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Abstract

The use of nanoparticles in agrichemical formula and food products as additives has increased
their chances of accumulation in humans via oral intake. Due to their potential toxicity, it is
critical to understand their fate and distribution following oral intake. Cerium oxide nanoparticle
(CeO,NP) is commonly used in agriculture and is highly stable in the environment. As such, it
has been used as a model chemical to investigate nanoparticle’s distribution and clearance. Based
on their estimated human exposure levels, 0.15-0.75 mg/kg body weight/day of CeO,NPs with
different sizes and surface charges (30-50 nm with negative charge and <25 nm with positive
charge) were gavaged into C57BL/6 female mice daily. After 10-d, 50% of mice in each treatment
were terminated, with the remaining being gavaged with 0.2 mL of deionized water daily for

7-d. Mouse organ tissues, blood, feces, and urine were collected at termination. At the tested
levels, CeO,NPs displayed minimal overt toxicity to the mice, with their accumulation in various
organs being negligible. Fecal discharge as the predominant clearance pathway took less than
7-d regardless of charges. Single particle inductively coupled plasma mass spectrometry analysis
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demonstrated minimal aggregation of CeO,NPs in the gastrointestinal tract. These findings
suggest that nanoparticle additives >25 nm are unlikely to accumulate in mouse organ after oral
intake, indicating limited impacts on human health.
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1. Introduction

Emulsifiers, artificial sweeteners, and coating and thickening agents are common food
additives in western diets to increase shelf life and improve the quality and taste of pre-
packaged foods (Chazelas et al., 2020). With the rapid development of nanotechnology,
inorganic nanoparticles (NPs) are commonly used in food products, pharmaceutical
formulations, and personal care products (McClements and Xiao, 2017). For example,
titanium oxide (TiO,, E171) NPs are found in >900 food products (Pinget et al., 2019).
Silicon oxide NPs (SiO,, E551) are the second most common as food additives, with an
average adult consuming ~1.8 mg SiO,/bw/d (Dekkers et al., 2011). In addition to these
intentionally-introduced NPs in food products, our food can be incidentally polluted by NPs
accumulated in soils. Therefore, it is important to evaluate the impacts of NPs on human
health.

Prolonged consumption of nanoparticle food additives may lead to their accumulation

in different organs and cause deleterious effects (Medina-Reyes et al., 2020). However,
detailed mechanisms of action are still lacking, and it is not uncommon to find contradictory
statements concerning the fate and distribution of food-borne NPs in the literature (Lamas
et al., 2020), which is attributed in large part to the challenge of detecting and precisely
quantifying NPs and dissolved ions following dissolution. For example, silver and zinc
oxide NPs are commonly used in this type of studies, however, it is recognized that these
NPs undergo rapid dissolution in the acidic stomach fluid (He et al., 2020). Therefore,
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detection of elemental Ag and Zn in different organs cannot conclusively demonstrate

NP’s accumulation in these organs. If NPs indeed accumulate in different organs, it is also
important to have insights into their physicochemical properties and behaviors (e.g., their
possible aggregation) in biological tissues, which is lacking in the literature. Fortunately,
recent advances in analytical techniques capable of simultaneously characterizing particle
size, size distribution and particle concentration in biological samples have occurred in the
past few years. Single-particle inductively-coupled plasma-mass spectrometry (SP-ICP-MS)
is a popular technology for this purpose, which can simultaneously provide NP size and size
distribution, particle number concentration as well as the concentration of their ions.

CeO,NP is a popular engineered-NP that has been used in many commercial and
agricultural products, making it one of the most likely exposed NPs by humans. CeO,NPs
is also a major candidate in nanomedicine due to its superoxide dismutase and catalase
memetic activities (Baldim et al., 2018). Indeed, it shows great potential for various human
diseases including Alzheimer’s disease and obesity (Inbaraj and Chen, 2020). Recently, the
investigation of CeO,NPs has been extended to oncology, neurology, chronic inflammation
and hepatology (Casals et al., 2020). Importantly, CeO,NPs are stable under physiological
conditions in the gastrointestinal tract. Therefore, CeO,NPs is used as a model NP to
investigate the fate and distribution of orally-ingested NPs.

