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This report describes the distribution and retention of several nanocerias after their systemic 

administration to rats. The results are compared to reports of the same endpoints after systemic 

administration of higher doses of the same nanoceria, and different nanoceria, and indicate the lack of 

great differences in the distribution and retention of nanoceria as a function of dose, size, shape, or 

dosing schedule. The results inform about the sites of nanoceria accumulation in mammals and the 

duration of persistence at those sites. The similarity of nanoceria distribution following systemic 

administration of different sizes, doses, shapes, and dosing schedules leads to a summary understanding 

of nanoceria’s fate when introduced into the blood, for example as a therapeutic agent. 
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Nanoceria biodistribution and retention in the rat after its 

intravenous administration are not greatly influenced by 

dosing schedule, dose, or particle shape 
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A 30 nm ceria was previously shown to be primarily cleared from systemic circulation into 

mononuclear phagocyte system organs after its intravenous (IV) administration, where it 

persisted for 90 days. The aims of these studies were to determine if the biodistribution, 

persistence, and toxicity of nanocerias are affected by dosing schedule, dose, or particle shape. 

Given the many demonstrated and ongoing uses of nanocerias; the multitude of applications 

under investigation; and the many sizes, shapes, and surface functionalizations of ceria; a 

better understanding of its fate is necessary to advance its safe use. Five and 30 nm 

cubic/polyhedral ceria and a ceria nanorod (9.9 x 264 nm average diameter and length) were IV 

infused into rats once. The 5 nm ceria dose was also infused daily for 5 consecutive days. The 

rats were terminated 1 h to 90 days later. Cerium was determined in multiple organs and blood. 

Compared to vehicle-infused controls, elevated cerium was seen in all sites. Liver, spleen, and 

bone marrow (mononuclear phagocyte system components), contained the largest percentage 

of the dose. When normalized to dose, and compared to results of prior work with these 

nanocerias, the distribution and retention of repeated and lower doses of 5 and 30 nm ceria and 

ceria nanorods were not greatly different from much higher doses of the 5 and 30 nm ceria. 

Higher doses resulted in a greater percentage of uptake by the spleen and bone marrow and a 

greater percentage of the ceria nanorod dose in the bone marrow 30 days after its 

administration than the other nanocerias. Overall these results suggest the biodistribution and 

retention of cerium after IV administration of different sizes, doses, dosing schedules, and 

nanoceria shapes are more similar than different. 

Introduction: 
There is much interest in nanoscale ceria (a.k.a.: CeO2, cerium 

dioxide) particles because they are being used and pursued for 

multiple applications. Nanocerias have auto-catalytic 

oxidation/reduction properties; the ability to self-assemble; the 

presence of oxygen vacancies; are quite insoluble and abrasive; 

and their synthesis can be tuned to modify size, structure, and 

substitutional lattice doping properties. Capitalizing on these 

properties, they are used as a catalyst in the water gas shift 

reaction for fuel cell power generation; in catalytic converters; 

and in fuel borne additives to catalyze combustion, decrease 

combustion temperature, and decrease fouling 1. The main 

current use is as an abrasive catalyst in chemical mechanical 

planarization/polishing in silicon integrated circuit fabrication. 

Nanocerias are expected to have future application in fuel cells 

and batteries.  Due to their autocatalytic behavior, i.e., their 

ability to reduce reactive oxygen and nitrogen species, 

nanocerias have been shown to protect against cytotoxicity 

induced by H2O2 and nitric oxide 2-6, diesel exhaust particles 7, 

radiation 8-10, glutamate 11, Aβ protein 12, ischemia 13, and 

reactive oxygen species-induced by lipopolysaccharide/IFN-γ 14 

and cigarette smoke 15. Nanocerias protected against H2O2-

induced apoptosis 16, enhanced rat spinal cord neuron viability 

in the absence of intended stress 17, reduced reactive oxygen 

species in a mouse knockout model of retinal neovascular 

lesions 18, and reduced the clinical effects of a murine model of 

multiple sclerosis 19. Nanoceria efficacy has been shown in 

models of cardiomyopathy 20, ventricular hypertrophy 21, cancer 
3, 22, 23, ischemic stroke 24, and hypobaric hypoxia 25, and as an 

antibacterial and antifungal 26, 27 and radioprotective agent 8-10.  

However, there is concern about the potential toxicity of 

nanocerias, which are quite insoluble 28, 29 and persist in the 

organism 19, 28, 30-35. Nanocerias have been reported to produce 

adverse effects in vivo and in vitro, including decreased 

viability and DNA content in 3T3 rodent fibroblast and MSTO-

211H human mesothelioma cells 36; decreased viability, death, 

and induction of oxidative stress-related genes in BEAS-2 

human bronchial epithelial cells 37, 38; increased neutrophils and 

inflammatory cytokines in the bronchoalveolar fluid and 

formation of lung granulomas in mice 39; increased oxidative 

stress in the lung of rats after inhalation exposure 40; pulmonary 

inflammation and fibrogenic responses in rat lung after 

intratracheal instillation 41, 42; microvascular dysfunction 43; 
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Kupffer cell activation, formation of granuloma, hydropic 

degeneration of hepatocytes, dilation of the sinusoids, portal 

inflammation, and fibrosis in the liver of rats 30, 31, 44-46; and 

increased oxidative stress in the brain 30, 47, 4849 and liver and 

spleen of rats after intravenous (IV) administration 31, 44.  

