. This
presents the possibility of release from those organs
over time. However, results of the present study up
to 20 h and prior work up to seven days after
inhalation and intravenous exposure to 192Ir particles suggest no significant decrease in liver content
(Kreyling et al. 2002). Ce in human liver has been
shown to be mainly associated with two proteins, of
23 and 335 kDa (Chen et al. 2001). However,
their identity was not determined, so it is unknown
how they influence the long-term biodistribution of
cerium. For low solubility 1 mm inhaled particles,
such as ceria, it is estimated that, of the particles that
reach circulating blood, 45% are cleared by the liver,
35% by the skeleton, 10% by other organs and the
balance excreted (HEI 2001). The results of the
present study are consistent with this magnitude of
ceria clearance by the liver.
The reticulendothelial system is the first line of
defense against xenobiotic intrusion. Thus, the
spleen, liver, and kidney constitute a specific subpopulation of organs with phagocytic potential to
take up ceria from systemic circulation. In the
spleen, arterial circulation passes through the white

pulp before entering the sinusoid of the red pulp.
The macrophage-rich red pulp can become ‘activated’ with a few h delay (Demoy et al. 1999). This
is consistent with our observation that the rats
terminated after 1 h showed few ceria containing
macrophages in the red pulp, while those terminated
after 20 h exhibited extensive ceria laden phagocytic
cells; with occasional migration into the white pulp.
The liver and spleen showed a time- and dosedependent accumulation of ceria, indicated by the
semi-quantitative EM analysis. This was supported
by the quantitative Ce analysis. Given the acute
nature of our study design it is not prudent to
speculate on the long term consequences of the ceria
ENM. It is interesting that most of the intracellular
ceria appeared as cytoplasmic aggregates without
showing a pattern of organelle affinity. The significance of the occasional association of ceria ENM
with organelles such as mitochondria or nuclei
remains to be determined. In prior work, neither
8 nm silver or 40 nm manganese particles were seen
in the cell nucleus (Skebo et al. 2007). Ceria was not
seen in the cell nucleus of the present work.
There was a significant activation of Kupffer cells
in this study, 20 h following all doses of ceria ENM
and 1 h after the highest dose. As the ceria doses
used in this study were large, reflecting the low
toxicity of this commercial form of ceria, Kupffer cell
activation may not be seen at lower doses. However,
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the trend toward greater effect from 120 h raises the
possibility that even greater activation may occur at a
later time, when lower ceria exposure might produce
this effect. Activated Kupffer cells are known to be
monocyte derivatives. The increase in activated
Kupffer cells may reflect a heightened arrival of
these blood borne cells. Alternatively, this may
simply be due to activation of existing endothelially
lined reticuloendothelial cells. At the present, we
cannot distinguish between these possibilities.
The lack of toxicity from the intravenous administration of these large ceria doses is consistent with
the understanding of ceria as an inert material. The
lack of profound effects on the oxidative stress
endpoints in the brain may relate to the limited
ceria distribution into the brain.
No great BBB disruption was seen 1 and 20 h
after completion of the infusion. Much less ceria
ENM entered the brain than reticuloendothelial
organs, suggesting an intact BBB during the infusion
and that the BBB is an effective barrier for this
crystalline ceria ENM. As it is unknown whether the
ceria ENM that did enter the brain did so as
administered, or after associating with proteins or
other circulating factors in blood, we cannot glean
from this study the properties that did enable its
limited brain distribution.
Oxidative injury is a common, primary endpoint
of ENM toxicity (Unfried et al. 2007). Ceria has
been reported to produce toxicity attributed to
increased oxidative damage (Brunner et al. 2006;
Lin et al. 2006; Thill et al. 2006; Park et al. 2008).
On the other hand, ceria ENM were reported to
be protective against oxidative-induced injury in
cells from many origins, including the nervous
system (Tarnuzzer et al. 2005; Chen et al. 2006;
Schubert et al. 2006; Das et al. 2007; Niu et al.
2007; Singh et al. 2007; Xia et al. 2008). This may
be a direct anti-oxidant effect of ceria owing to its
ability to reversibly change from Ce(III) to Ce(IV).
However, that effect was only pronounced in acidic
environments (Asati et al. 2009).
The interest in ceria as a potential therapeutic
agent with anti-oxidant properties increases the
probability that it will be further studied for medical
applications, making the understanding of its distribution from the central compartment (blood) and
resultant effects important. The current study is the
first report of the distribution and effects of ceria
from the central compartment, after introduction
into blood. However, the form of ceria employed in
the present study would not be effective as a vehicle
for drug delivery to the brain.
In this study, indices of protein oxidation (protein
carbonyls and protein-bound 3-NT) and lipid peroxidation (protein-bound HNE) were determined.