Oral ingestion is an important pathway of exposure to inorganic NPs. In spite of many
studies, it remains unsettled as to whether orally taken inorganic NPs can pass through the
intestinal epithelial barrier and enter the bloodstream and organs. The primary goal of this
study was to understand the fate, distribution and clearance of orally-administered CeO,NPs
and how their properties affect their behavior after oral intake using a mouse model. The
results from this study should have some implication regarding the impacts of CeO,NPs on
human health.

Materials and methods

Nanoparticle sources and characterization

CeO,NPs with different sizes and surface charges from two different sources were obtained.
The uncoated CeO,NP dispersion with a particle size <25 nm (10% weight in H,O) was
from Sigma Aldrich (St. Louis, MO) and the particles were positively charged. CeO,NPs
dispersion of 30-50 nm (20% weight in H,O) was from U.S. Research Nanomaterials
(Houston, TX) and was negatively charged due to the polyvinylpyrrolidone coating. To
verify their properties, the mean nanoparticle size, size distribution and shape were
determined using a Tecnai G2 F20 transmission electron microscope (TEM) (FEI). The
hydrodynamic size and zeta potential of these particles dispersed in deionized (DI) water
at 10 mg/L were measured using a dynamic light scattering instrument (Zetasizer Nano
ZS, Malvern Inc., Worcestershire, UK). The crystal structure of CeO,NPs was evaluated
with a Hitachi H-9500 high resolution (HR)-TEM with a lattice resolution of 0.1 nm and
point-to-point resolution of 0.18 nm.
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2.2. Invivo study design

C57BL/6 female mice were purchased from Jackson Labs (Bar Harbor, Maine) and housed
for 3 weeks without exposure to NP dispersion. Mice were fed a semi-purified diet
(D12450B, Research Diet, Inc.) ad libitum. After the mice were 9 weeks old, CeO,NPs
were administered via oral gavage. CeO,NPs were introduced during the feeding period at
3 p.m. daily for 10-d. The feeding suspension was made fresh daily and was sonicated for
30 min before gavage. The hydrodynamic size and zeta potential of the feeding suspension
were monitored daily to ensure consistency.

Altogether, four dosing scenarios were investigated including control, daily gavage of 4 or
20 pg of 30-50 nm CeO,NPs, an equivalent of 0.15 and 0.75 mg/kg body weight/day (T1
and T2), and daily gavage of 20 pg of <25 nm CeO,NPs (T3). Unlike most studies, which
used high concentrations of CeO,NPs to investigate their toxicity, low levels of dosage
representing most-likely exposure levels were used in this study. This will help to gain
baseline information on the current risks of CeO,NPs because these dosages allow us to
evaluate the fate and distribution of CeO,NPs in relatively healthy populations. Half of the
mice from each treatment (n = 12) were sacrificed after 10-d, while the remainder (n = 6)
were gavaged with 0.2 mL of DI water daily for another 7-d as a clearance period. Following
termination at both the feeding and clearance stages, multiple organs including the liver,
heart, spleen, stomach, lung, kidney, brain, and small intestine were collected and weighed
to obtain their fresh weight. Mouse feces, blood, and urine were also collected before being
sacrificed. Samples were split into two subsamples, which were used for total Ce element
analysis and nanoparticle size/concentration analysis.

2.3. Total Ce concentration in mouse

Organ tissues used for total Ce analysis were oven dried at 70 °C for 48 h. The dried
tissues were then ground into powders, weighed, and acid digested in accordance with

the USEPA Method 3050B to determine total Ce content using an inductively-coupled
plasma-mass spectrometry (ICP-MS) (Xu et al., 2022; Dan et al., 2016). The blood samples
were analyzed shortly after their collection. Briefly, 0.4 mL of whole blood was centrifuged
at 1500 g for 10 min after coagulation to obtain the serum, which was then transferred to a
clean centrifuge tube and mixed with 1.6 mL of 5% HNO3, which was further diluted four
times with DI water. The sample was then directly analyzed with ICP-MS for Ce. Urine
samples were directly analyzed by ICP-MS without additional pretreatment except for an
initial stabilization with 1% HNOs3.