 

The IV route has been studied to characterize the fate of 

nanocerias in systemic circulation after translocation from the 

site of uptake, such as the lung. This route is also relevant as a 

benchmark for comparison to the fate of nanocerias by non-

systemic routes of exposure because the IV route provides 

100% bioavailability. It is also relevant to, and might be 

necessary for, the proposed use of nanocerias as therapeutic 

agents. Nanocerias have low bioavailability from the lung and 

gastrointestinal tract. To achieve the concentrations at the site 

of its intended effect (as demonstrated in in vitro studies) 32 

requires nanoceria introduction at its target site or possibly by 

systemic administration. Uptake of a 7 nm ceria from the lung 

after intratracheal instillation resulted in translocation of only ~ 

0.1, 0.01, 0.001, 0.0001 and 0.00001% of the dose to the liver, 

spleen, kidney, heart and testes, and brain 28 days later, 

respectively 28. Uptake from the gastrointestinal tract is even 

lower. Oral administration of the same 7 nm ceria resulted in ~ 

0.0001% of the dose in the liver and lower amounts in the 

brain, heart, kidney, lung, spleen, and testes 1 to 7 days later 28. 

A single oral administration of a 30 nm ceria, 100 mg/kg, 

resulted in ~ 0.015, 0.003, 0.002, 0.0012, 0.0012, and 0.0006% 

of the dose in the liver, testes, lung, kidney, brain, and spleen, 

respectively, 14 days later 35. When 0.5 mg/kg crystalline, 

carboxyfluorescein-functionalized 3 to 5 nm primary particle 

size 15 to 20 nm agglomerate ceria particles were given orally 

to CD-1 mice weekly for 2 or 5 weeks, ~ 0.2% of the dose was 

in the lung (that was most likely due to the gavage procedure or 

aspiration); 0.025% in the spleen; less in the liver, kidney and 

heart; and none was detectible in the brain 1 week later 33.   

 

Limited results suggest that the number of nanoceria 

administrations does not greatly affect its fate. One week after 2 

or 5 weekly IV injections of 0.5 mg/kg of the 

carboxyfluorescein-functionalized 3 to 5 nm primary particle 

size ceria (above paragraph) were given to CD-1 mice, organ 

cerium concentrations were about 3 times higher in the mice 

that received 5 vs. 2 injections 33, 50. Approximately 37, 3, 0.15, 

and 0.008% of the dose was in the liver, spleen, lung, and 

kidney, respectively. None was detectible in the brain.  

 

Nanoceria has multiple current uses, there are many human 

conditions it has been shown to effectively address, and it is 

being, and will be, investigated for further applications. Many 

sizes, shapes, and surface functionalizations of nanoceria are 

being utilized and investigated. Some of these uses will 

probably require systemic administration to treat diseases, 

given the very low absorption from the gastrointestinal tract 

and lungs. The distribution and persistence of several sizes of 

cubic/polyhedral nanoceria have been described in the rat after 

its single systemic administration, often utilizing very large 

doses 30-32. Further work is needed to understand if these prior 

findings can be generalized, e.g. to lower exposures, other 

shapes, and repeated exposure. The objectives of the present 

research were to determine if the biodistribution and persistence 

of nanocerias are different following lower doses than used in 

many of the above studies and if repeated dosing and particle 

shape influence their disposition and retention. To ascertain the 

fate of nanocerias after repeated exposure, the 5 nm ceria was 

infused daily for 5 consecutive days (11 mg/kg/day) and the 

rats terminated 30 days later. To determine if the nanoceria 

dose greatly affects its fate, 11 mg/kg of a 5 nm polyhedral 

ceria and 6 mg of a 30 nm cubic ceria were intravenously 

infused into rats that were terminated 30 and up to 90 days 

later,  respectively. The results were compared to prior work 

using the same nanoceria and procedures, but a dose of 85 

mg/kg 31, 32. A ceria nanorod (average diameter and length: 9.9 

and 264 nm) was given once by IV infusion (20 or 50 mg/kg) to 

rats that were terminated 1 h or 30 days later, to be able to 

compare its distribution and retention to cubic/polyhedral ceria.  

 

It is expected that the behavior of these quite insoluble metal-

based nanomaterials in vivo over time would be informative of 

the behavior of other quite insoluble nanomaterials composed 

of metals that are not rapidly eliminated from the mammalian 

organism. 

 

Methods:  
The nanocerias studied: 

Synthesis and characterization of the citrate-capped 5 and 30 

nm nominal diameter polyhedral/cubic ceria have been 

described 32, 44, 51. Their physical-chemical properties are shown 

in Table 1.    

