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Recently cerium compounds have been used in a variety of consumer products, including diesel fuel additives, to
increase fuel combustion efficiency and decrease diesel soot emissions. However, cerium oxide (CeO,) nanopar-
ticles have been detected in the exhaust, which raises a health concern. Previous studies have shown that expo-
sure of rats to nanoscale CeO, by intratracheal instillation (IT) induces sustained pulmonary inflammation and
fibrosis. In the present study, male Sprague-Dawley rats were exposed to CeO, or CeO, coated with a nano
layer of amorphous SiO, (aSiO,/CeO,) by a single IT and sacrificed at various times post-exposure to assess po-
tential protective effects of the aSiO, coating. The first acellular bronchoalveolar lavage (BAL) fluid and BAL cells
were collected and analyzed from all exposed animals. At the low dose (0.15 mg/kg), CeO, but not aSiO,/CeO,
exposure induced inflammation. However, at the higher doses, both particles induced a dose-related inflamma-
tion, cytotoxicity, inflammatory cytokines, matrix metalloproteinase (MMP)-9, and tissue inhibitor of MMP at
1 day post-exposure. Morphological analysis of lung showed an increased inflammation, surfactant and collagen
fibers after CeO, (high dose at 3.5 mg/kg) treatment at 28 days post-exposure. aSiO, coating significantly re-
duced CeO,-induced inflammatory responses in the airspace and appeared to attenuate phospholipidosis and fi-
brosis. Energy dispersive X-ray spectroscopy analysis showed Ce and phosphorous (P) in all particle-exposed
lungs, whereas Si was only detected in aSiO,/CeO,-exposed lungs up to 3 days after exposure, suggesting that
aSi0, dissolved off the CeO, core, and some of the CeO, was transformed to CePO, with time. These results dem-
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onstrate that aSiO, coating reduce CeO,-induced inflammation, phospholipidosis and fibrosis.

Published by Elsevier Inc.

1. Introduction

Cerium, a lanthanide member of the rare earth (RE) metals, has a va-
riety of industrial applications and recently has been used as diesel fuel
additive in conjunction with a particulate filter to reduce the ignition
temperature of the carbonaceous diesel exhaust particles (DEPs). This
results in more efficient burning of DEP and the regeneration of the par-
ticulate filter (HEI, 2001; Prospect, 2009). Using cerium as a catalyst
substantially decreases both particle mass (>90%) and number (99%)
in the diesel exhaust; however, a small amount of cerium oxide
(Ce0-) nanoparticles is emitted in the particulate phase of the exhaust
(HEIL, 2001). Other studies further demonstrated that cerium was gener-
ated in the diesel exhaust from an engine using standard diesel fuel
spiked with either CeO, or suspension of “Envirox”, a commercial diesel
fuel combustion catalyst based on CeO, (Cassee et al., 2012).

* Corresponding author at: PPRB/HELD, NIOSH, 1095 Willowdale Road, Morgantown,
WV 26505-2888, USA.
E-mail address: jym1@cdc.gov (J. Ma).

http://dx.doi.org/10.1016/j.taap.2015.07.012
0041-008X/Published by Elsevier Inc.

Animal studies have demonstrated that exposure of rats to nano scale
CeO,, by intratracheal instillation induced persistent lung inflammation
and injury throughout a 28 day post-exposure period with the retention
of particles in the exposed lungs (Ma et al., 2011; Molina et al., 2014).
Other studies have shown that intratracheal exposure of CeO, induced
pulmonary inflammation and small granulomas in both rats (Toya et al.,
2010) and mice (Park et al., 2010), and that exposure of mice to CeO,
through head and nose inhalation caused chronic inflammatory re-
sponses (Srinivas et al., 2011). Our previous studies have demonstrated
that CeO, exposure induced pulmonary phospholipidosis, activated
alveolar macrophage (AM) production of inflammatory cytokines, and in-
duced fibrogenic and extracellular membrane (ECM) mediator produc-
tion leading to pulmonary fibrosis (Ma et al., 2012).