2.4. Nanoparticle concentration and size distribution

Because none of the organ tissues or blood samples after 10-d of feeding contained
detectable Ce based on ICP-MS analysis, particle concentration and size distribution of
CeO,NPs were only performed for feces and urine samples. Specifically, fecal samples

were oven-dried at 60 °C overnight, then ground to fine powders using a pestle and

mortar. Subsequently, powders (50 mg) from each sample were combined with 5 mL of
tetramethylammonium hydroxide (TMAH, 25% w/w) in a pre-cleaned tube and mixed for
30 min at 30 rpm on a rotator. The mixture was then sonicated for 30 min using a water bath
sonicator and mixed for an additional 24 h at 30 rpm. Afterwards, 120 mL of ultrapure water

Soil Environ Health. Author manuscript; available in PMC 2023 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 5

was added to dilute TMAH to 1%, and the sample was stored for 1 h to settle solid residue.
The supernatant was withdrawn and diluted with ultrapure water by 50 to 1000 times, which
was then sonicated for 15 min right before single particle (SP)-ICP-MS (NexION 2000P,
PerkinElmer, Waltham, MA, USA) analysis. Urine samples were diluted by ten times using
ultrapure water. The diluted samples were vortex mixed for 30 s, followed by bath sonication
for 10 min right before SP-ICP-MS analysis.

Detailed operation and method parameters for SP-ICP-MS are summarized in Table S1.
AUNP standard (50 nm) was used to measure the transport efficiency for every experiment,
which was ~10%. Dissolved Ce standard (10 mg/L, in 2% HNO3) was diluted to different
concentrations (0.1-10 pg/L) by 0.1% HNO3 to establish a calibration curve. Syngistix
software with a Nano Application module was used for data collection and processing.

The size detection limit of CeO,NPs was calculated based on the classical method used in
most previous publications (Pace et al., 2012; Lee et al., 2014). Specifically, a threshold
criterion of | + 3o (where p and o are the mean and standard deviation of the blank data
set, respectively) was calculated and converted to particle diameter based on the calibration
curve. The size detection limit of CeO,NPs for SP-ICP-MS was 16 nm.

3. Results and discussions

3.1.

Nanoparticle characterization

Detailed results on the characterization of CeO,NPs are summarized in Fig. 1 and Table 1.
Overall, the primary particle size fell within the ranges provided by the vendors, but the size
distribution was broader. For example, for the 30-50 nm CeO,NPs, the actual dominant
sizes were 20-60 nm, and for CeO,NPs labeled <25 nm, our result indicate that the
dominant size of CeO,NPs was in the range of 10-40 nm. CeO,NPs from the two sources
possessed similar crystalline structure as confirmed by the HR-TEM imaging and selected
area electron diffraction patterns of these NPs (Fig. 1). The hydrodynamic diameter and
zeta potential of CeO,NPs in the feeding suspensions showed that the 30-50 nm CeO,NPs
were negatively-charged (—47 to —49.6 mV) while the smaller ones were positively-charged
(+47.8 mV). Greater aggregation of the positively_charged NPs was observed. The average
hydrodynamic size of 30-50 nm and <25 nm CeO,NPs in a 10 mg/L of suspension was
326.4 +17.1 nm and 110.8 + 0.8 nm, respectively.