 

 

Table 1. Physical-chemical characteristics of the nanocerias 

studied. a – Volume (mass)-based particle size, reported here, is 

directly linked to biological or environmental exposure. b – 

measured on the original sample that was stored three years in 

10% sucrose suspension.  c – An experimental study of zeta 

potential measurements on short nanorods (L/D ~ 4) showed 

that their expected hydrodynamic diameter was 10% higher 

than that of spherical particles 52. This correction was applied to 

the obtained DLS results. d – Area-equivalent diameter of 

citrate acid as 0.36 nm, close-packed adsorption on the 

nanoparticle surface. Citric acid is thought to associate with 

polar surface groups, such as hydroxyls, which might explain 

its high surface coverage on the nanorods (relative to the 

spheroidal nanoparticles). 

 

 5 nm ceria 30 nm 

ceria 

nanorod 

    

Average primary 

particle size by 

TEM, in nm (Sauter 

mean diameter)  

4.6 (4.8) 31.2 

(51) 

Average 

diameter 9.9 ± 

2.0 and length 

264 ± 112.  

BET surface area, in 

m2/g (and 

corresponding 

diameter, in nm)  

121 (6.5) 15 

(52) 

54 (estimated 

from diameter, 

length & 

density) 

DLS hydrodynamic 

diameter (volume- 

averagea) in nm 

7 41 Bimodal: 100 

nm (5%); 400 

nm (95%)b 

Zeta potential (pH 

7.3 in water), in mv 

-53 -56 -25c 

Extent of citrate 

coating, as percent 

of monolayerd 

~ 40 ~ 18 ~100 

Miller indices of the 

most common faces 

(111)(210) 

(200)  

(200)   (111)(200) 

(220)  
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The nanorod ceria was synthesized following a published 

method and characterized in house 53. Cerium (III) nitrate 

hexahydrate (2.17 g) (Fluka, CAS # 10294-41-4) was dissolved 

into 12.5 ml water, then stirred for ~5 min. Sodium hydroxide 

(31.5 g) was dissolved into 87.5 ml water and was stirred for 10 

min (9 M). The cerium nitrate solution was added into the 

sodium hydroxide solution drop wise with continual stirring for 

30 min. The mixture was transferred into a large capacity acid 

digestion bomb (~125 ml, 80% occupied, Model 4748, Parr 

Instrument Company) and heated at 100 °C for 24 h. It was 

then cooled at room temperature. The product was washed with 

water 3 times and ethanol twice, then dried in an oven at 65 °C 

overnight.  

 

The dimensions of the ceria nanorods were determined from 

images of 102 nanorods visualized by a 200-kV field emission 

analytical transmission electron microscope (TEM) (Figure 1). 

The specific surface area (SSA) was measured by the BET 

method. The BET tubes with sample were heated up to 120 °C 

for 4 h to remove water and gas. No water droplets were found 

on the glass wall after the heat treatment. The hot tubes were 

purged with nitrogen gas and cooled to room temperature. X-

ray diffraction (XRD) was used to characterize the crystal 

structure of the ceria nanorod sample. The dry ceria powder 

was dispersed in ethanol. Some drops of dispersion were placed 

on a glass slide. After the ethanol evaporated, the remaining 

ceria thin film was characterized by XRD. Results of its 

characterization are shown in Table 1.   

 

 
 

Figure 1. Transmission electron microscopic image of the ceria 

nanorods.  

 

Citric acid was used to maintain a good dispersion of 

synthesized ceria nanorods since it can supply a negative 

charge on nanoceria’s surface 54. Dried ceria nanorods (0.5 g) 

were dispersed in 50 ml of aqueous solution containing 0.6 g 

citric acid. The dispersion was stirred for 24 h to thoroughly 

adsorb the citric acid on the nanoceria’s surface. The product 

was washed with water 5 times to remove any free citric acid, 

and then dried in an oven overnight at 65°C. The dried sample 

was dispersed in 10% sucrose solution by sonication for 10 min 

and was infused into the rats. 

 

Animals: 

This study reports results from 67 male Sprague Dawley rats, 

weighing 386 ± 58 g (mean ± SD) (~ 90 days old). Procedures 

to prepare the rats for IV nanoceria infusion, organ and blood 

collection, processing procedures, and cerium quantification 

methods have been described 30, 32. The rats were infused when 

not anesthetized to enable observation of effects produced 

without the confounding effects of anesthesia. The 5 and 30 nm 

ceria were infused in water to avoid agglomeration. A 

concurrent infusion was given of 1.8% sodium chloride at the 

same rate in a second IV cannula to deliver a net isosmotic load 

to the rat. All nanoceria dispersions were infused at a rate of 2 

ml/kg rat body weight over 1 h, with the exception of the 50 

mg/kg dose of nanorods, which was infused over 2.5 h. The rats 

were obtained from Harlan, Indianapolis, IN. They were housed 

individually prior to study and after cannulae removal (a few 

days after the IV infusion) in the University of Kentucky 

Division of Laboratory Animal Resources facility under a 12:12 

h light:dark cycle at 70 ± 8°F and 30 to 70% humidity. The rats 

had free access to 2018 Harlan diet and reverse osmosis water. 

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 

(http://www.toxicology.org/ai/air/air6.asp).  
  