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Protein carbonyls arise from at least four routes: (a)
Scission of the primary amino acid backbone by
reactive free radicals, forming, in the presence of
paramagnetic oxygen, carbonyl functionalities; (b)
oxidation of specific amino acid side chains to form,
for example, oxohistidine; (c) adduction of alkenals
like HNE and acrolein to Cys, His, and Lys residues
by Michael addition; and (d) glycoxidation reactions
in which reducing sugars that bind to Lys residues
bring an aldehyde functionality with them. Modification of tyrosine residues to form 3-nitrotyrosine
arises from reaction of the NO2 radical with tyrosine,
which has an ortho-directing OH moiety in the 4position. This radical species, in turn, is formed by
decomposition of peroxynitrite, ONOO-, in the
presence of CO2. Peroxynitrite is formed by radical-radical reaction of NO with superoxide radical
anion, with the former a product of nitric oxide
synthase and the latter usually leaked from mitochondria, but also enzymatically produced (e.g., by
xanthine/xanthine oxidase). Finally, HNE is formed
by lipid peroxidation of unsaturated acyl chains of
phospholipids, e.g., arachidonic acid. In this reaction a radical species abstracts a labile allylic H-atom
from unsaturated lipid acyl chains (the b-chain of
glycerophospholipids) to form a C-centered radical
on the acyl chain. This immediately reacts with
paramagnetic O2 to form a lipid peroxyl radical,
which, in turn, abstracts another labile allylic Hatom from an acyl chain on lipids to form the lipid
hydroperoxide and another C-centered radical on
the lipid acyl chain. This chain reaction continues.
The lipid hydroperoxide can decompose into a
number of products, including HNE, acrolein (2propen-1-al), or malondialdehyde. By the wellknown Michael addition reaction HNE and acrolein
can bind to electron-rich S atom on Cys, or the Natoms of His or Lys side chains to form a covalent
adduct.
In the current study, we observed no alterations in
any of these oxidative stress markers in brain isolated
from rats 1 h after exposure to ceria ENM. Twenty h
after exposure to ceria by intravenous infusion, a
dose-dependent increase of protein-bound HNE in
the hippocampus was observed. The hippocampus is
one of the most vulnerable brain regions, and in the
most common neurodegenerative disorder, Alzheimer’s disease, the hippocampus, the brain area
through which initial aspects of memory are formed,
is severely damaged by free radicals early in the
disease (Butterfield et al. 2007). The highly reactive
alkenal HNE can bind to proteins, thereby inducing
conformational and functional changes (Aksenov
et al. 1997, 2000; Subramaniam et al. 1997; Reed
et al. 2008; Perluigi et al. 2009). Hence, ceriainduced hippocampal lipid peroxidation could lead
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to deficits in learning and memory, and consequently
dementia. The dynamic range of increase in proteinbound HNE in brain in oxidative stress conditions,
for example Alzheimer’s disease, is in the order of 0
70% over control (Butterfield 1997; Butterfield and
Stadtman 1997; Lauderback et al. 2001; Butterfield
and Lauderback 2002; Perluigi et al. 2009). Hence,
the elevated levels in brain hippocampus observed in
the present study after 20 h are reflective of relatively
large changes in lipid peroxidation. Such changes
could have profound effects on cognitive and memory functions.
In the cerebellum, protein carbonylation was
decreased compared to controls. Cerebellum is
devoid of oxidative damage and other pathology in
Alzheimer’s disease, and though no explanation for
this observation is yet known, speculation suggests
that elevated levels of heme oxygenase-1 (which
leads to low levels of bilirubin that are highly
neuroprotective), coupled to both a different neuronal type than in hippocampus and less amyloid betapeptide (that leads to free radical oxidative stress)
accounts for this protection against oxidative stress
and neurodegeneration (Poon et al. 2004). Elevated
levels of heme oxygenase conceivably might be
induced by ceria that lead to neuroprotection against
oxidative stress as assessed by protein carbonyl
levels.
The commercial ceria used in this study was not
obviously accumulated in brain, perhaps because of
its size as well as its propensity for agglomeration.
That, nevertheless, elevated lipid peroxidation was
observed in vulnerable hippocampus may reflect two
possibilities: (a) Brain-resident ceria ENM induced
lipid peroxidation directly, which involves a chain
reaction and requires only a modest initation step to
greatly amplify its effect; or (b) ceria-induced proinflammatory cytokines, e.g., TNF-a, in the periphery that are well-known to cross the BBB and induce
oxidative stress in brain, including lipid peroxidation
(Tangpong et al. 2006, 2007; Joshi et al. 2007).
Further studies will be necessary to distinguish
between these or other alternatives. It is interesting
to speculate that ceria ENM B10 nm in size, and of
defined shape and surface properties, in marked
contrast to what was used in the current study, might
have accumulated more in brain and led to either
more oxidative or more neuroprotective effects.
Studies to test this notion are in progress.
In summary, ceria was rapidly cleared from the
blood by peripheral reticuloendothelial tissues.
Much less ceria entered the BBB cells or the brain.
Ceria ENM agglomerates were seen in vivo, but it is
not yet known if the ceria agglomerated in blood and
was taken up as agglomerates or the agglomerates
formed in the organs. The commercial ceria studied

induced oxidative stress and a stress response in the
brain. Ceria provides an inert core ENM enabling
the study of the effects of size, shape and surface
chemistry on the biodistribution, biotransformation
and neurotoxic or neuroprotective potential of metal
oxide ENMs. These results provide a foundation to
study the impact of physico-chemical properties of
ENMs on their brain entry and neurotoxicity or
neuroprotection activity.
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