Pulmonary fibrosis is characterized by an excessive deposition of ex-
tracellular matrix in the interstitium, where fibroblasts play a major role
in the reconstruction of damaged connective tissue by producing new
ECM components. The balance between ECM synthesis and degradation
of matrix components is crucial for tissue repair, a process that requires
a balance between matrix metalloproteinases (MMPs), which represent
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a family of extracellular and cell surface-associated proteinases, and tis-
sue inhibitors of matrix metalloproteinases (TIMPs). Abnormal activa-
tion of proteolytic and/or antiproteolytic functions can lead to lung
diseases, including fibrosis (Gueders et al., 2006). Indeed, in human id-
iopathic pulmonary fibrosis (IPF), ECM accumulation with upregulated
fibroblast proliferation has been demonstrated to result from excessive-
ly elevated TIMPs compared to MMPs, leading to a non-degrading fibril-
lar collagen microenvironment (Selman et al., 2000).

Diesel exhaust exposure alone induces adverse cardiopulmonary ef-
fects. The use of cerium as fuel catalyst leads to altered emission charac-
teristics and induced more adverse pulmonary effects than DEP
(Ma et al.,, 2014; Snow et al.,, 2014). The suggested effects of the combi-
nation of DEP and CeO,, thus, raises concerns of health effects due to
the presence of CeO, in diesel exhaust. The translocation of CeO, from
the lung to other organs via circulation has also been demonstrated in
the CeO,-exposed animals (He et al., 2010; Ma et al,, 2014; Molina
et al., 2014; Nalabotu et al., 2011). These studies demonstrate that
nano-ceria could penetrate through the alveolar wall into the systemic
circulation and accumulate in the extrapulmonary organs, including
lymph nodes and liver, leading to more adverse health concerns when
using cerium as a diesel fuel catalyst.

It has been reported in a rat model that nearly 80% of the instilled CeO,
was deposited in the lung at 24 h post-instillation. In addition, ~64% of the
given CeO, remained in the lung 28 days after exposure, with an elimina-
tion half-life of 103 days (He et al.,, 2010). In vitro studies revealed mini-
mal translocation (<0.1%) of CeO, across alveolar epithelial monolayers
via trans- and para-cellular pathways (Cohen et al., 2014). Tissue distribu-
tion studies demonstrated that CeO, particles were detected in AM,
mixed with accumulated lung surfactant in the alveolar air space, and in
the alveolar interstitial tissue at 28 days post-exposure (Ma et al.,
2011). Semmler-Behnke et al. (2007) proposed a long-term nanoparticle
clearance mechanism, involving AM-mediated translocation of particles
to the interstitial lymphatics and removal towards the larynx with subse-
quent re-entrainment into the airway lumen. Considering the long
elimination half-life and the ceria/cerium-related pathogenesis of pneu-
moconiosis (McDonald et al., 1995; Porru et al., 2001; Sabbioni et al.,
1982), exposure to the increased CeO, in diesel exhaust and from CeO,
enabled products has raised health concerns. Recently, a “safer by design”
concept for reducing the CeO,-mediated toxicity has been pursued. A
concept is based on encapsulation of flame generated nanoparticles
with a nanothin amorphous silica (aSiO,) layer during their synthesis in
aerosol reactors, as reported by Gass et al. (2013). Based on this concept,
nanoparticles of CeO, and aSiO,-nanothin coated CeO, (aSiO,/Ce0;)
aerosols were generated by the Harvard Versatile Engineered
Nanomaterial Generating System (VENGES) directly connected to a
whole-body animal inhalation chamber, and the pulmonary inflammato-
ry responses were monitored (Demokritou et al., 2012). The most impor-
tant feature of VENGES is that the freshly generated particles of nano size
directly entered the animal exposure chamber, while the commonly used
aerosol generators, which disperse nanopowders, produce aged, agglom-
erated particles (Fischer and Chan, 2007; Schmoll et al., 2009). Based on
this design, our studies have demonstrated that coating of CeO, with
aSiO, substantially reduced CeO,-induced acute lung inflammation and
cytotoxicity at 24 h post-exposure (Demokritou et al., 2012).

The objective of the present study is to investigate further pulmo-
nary responses to aSiO,-coated CeQ, (aSiO,/Ce0,), CeO, and aSiO,
nanoparticles in a time- and dose-dependent manner. The stability of
aSiO, coating on Ce0,, and the development of pathological changes
in Ce0,-, aSi0,/Ce0,- and aSiO,-exposed lungs were also evaluated.