Treatment groups: 

Five rats were infused with 11 mg/kg of the 5 nm ceria once, 5 

with 11 mg/kg of the 5 nm ceria on each of 5 consecutive days 

for a total of 55 mg/kg, and 5 received vehicle infusion. All 

were terminated 30 days later. Rats were infused with 6 mg/kg 

of the 30 nm ceria along with controls which were infused with 

vehicle, and 5, 4, and 5 treated and 3, 4, and 3 controls 

terminated 1 h, 30 days, and 90 days later, respectively. In 

initial studies, two un-anesthetized rats were IV infused with ~ 

50 or 100 mg/kg nanorod ceria over 2.5 or 5 h. The 50 mg/kg 

dose was tolerated but the rat that received 100 mg/kg was 

slow, weak, and not responsive to a cage tap.  Therefore, the 

test dose was 50 mg/kg nanorod ceria infused IV over 2.5 h. 

Nine rats were infused with 50 mg/kg of the ceria nanorod. Five 

rats were terminated 1 h and 4 rats terminated 30 days later. 

Five rats infused with 20 mg/kg of the ceria nanorod were 

terminated 30 days later. Paired with the rats that received the 

ceria nanorod infusion were 5 vehicle-infused control rats 

terminated 1 h and 5 terminated 30 days later.  

 

Sample collection, processing, and cerium analysis: 

Samples were harvested on termination from the organs and 

blood shown in Figures 3, 4, and 5 following described 

procedures 31. Additionally, mesenteric lymph nodes and fat 

were harvested from some rats, as nanoceria deposition to these 

sites has not been previously reported to our knowledge.  

Samples were prepared and analyzed for cerium by microwave-

assisted nitric acid/hydrogen peroxide digestion and inductively 

coupled plasma mass spectrometry (ICP-MS), as described 30. 

The method detection limits (MDL) were 0.089 mg Ce/kg for 

tissues and 0.018 mg Ce/l in blood samples. Spike recovery for 

ICP-MS analyses was 94 ± 3% (mean ± SD). Average relative 

percent difference between replicate analyses was 3.2 ± 2.0% 
30. 
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Data and statistical analysis: 

Cerium concentrations below the MDL were assigned 50% of 

the MDL and included in the statistical analysis as such.  The 

percentage of the nanoceria dose in the adrenal and thymus 

glands, brain, heart, kidney, liver, lung, and spleen was 

calculated as cerium concentration in the analyzed sample 

multiplied by the weight of the organ, as harvested, divided by 

the nanoceria dose. The nanoceria dose was determined as the 

cerium concentration in the dosing dispersion (determined by 

ICP-MS) times the dose volume. The percentage of the 

nanoceria dose in blood was based on a vascular volume of 7% 

of the rat’s body weight 55. The percentage of the nanoceria 

dose in the lymph node (0.4% of body weight) was based on 

the lymph nodes of the rat 56, weight of the mesenteric lymph 

nodes (0.3 gm) 57 and average weight (20 mg) of many other 

lymph nodes 58, 59. The percentage of the nanoceria dose in 

other organs was based on reported values; bone marrow (3%) 
60, 61, skeletal muscle (45%) reference 20 in 62, 63, and fat (12.5%) 64-

66. 

 

Outliers in blood and tissue cerium concentration results 

identified by the Grubb’s test 

(http://www.graphpad.com/quickcalcs/Grubbs1.cfm) were not 

used in data analysis. Results of control rats for blood and each 

organ were compared to the % of the nanoceria dose in treated 

rats by an unpaired one-tailed t test with Welch’s correction, 

accepting significance when the alpha was less than 0.05/t, 

where t = the number of comparisons for that treatment. Results 

of nanoceria-treated rats were compared within blood or organs 

across termination times (for the 30 nm and nanorod ceria), 

and/or total dose (for the 5 nm and nanorod ceria), for each of 

the groups that received the same nanoceria, and across all 

treatments of this study plus our prior studies 31, 32 for liver, 

spleen and bone marrow by ANOVA with Tukey’s post-hoc 

test or two-tailed unpaired t tests. Results are reported as mean 

± S.D.  

  

An analysis of the percent of the dose in each sampled organ 

compared to the percent that would be expected if the 

nanocerias non-selectively distributed, a relative deposition 

index as described by 67, 68 was conducted. Organ volumes were 

averages from our studies or those described above for blood, 

lymph node, bone marrow, skeletal muscle, and fat. By relating 

the amount in an organ to its size, this calculation identifies 

sites of preferential nanoceria accumulation.    

 

Results:  
A transmission electron microscopic image of the ceria 

nanorods is shown in Figure 1. The physical characterization of 

this sample was based on TEM analysis of 102 ceria nanorods. 

The average diameter and length of the ceria nanorods was 9.9 

± 2.0 nm and 264 ± 112 nm, respectively. As the nanorods grew 

from the cubic faces of (200) ceria nanocubes, and these 

nanocubes had a relatively narrow size distribution, the 

diameter distribution is also relatively narrow. The length 

distribution was quite broad, with L0.10 = 120 nm, L0.50 = 264 

nm, and L0.90 = 381 nm. All of the nanorods are considerably 

shorter than 1 µm. Their average aspect ratio (length/diameter, 

AR) was 27 ± 10 nm, with AR0.10 = 14, AR0.50 = 27, and AR0.90 

= 40. Analysis of two fields of ceria nanotubes to determine the 

relationship between diameter and length showed an inverse 

correlation of low significance (R2 =0.20).  