3.2. Accumulation of Ce element in mouse

As expected, the exposure to CeO,NPs for 10-d at the selected concentrations has little
negative impact on mice. The organ weights from the four treatments were comparable
after 10-d of NP feeding (Fig. 2), with no observable alteration or damage to mice organs
being noticed. In a previous study, female Wistar rats intraperitoneally administered 300 mg
CeO,NPs/kg bw (23.2 nm) did not show toxic signs with respect to their body weight or
mortality 14-d after the injection. Noticeable impact of CeO,NPs was only observed when
the dosing concentration reached 2000 mg/kg bw, which is unrealistically-high (Kumari et
al., 2014). In addition, both male and female SD rats showed no signs of toxicity, e.g., body
weight, and functional observations and blood chemistry following oral exposure with 1000
mg CeO,NPs/kg bw (14.2 nm) for 28-29 d) (Lee et al., 2020). These results suggest that

Soil Environ Health. Author manuscript; available in PMC 2023 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 6

CeO,NPs at low dosages used in this study are unlikely to cause physiological damages.
This provides us a good opportunity to evaluate the possible particle fate (e.g., particle
aggregation) and distribution in different organs in healthy mouse.

The total concentration of Ce in all organs and blood samples was below the detection limit
of ICP-MS, suggesting that the penetration of CeO,NPs through the intestinal epithelium

is minimal. This result can be explained by the multiple epithelial barriers that NPs

must traverse in order to gain access to the circulatory system and accumulate in other
organs. The intestinal epithelium contains well-defined mucosal (mucin secreting epithelial
cells) surface sealed by practically impermeable tight junctions (Lee, 2015). Typically, the
tight junctions between neighboring epithelial cells constrain the diffusion of hydrophilic
macromolecules through the paracellular route. Positively-charged NPs interact closely with
mucin, a common protein in the mucosal layer, and can only slowly diffuse across the
mucosal layer (Zhang et al., 2021). Therefore, the ability for these particles to reach the
epithelial barrier and cross it is low. Negatively-charged particles tend to diffuse faster
through the mucosal layer and may enhance the permeability of epithelial membranes, in
part by loosening the intercellular tight junctions via the downregulation of phosphorylated
claudin-4 protein, the active form of claudin-4 protein which controls the tight junction
opening (Wang et al., 2017). Nevertheless, our results indicate that the transmembrane
movement of negatively-charged particles with the size used in this study is minimal, likely
due to the relatively large particle size compared to the pore sizes of epithelial membranes.

Consistent with our results, Enea et al. (2020) investigated the fate and distribution of 60
nm gold NPs both /n vitroand in male Wistar rats. They found that systemic absorption of
AuUNPs was low, with fecal clearance as the predominant pathway of elimination (Enea

et al., 2020). However, other studies have reported elevated accumulation of NPs in

some organs. The inconsistency in the literature with regard to NP distribution following
oral intake might be attributed to two reasons. Firstly, many studies that reported the
accumulation of metallic NPs in mice organs after oral intake used highly-soluble NPs such
as zinc oxide and silver NPs. The use of ICP-MS or other elemental detection technologies
for metal quantification in different organs cannot distinguish NPs versus their dissolved
ions. As such, the instrument cannot conclusively measure the systematic absorption of NPs
because of metal dissolution. For example, a study with Cu NPs showed that the dissolved
ion form of Cu is likely the primary form absorbed following CuONP oral exposure (Lee

et al., 2016). This interpretation is supported by the greater dissolution of CUONPS versus
Cu microparticles in simulated gastrointestinal fluids. Secondly, almost all studies reporting
systemic absorption of NPs after oral intake used small nanoparticles (<12 nm). As an
example, daily oral administration of iron oxide NPs to female Wistar rats for 10-d resulted
in elevated iron accumulation in the liver and spleen, depending on the surface properties of
iron oxide NPs. Negatively-charged iron oxide NPs (7-11 nm) accumulated predominantly
in the liver whereas the positively-charged NPs mostly accumulated in the spleen (Fahmy
et al., 2021). The biodistribution of these NPs distinguished from iron sulfate, which was
mainly accumulated in the kidney. Dumala et al. (2019) studied the distribution of orally-
ingested nickel oxide NPs (~12 nm) in Wistar rats (sex unknown) after 28-d of repeated
dosing and detected elevated levels of Ni in rat liver, followed by kidney. Interestingly,
previous studies have reported size-dependent accumulation of NPs in different organ sites