2. Methods
2.1. Animals

Specific pathogen-free male Sprague-Dawley (Hla:SD-CVF) rats
(6 weeks old, ~200 g) were purchased from Hilltop Laboratories

(Scottdale, PA). Rats were kept in cages individually ventilated with
HEPA-filtered air, housed in an Association for Assessment and Accred-
itation for Laboratory Animal Care (AAALAC)-approved facility, and pro-
vided food and water ad libitum. Animals were used after a 1 week
acclimation period. All rats were exposed and euthanized according to
a standardized experimental protocol that complied with the Guide
for the Care and Use of Laboratory Animals and was approved by the in-
stitutional Animal Care and Use Committee.

2.2. Particle generation and characterization

Ce0,, aSi0,/Ce0, and aSiO, particles were generated using the
VENGES and characterized as previously described (Demokritou et al.,
2012). Briefly, X-ray diffraction (XRD) patterns were obtained using a
Scintag XDS2000 powder diffractometer [Cu Koo (N = 0.154 nm),
—40KkV, 40 mA, stepsize = 0.02°]. The crystal size was determined by ap-
plying the Sherrer Shape Equation to the Gaussian fit of the major diffrac-
tion peak. The Brunauer-Emmett-Teller (BET) powder-specific surface
area (SSA) of all samples was measured by nitrogen adsorption at 77 K
(Micromeritics TriStar; Norcross, GA), after sample degassing for 1 h at
150 °C in nitrogen. BET equivalent primary particle size was calculated,
under a spherical particle assumption, using dggr = 6000/(p x SSA),
where p is the material density. The zeta potential (¢) and aggregate
size of the particles dispersed in water (dy) were measured using dynam-
ic light scattering (DLS) with a Malvern Zetasizer Nano-ZS instrument
(Malvern Instruments Ltd., Worcestershire, UK).

2.3. Exposure of animals

To prepare particle suspensions, CeO,, aSiO,/CeO,, or aSiO, nanopar-
ticles were suspended in sterile water (Mediatech, Inc.; Manassas, VA)
and then sonicated for 1 min using an ultrasonic processor (Heat
System-Ultrasonics; Plainview, NY). Particle suspensions were prepared
immediately before usage and were vigorously vortexed to provide a
well-mixed suspension immediately before each instillation, which oc-
curred less than 1 min later.

For particle exposure, rats were anesthetized with sodium
methohexital (35 mg/kg, i.p.) and placed on an inclined restraint
board. At final concentrations of 0.15, 1 or 3.5 mg/kg body weight,
which were defined as low, medium or high concentration in this
paper. There were significant differences in the density of particles
used in this study. The densities for CeO,, aSiO,/CeO, and aSiO, were
7.65, 5 and 2.65 g/cm?, respectively. In consideration of the different
densities of the three particles, exposure doses of aSiO,/CeO, and
aSiO, were adjusted by density to the same particle number as for
0.15, 1 or 3.5 mg/kg body weight of CeO,. Sterilized water was used to
make nanoparticle suspensions and used as vehicle controls. The treat-
ed animals (at least six in each treatment group) were sacrificed at var-
ious time points post-exposure. The study design included different
groups for the following sets of end points: inflammatory and acellular
mediators; stability of aSiO, coating on the CeO, core; chemical analysis
of particles in the digested lung tissues; and histological analysis of the
lung tissues.

24. Isolation of AM and bronchoalveolar lavage fluid

Animals were injected with a lethal dose of euthanasia solution (so-
dium pentobarbital, 0.2 g/kg, i.p.) and exsanguinated by transecting the
renal artery. AM were obtained by bronchoalveolar lavage (BAL) with a
Ca®™, Mg? "-free phosphate-buffered medium (145 mM NaCl, 5 mM
KCl, 1.9 mM NaH,PO4, 9.35 mM Na,HPO,4, and 5.5 mM glucose;
pH 7.4) as described previously (Yang et al., 2001). Briefly, the lungs
were lavaged with 6 ml Ca®>*, Mg? *-free phosphate-buffered medium
in and out twice for the first lavage, and subsequently lavaged with
8 ml of the medium when ~80 ml BAL fluid (BALF) was collected from
each rat. The acellular supernate from the first lavage was saved
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separately from subsequent lavages for further analysis. Cell pellets
from each animal were combined, washed, and resuspended in a
HEPES-buffered medium (145 mM NaCl, 5 mM KCI, 10 mM HEPES,
5.5 mM glucose, and 1.0 mM CaCl,; pH 7.4). Cell counts and purity
were measured using an electronic cell counter equipped with a cell
sizing attachment (Coulter model Multisizer Il with a 256C channelizer;
Beckman Coulter; Fullerton, CA).