 

The ceria nanorod surface area per unit mass was estimated 

from the dimensions via the following calculation, which has 

been applied to estimate SSA for nanoparticles with different 

shapes like cubic ceria nanoparticles and graphite nanodisks 54, 

69. 

SSA �
surface	area

weight
�

surface	area

density ∗ volume
�

���

2
� ���

�
���

4
�

�
2� � 4�

���
 

When the average d (9.9 nm), l (264 nm) and ρ (7.65g/cm3) 

were used, the estimated SSA value was 53.7 m2/g. The result 

was very close to the SSA measured by the BET method (52.7 

m2/g). This is intermediate between the SSA of the 15 and 30 

nm ceria we previously studied 32, suggesting the ceria 

nanorods should have a similar biodistribution and retention 

behavior, unless these properties are influenced by shape.  

 

The XRD pattern of ceria nanorods is shown in Figure 2. It 

demonstrates that the ceria nanorods were highly crystalline. 

The angle values of each peak were the same as the 5 nm and 

30 nm ceria, although the peak shapes were not as sharp as 

those of the 5 nm and 30 nm ceria. The shape difference may 

arise from the substitution of peaks with different widths, which 

results from the wide distribution of nanorod length. 

 

 
 

Figure 2. X-ray diffraction pattern of the ceria nanorod sample. 

 

Of the 293 samples from control rats analyzed for cerium, 56 

(19%) were above the MDL of 0.089 mg/kg for tissue and 

0.018 mg/l for blood. These were most commonly in the liver, 

spleen, brain, bone marrow, bone, and lung. Twenty-three 

values from control subjects were outliers by the Grubb’s test, 

mostly due to only one of the several subjects’ values being 

above the MDL. For all of the control rats, none of the mean 

values of the sum of the amount of cerium in the organs or 

blood exceeded 1% of the nanoceria dose given to the paired 

nanoceria-treated rats. 

 

Nine values from nanoceria-treated subjects were outliers by 

the Grubb’s test. Of the 462 samples from nanoceria-treated 

rats analyzed for cerium, all but 56 (14%) were above the 

MDL; 20 were brain, 16 blood, and 15 were skeletal muscle 

samples, indicating the lowest nanoceria distribution into those 

organs.  
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There were no statistically significant differences in the percentage 

of the infused nanoceria dose between those rats that received a 

single dose and those that received 5 daily consecutive infusions of 

the same dose (Figure 3). The 6 mg/kg infusion of 30 nm ceria 

significantly increased cerium in most organs and blood. This is 

shown by the statistically significant differences compared to control 

rats and when all of the cerium levels in the control rats were below 

the MDL, leading to the inability to statistically compare results 

from control and nanoceria-treated rats (Figure 4). The only 

statistically significant decreases of cerium seen up to 90 days after 

infusion of 6 mg/kg of the 30 nm ceria were in the liver and skeletal 

muscle (Figure 4). One day after a single IV infusion of 6 mg/kg of 

the 30 nm ceria, 71% of the dose was in the liver. The percentage of 

the injected dose in the liver 90 days after the single IV infusion had 

decreased to 26% (Figure 4). Our prior results showed that less 

(33%) of an 85 mg/kg dose of the 30 nm ceria was in the liver 1 day 

after IV infusion compared to 71% of the 6 mg/kg dose. This 

decreased to 21% 90 days after the 85 mg/kg dose 31. The reduction 

of 12% of the 85 mg/kg dose (from 33 to 21%) is 10.2 mg/kg. This 

is a greater reduction of cerium mass in the liver than the 45% 

reduction of the 8 mg/kg dose (from 71 to 26%), which is 3.6 mg/kg.  

 
The ceria nanorod distribution was generally similar to the 5 

and 30 nm cubic/polyhedral nanoceria of the present study and 

our prior results with this 5 and 30, as well as a 15 and 55 nm 

cubic ceria 31, 32 (Figure 5). There was no significant reduction 

of cerium levels at 30 days, compared to the first h, after the 

ceria nanorod infusion. In contrast, cerium increased in bone 

marrow and spleen, resulting in a greater percentage of the dose 

in these mononuclear phagocyte system (MPS) sites than most 

other nanoceria treatments we have studied (Figure 6). 

 

Results of the relative deposition index show accumulation in 

liver within 1 h that persisted for 30 or 90 days for the 5 and 30 

nm ceria, but not the ceria nanorod (Table 2).  The 

accumulation in the bone marrow at 30 days and nanorod in the 

spleen at 30 days might represent uptake of nanoceria that was 

located in other sites, or dissolution of nanoceria and 

distribution of cerium to these sites.  