Soil Environ Health. Author manuscript; available in PMC 2023 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 7

(De Jong et al., 2008). For example, smaller gold NPs (10 nm) were detected in all organ
sites while larger particles tended to accumulate in the liver and spleen only after they enter
the circulation system. Therefore, a closer examination of relatively larger nanoparticle oral
intake data is needed. Characterization of nanoparticle sizes and size distribution in different
organs is also critical. Our results showed that CeO,NPs at the size and concentration
applied in this study had negligible accumulation in different mouse organs. Therefore,
additional studies on the maximum size of NPs that can traverse the intestinal epithelium are
needed.

3.3. Cein mouse fecal samples

As expected, mouse oral exposure to CeO,NPs resulted in significantly-higher
concentrations of element Ce in mouse feces than in the control and Ce concentration in

the feces increased with the feeding concentration of CeO,NPs (Fig. 3A). Notably, the
concentration of Ce in the feces from mice gavaged with <25 nm CeO,NPs was significantly
higher than those exposed to 30-50 nm CeO,NPs at the same concentration, suggesting

that positively-charged CeO,NPs were cleared faster than the negatively-charged CeO,NPs.
However, after 7-d of clearance, the Ce concentration in mouse feces are comparable in all
treatments including the control (Fig. S1), indicating that it took less than 7-d for mice to
clear residual NPs.

The kinetics of clearance is important because NPs retained in the intestine could alter
the composition and metabolic function of the gut microbiome, whose role in regulating
the integrity of intestinal epithelium has been clearly shown (Zhu et al., 2022). Detailed
studies in nanoparticle clearance kinetics and their interactions with gut microbiome in the
future will shed light on the potential impact of orally-ingested NPs. The time reported
for full clearance after oral intake of CeO,NPs ranges from less than 24 h to several
weeks in the literature (Casals et al., 2020). This wide range of time needed for clearance
could be attributed to the different properties of NPs used in those studies including

their concentration, size and surface properties. Thus, more systematic studies with well
controlled nanoparticle properties are needed to correlate the fate and biodistribution of
orally-taken NPs with their properties.

As shown in Fig. 4, the nanoparticle concentration in the feces was proportional with the
feeding concentration for 30-50 nm CeO,NPs. Interestingly, the feces from mice exposed
to <25 nm CeO,NPs (T3) was significantly higher than that from T2 even though the

mice in these two groups were exposed to similar concentration of CeO,NPs. The mean
particle size in the fecal samples from these two treatments were comparable. These results
suggest the presence of large numbers of smaller particles and a few large aggregates in

the feces from the <25 nm CeO,NPs treatment group. The strikingly different particle size
distribution in the feces between the two types of NPs suggest the potential for highly
distinctive interactions with gut microbiome, which underscores the need to characterize the
in different tissues and biological samples after exposure.
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3.4. Ceinurine samples

Higher concentrations of total Ce element were also detected in the urine samples from mice
fed with higher doses of CeO,NPs (Fig. 3B). However, the difference was only significant
for mice exposed to the smaller and positively-charged CeO,NPs. This is likely because of
the presence of much smaller CeO,NPs in the suspension of <25 nm CeO,NPs. To gain
more insights, we also analyzed the urine samples using SP-ICP-MS. The SP-ICP-MS did
not find significant level of CeO,NP larger than the size detection limit (16 nm) in the urine
sample. These results suggest that the higher total Ce concentration detected by conventional
ICP-MS method in the urine samples dosed with high concentration of <25 nm CeO,NP
might be present as smaller (<16 nm) size particles. A study using a different type of NPs
reported the detection of NPs from the urine samples but stated that only particles that have
a hydrodynamic size <5 nm could enter the urinary system (Choi et al., 2007). Our results
suggest that even though CeO,NPs might be excreted with the urine, this is a minor route of
exrection compared with the fecal route.