 

The sum of the percentages of the ceria dose in the sampled 

blood and organs accounted for 70 and 72% of the single and 

repeated 5 nm ceria; 79, 56 and 36% of the 30 nm ceria at 1, 30 

and 90 days; 53 and 78% for the 50 mg/kg ceria nanorod dose 

after 1 h and 30 days; and 49% for the 20 mg/kg ceria nanorod 

dose after 30 days. As appreciable fecal and urinary cerium 

excretion were not seen after systemic nanoceria administration 
31, 33, the remainder of the dose was evidently in un-sampled 

sites, one of which appears to be adherence to the luminal wall 

of blood vessels 70.  

 

Most of the nanoceria was cleared into MPS organs. When 

cerium was determined in only blood, brain, liver and spleen, 

with the exception of the first h after infusion of the 5 nm ceria 

when a significant amount was still in blood, ≥ 98% was in the 

liver and spleen. When bone marrow was also collected among 

11 to 16 tissues and fluids, ≥ 88% was in the liver, spleen, and 

bone marrow, with the exception that these 3 MPS organs 

accounted for only 72% of the dose 90 days after the 85 mg/kg 

dose of 30 nm ceria 31.  The percentage of the dose in the liver 

decreased over time for the 6 mg/kg dose of 30 nm ceria, the 

ceria nanorod of the present study, and the 85 mg/kg dose of 30 

nm ceria in our prior study 31 (Figure 6), suggesting some 

translocation out of the liver over time. Following the 85 mg/kg 

dose of the 30 nm ceria and the ceria nanorod, there was an 

increase in the spleen. 

 

 

 

 

 

 5 nm 30 nm, 6 mg/kg Nanorod 

  11 mg/kg, day 30   55 mg/kg, day  30 1 h day 30 day 90 50 mg/kg, 1 h 20 mg/kg, day 30  50 mg/kg, day 30  

Liver X X X X X X   

Bone marrow X X      X 

Spleen X  X X X  X X 

 

Table 2. Results of relative deposition index (RDI) analysis. X = organs showing both RDI > 1 and a partial chi-squared value for 

that organ representing > 10% of the sum of the partial chi-squared values. 
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Figure 3. Percentage of the nanoceria dose in tissues and blood 30 days after one or five IV 11 mg/kg 5 nm ceria administrations.* 

= Significantly different from controls.  × = Cannot test for significant difference from controls because all of the control rat 

values were identical (below the MDL). 
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Figure 4. Percentage of the nanoceria dose in tissues and blood after a single IV 6 mg/kg 30 nm ceria administration.* = Significantly 

different from controls.  × = Cannot test for significant difference from controls because all of the control rat values were identical (below 

the MDL).  ∏ indicates a statistically significant difference between the two treatments.   
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Figure 5.  Percentage of the nanoceria dose in tissues and blood after a single IV ceria nanorod administration.  * = Significantly different 

from controls.  × = Cannot test for significant difference from controls because all of the control rat values were identical (below the MDL).  

∏ indicates a statistically significant difference between the two treatments. 
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Figure 6.  Percentage of the nanoceria dose in the liver, spleen, 

and bone marrow of the current study and prior studies of 5 and 

30 nm ceria, 85 mg/kg 31, 32. Treatments that have a common 

letter are not statistically different. 

 

 

 

Discussion:  
The aims of these studies were to determine if the 

biodistribution and persistence of nanocerias are different 

following lower doses than we previously studied; if repeated 

dosing influences its disposition; and if the nanoceria shape has 

a significant influence on its toxicity, disposition and retention.  

Overall, the results suggest that these three variables do not 

have a profound effect on the biodistribution or persistence of 

nanocerias, e.g., the distribution and fate of these representative 

nanoceria, and others we have studied is more similar than 

different (Figure 6). Each of the nanoceria doses significantly 

increased cerium in multiple organs and blood. Overall, 85% of 

the samples, including those collected 90 days after the single 

nanoceria administration, were above the MDL.  

 

In contrast, only 20% of the samples from non-nanoceria-

treated rats were above the MDL of this highly sensitive 

analytical method.  Control rat samples above the MDL were 

most commonly from the liver, spleen, brain, bone marrow, 

bone, and lung, suggesting the greatest accumulation of cerium 

from dietary and other sources in these organs. Cerium is the 

most abundant of the rare earth elements, comprising ~ 0.005% 

of the Earth's crust; more than lead, silver, mercury, or gold. Its 

oral bioavailability is very low. After oral introduction, only 

0.03% was absorbed from the gastrointestinal tract of rats 

within 3 days 71. It was reported to accumulate principally in 

muscle 72, bone 73-75, and liver 75, 76 after oral administration to 

various mammals. Cerium concentration in healthy adult 

Chinese men who suffered sudden death was 90, 58, and 36 

µg/kg in liver, lung, and rib, respectively; 5 to 10 in pancreas, 

skin and thymus; 1 to 5 in adrenals, fat, heart, kidney, large and 

small intestine, muscle, spleen, stomach, testis, and thyroid; and 

< 1 in blood 77, consistent with the pattern of cerium in the 

control rats that did not receive nanoceria.    

 

The rats in this work were not perfused to remove blood from 

their organs when terminated, because we needed to quickly 

harvest tissues, unaltered, for determination of biochemical 

endpoints.  Based on the rat brain vascular volume (2% of the 

frontal cortex and 2.6% of gray matter) 78 and cerium 

concentration in blood determined in this study, the cerium in 

the brain of these nanoceria-treated rats can be accounted for by 

the cerium in circulating blood. Our previous attempts to 

visualize nanoceria in brain parenchyma after IV infusion of 5 

and 30 nm ceria revealed very few nanoceria particles had 

crossed the blood-brain barrier 30-32, 47, 48. Therefore, these 

results provide no evidence that these nanoceria distributed into 

brain parenchyma. After a much smaller dose of nanoceria 

administered by the oral, intraperitoneal, and IV routes (0.5 

mg/kg), cerium could not be detected in the brain of mice 33. A 

small percentage of oral and intratracheal doses of nanoceria 

was shown by ICP-MS analysis to be in brain, but techniques, 

such as electron microscopy, were not utilized to determine its 

location 28. These results are in contrast to results with a citrate-

EDTA stabilized 2.9 nm ceria that appears to result in 

significant accumulation in the cerebellum of mice with 

experimental autoimmune encephalomyelitis 19. 

 

Intravenous administration of 50 to 750 mg/kg of a 30 nm 

commercial (platelet shaped) ceria resulted in 57, 16, and 0.01-

0.02% of the dose in the liver, spleen, and brain, respectively, 

20 h later 30. After a single infusion of 50 to 85 mg/kg of 5, 15, 

or 30 nm ceria, liver had the greatest percentage of the 

administered dose (44, 23, and 33%) 30 days later 32. Spleen 
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nanoceria concentrations were ~ 2, 5, and 4-fold greater than in 

the liver; containing 9, 15, and 11% of the dose for those 3 

nanoceria sizes, respectively.  Similarly, liver, spleen, and bone 

marrow contained a greater percentage of the dose of a 30 nm 

ceria 90 days after an 85 mg/kg IV dose (21, 15 and 9.5%) than 

did 12 other organs, blood, or cerebrospinal fluid 31. The 

present results also show considerable uptake by MPS organs 

within 1 h. These nanoceria are too large to be excreted by the 

kidney. Previous results show little of the 30 nm ceria was 

excreted in urine or feces, consistent with their prolonged 

residence in the body 31. There was little uptake into the lungs, 

suggesting the circulating, rigid, nanoceria had not 

agglomerated to particles in the µm range, that would be 

cleared from systemic circulation into the lung 79, consistent 

with our observation that nanoceria agglomerations were < 1 

µm after 1 h ex vivo incubation of a 30 nm ceria in blood 30. 

The result of studies with five nanoceria with primary particles 

sizes from 3 to 40 nm show < 1 is taken up into distal organs 

from the lungs (after intratracheal instillation and nose-only 

inhalation) and much less than 1% from the GI tract. The 

distribution pattern of the cerium in distal organs after 

pulmonary, oral, or IP introduction was generally similar to the 

present pattern following IV injection 28, 33, 35, 80. Furthermore, 

the cerium distribution pattern following IV infusion of 

nanoceria is similar to other nanoscale materials, including 

colloidal carbon 81, colloidal gold 82, 83, other quite insoluble 

metal oxides 84-88, and polymeric nanomaterials 89, 90 , although 

not generally as extensively described in those studies as for 

nanoceria in the present studies.   

 

Cerium in the skeletal system increased from 1 h to 30 and 90 

days after nanoceria injection (Figures 4 and 5). Cerium in 

cranium, spinal column, pelvis, or femur did not decrease from 

1 to 90 days after IV injection of 85 mg/kg of the 30 nm ceria 
31. Given the concentration of cerium in the ribs of healthy adult 

Chinese men who suffered sudden death compared to other 

organs (summarized above), and relative organ weights, they 

had more cerium in their skeletal systems than any other 

sampled organ 77. Similarly, after SC, IM, or IV cerium 

injection, there was more cerium in rat’s skeleton than liver 15 

days later 62. Bone might be a major, persistent, depot of cerium 

accumulation after nanoceria exposure.       

 

The only significant decrease of cerium up to 90 days after 

infusion of 6 mg/kg 30 nm ceria was in the liver and skeletal 

muscle (Figure 4). A reduction in liver cerium was also seen 

after its IV injection into rats over 5 months 19. These results 

further illustrate the persistence of cerium in MPS organs we 

saw with higher doses 30-32. The reduction of cerium in the liver 

over time and its increase in some other sites suggests 

translocation. The percent of the dose in the spleen increased 

over time after infusion of 15 and 30 nm ceria 32. Although 

considered to be quite insoluble, there is evidence for some 

dissolution of nanoceria in plants 91, and in vivo over months 51. 

This may be associated with nanoceria reduction in the liver 

and increase in cerium in other sites, and might account for the 

increase in cerium at several sites 90 days after the single 

infusion of 85 mg/kg 30 nm ceria 31. The greater reduction in 

the liver of the mass amount of the 30 nm ceria dose after the 

85 than the 6 mg/kg administration suggests the mechanism 

mediating nanoceria clearance from the liver was not saturated 

after the higher dose.  