4. Conclusions

In summary, our results demonstrate that orally-ingested CeO,NPs at levels typically found
in commerical products or at slightly higher projected levels did not lead to overt toxicity to
healthy mice. Their limited accumulation in mice organs was probably due to the protective
role of intestinal epithelial barrier. This may justify the use of CeO,NPs as nanocarriers
because of the low risk of long term accumulation of NPs if the size of CeO,NPs can

be controlled above a certain threshold. However, it should be cautioned that engineered
NPs may still pose risks to those who suffer from “leaky” gut, which requires additional
investigation. On the other hand, if CeO,NPs are used as a component of nanomedicine,
oral administration may not be an effective delivery method unless NPs are reduced to much
smaller size (at least smaller than 12 nm). Our results also show that surface charge affects
the fate, distribution and clearance time of orally-taken NPs. Therefore, manipulation of
nanoparticle size and surface properties can be an effective approach to alter the fate and
distribution of NPs to achieve the goal of its use.
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HIGHLIGHTS
. CeO,NPs at current exposure levels pose low risks after oral intake by mice.
. Orally-ingested CeO,NPs >25 nm are unlikely to accumulate in mouse
organs.
. Fecal discharge is the dominant pathway of clearance for orally-ingested
CeO,NPs.
. Clearance of orally-exposed CeO,NPs takes <7-d.
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Fig. 1.
Transmission electron microscopic (TEM) images of two types of CeO,NPs, 30-50 nm

(A) and 25 nm (B), nanoparticle size distributions of two types of CeO,NPs obtained from
ImageJ analysis (CD), high resolution TEM image of 30-50 nm CeO,NPs (E) and selected
area diffraction (SEAD) pattern of 30-50 nm CeO,NPs (F).
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Fig. 2.

Mouse organ weights collected after 10-d of continuous gavage of CeO,NPs suspensions
and following 7-d of clearance. T1 and T2: oral administration of 200 pL of 20 mg/L and
100 mg/L of CeO,NPs (30-50 nm), respectively, daily for 10-d, T3: oral administration of
200 pL of 100 mg/L of CeO,NPs (<25 nm) daily for 10-d. Control mice were gavaged with
200 pL of water daily.
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Fig. 3.

Total cerium concentration in the feces (A) and urine (B) samples after 10-d of continuous
gavage. T1 and T2: oral administration of 0.2 mL of 20 mg/L and 100 mg/L of CeO,NPs
(30-50 nm), T3: oral administration of 0.2 mL of 100 mg/L of CeO,NPs (<25 nm). Control
mice were gavaged with 0.2 mL of water daily and bars represent standard deviation (n = 5).
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Nanoparticle concentration and mean particle size in the feces after 10-d of continuous
gavage. T1 and T2: oral administration of 0.2 mL of 20 mg/L and 100 mg/L of CeO,NPs
(30-50 nm), and T3: oral administration of 0.2 mL of 100 mg/L of CeO,NPs (<25 nm).
Control mice were gavaged with 0.2 mL of water daily.
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Table 1

Summary of the properties of CeO,NPs in different treatment solutions.

Treatment Tl T2 T3
Concentration 20 mg/L 100 mg/L 20 mg/L
Primary particle size distribution * 30-50 nm 30-50 nm <25nm
Dominant particle size distribution € 20-60nm 20-60 nm 10-40 nm
Hydrodynamic size 3138+9.1nm 3264+17.1nm 110.8+0.8nm
Zeta potential -470+£16mV -496+07mV +47.8+22mV
pH 521+0.24 5.99+0.18 4.54 +0.09

*e
‘provided by the vendor,

&"measured in this study.

Soil Environ Health. Author manuscript; available in PMC 2023 October 12.

Page 16



	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	Nanoparticle sources and characterization
	In vivo study design
	Total Ce concentration in mouse
	Nanoparticle concentration and size distribution

	Results and discussions
	Nanoparticle characterization
	Accumulation of Ce element in mouse
	Ce in mouse fecal samples
	Ce in urine samples

	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1