 

A close review of the results shown in Figure 6 suggests there 

are some trends. In the presence of the highest dose tested, 85 

mg/kg, a lower percentage enters the liver than at lower doses, 

suggesting an initial saturation of the liver’s ability to clear 

nanoceria from blood. Larger nanoceria doses result in a greater 

percentage taken up by the bone marrow. Higher dose ceria 

nanorod administration results in greater bone marrow uptake 

than after the 5 and 30 nm ceria.    

 

The stability of this ceria nanorod was evaluated by measuring its 

crystallography (XRD) and hydrodynamic diameter of two samples 

stored for three years. The dried powder gave an XRD pattern 

essentially identical to Figure 2, confirming excellent stability when 

stored in a dry state. Other researchers reported nanorods with high 

fractions of (200) morphology, which would lead to high oxygen 

vacancies and/or high Ce3+ content 92, 93. This ceria nanorod appears 

to have a lower (200) content than these reports. The DLS data 

shown in Table 1 were taken on a suspension of our nanoceria in 

10% sucrose, stored for three years and sonicated briefly after 100:1 

dilution. DLS data analysis techniques are normally based on the 

assumption of spheroidal geometer; no correction was made based 

on the cylindrical morphology of the nanorods. The 1st peak, 

centered around 100 nm, likely corresponds to discrete, 

unagglomerated nanorods (expected to have a size between the 

volume-equivalent diameter of a sphere the same volume as the 

nanorods (34 nm) and the nanorod average length, 264 nm). The 2nd 

peak, centered around 400 nm, likely corresponds to agglomerated 

nanorods.  

 

The ceria nanorod was not much more acutely toxic than the 

cubic/polyhedral nanoceria. Work with carbon nanotubes having a 

length less than 1 µm showed them to have apparent in vivo bio-

compatibility and minimal cytotoxicity 94. Increasing the aspect ratio 

has been found to increase the rate of cell entry 95. Thirteen to 20 nm 

diameter, 100 to 300 nm length, and 5 to 10 nm diameter, 25 to 35 

nm length ceria nanorods were more catalytically active than 8 nm 

irregularly shaped ceria 96, 97. To investigate the influence of length 

and aspect ratio of nanorods on biological activity, a library of 6 to 

10 nm diameter, 31 to > 1000 nm length, ceria nanorods was 

prepared 98. They were taken up into the cytoplasm and membrane-

lined compartments of THP-1 (human monomyelocytic leukemia) 

cells. Cytotoxicity, as LDH release, and IL-1β (which has been 

shown to play a role in the generation of chronic granulomatous 

inflammation and fibrosis by multiwalled carbon nanotubes) were 

much greater in THP-1 cells exposed to the 500 and >1000 nm ceria 

nanorods than the shorter ones. NALP3 inflammasome-mediated 

lysosomal damage was seen. This investigation was extended into 

the mouse (oropharyngeal aspiration) and zebrafish larvae 

(immersion) which yielded similar results of increased toxicity as 

length increased, particularly when length was ≥ 500 nm 99. The high 

tolerated dose of nanorod ceria in the present work is consistent with 

the lack of significant toxicity of nanorods with lengths below 500 

nm. The inverse correlation between ceria nanorod diameter and 

length was expected, based on work with multi-walled carbon 

nanotubes 100. Nanotubes with greater diameter are stiffer therefore 

fracture more easily as one would predict based on the radius of 

curvature prior to fracturing. The low correlation between diameter 

and length for the ceria nanorods in this study can be attributed to 

the fairly narrow diameter variability. 

 

The nanoceria in the present work were citrate coated. Others have 

studied crystalline 3 to 5 nm primary ceria particles functionalized 

with carboxyfluorescein 33, 5 nm ceria functionalized with 3-

aminopropylsilyl-anchored N-succinimidyl 4-[18F]fluorobenzoate 
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101, and 2.9 nm citrate-EDTA stabilized ceria 19 and found similar 

distribution after IV administration. These results suggest the surface 

coating of nanoceria does not greatly influence its biodistribution. 
 

In summary, cerium determined in ~ 12 organs and tissues from 

1 h to 90 days after IV infusion of a 5 nm polyhedral, a 30 nm 

cubic nanoceria, and a ceria nanorod was mainly in MPS 

organs, with no evidence of entry into brain parenchyma. There 

was little decrease in the percent of the nanoceria dose in the rat 

for up to 90 days, although there was a decrease in the liver and 

increase in some other sites, suggesting some translocation or 

nanoceria dissolution and cerium redistribution. 

Conclusions 

Investigation of the distribution and persistence of a repeatedly-

dosed 5 nm nanoceria, a 30 nm ceria given as a > 10-fold lower 

dose than we previously studied, and an ~ 10 x 265 nm ceria 

nanorod, when compared to prior reports of nanoceria 

distribution and persistence with various nanoceria with 

different surface coatings, suggests some trends. Higher doses 

resulted in a greater percentage uptake by the spleen and bone 

marrow. Overall, these results show greater similarity than 

difference in the fate of nanocerias, helping to unify and simply 

our understanding of the handling of nanocerias by mammalian 

organisms. 
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