2.5. Lactate dehydrogenase (LDH) activity and albumin content in first
BALF and chemiluminescence (CL)

The LDH activity in the first acellular BALF was measured in fresh
samples using Roche Diagnostic reagents and procedures (Roche Diag-
nostic Systems; Indianapolis, IN) on an automated Cobas C111 analyzer
(Roche Diagnostic Systems). The albumin content in the first acellular
BALF was measured based on albumin binding to bromcresol green
with Roche Diagnostic reagents and procedures following the
manufacturer's protocol.

Luminol-dependent CL, a measure of reactive oxygen species (ROS)
formation, was monitored using a Berthold LB953 Luminometer
(Berthold; Wildbad, Germany). CL generated by BAL cells (10® AM/ml)
was measured before and after stimulation with unopsonized zymosan
(2 mg/ml final concentration; Sigma-Aldrich; St. Louis, MO), a yeast cell
wall that stimulates macrophages. The results were presented as total
counts/15 min/10° AM. Zymosan-stimulated CL was calculated as the
total counts in the presence of stimulant minus the corresponding basal
counts as described by Yang et al. (2001) and Park et al. (2007).

2.6. Measurement of soluble mediators in the first acellular BALF and
hydroxyproline content in the lung tissue

26.1.1L-12

IL-12 in first acellular BALF was determined using enzyme-linked
immunosorbent assays (ELISA), obtained from Biosource International,
Inc. (Camarillo, CA), according to the manufacturers' protocol.

2.6.2. MMP-2, MMP-9 and TIMP-1

The levels of MMP-2, MMP-9 and TIMP-1 were determined in the
first acellular BAL fluid, using ELISA kits from Insight Genomics (Falls
Church, VA), Cusabio Biotech Co., LTD. (Wuhan; Hubei, China), and
R&D Systems Inc. (Minneapolis, MN), respectively, following the manu-
facturers' protocols.

2.6.3. Zymography

Zymography was used to study MMP activity. MMP activity was de-
termined by the degradation of the substrate in the gel and identified by
comparison to the molecular weight standard. To determine the MMP-9
activity in the first acellular BALF, 15 pg of acellullar BALF protein was
loaded onto 10% Novex Zymogram (Gelatinase) gels, consisting of a
10% Tris-Glycine gel with 0.1% gelatin as the substrate (Life Technolo-
gies; Grand Island, NY), according to the manufacturer's instructions.
Briefly, after electrophoresis, gels were incubated in renaturing buffer,
washed with developing buffer, and incubated with developing buffer
overnight for maximum sensitivity. The gels were then stained with
Coomassie brilliant blue and destained in methanol-acetic acid-water
until clear bands of enzymatic activity were at optimal contrast from
the background. Molecular weight standards were run on each gel.

2.6.4. Hydroxyproline determination

The levels of collagen in the lungs were analyzed by measurement of
hydroxyproline content in the lung tissues. Rat lungs were chopped and
hydrolyzed in 6 N HCI for 48-72 h at 110 °C. Hydroxyproline was deter-
mined according to the method of Witschi et al. (1985).

2.7. Transmission electron microscope (TEM)

AM ultrastructure was analyzed by TEM. BAL cell pellets were fixed
in Karnovsky's fixative (2.5% glutaraldehyde + 3% paraformaldehyde in
0.1 M sodium cacodylate, pH 7.4) and post-fixed with osmium tetrox-
ide. Cells were dehydrated in graded alcohol solutions and propylene
oxide and embedded in LX-112 (Ladd; Williston, VT). Ultrathin sections
were stained with uranyl acetate and lead citrate and examined with a
TEM (JEOL 122, Tokyo, Japan).

2.8. Elemental analysis by field emission scanning electron microscopy
(SEM) energy dispersive X-ray spectroscopy (EDX)

For SEM analysis, lung tissues were fixed in formalin and post-fixed
in osmium tetroxide. The samples were dehydrated in an ethanol series,
dried using hexamethyldisilazane, mounted onto aluminum stubs and
sputter-coated with gold/palladium. The samples were then imaged
on a Hitachi S-4800 FESEM (Tokyo, Japan). The particles were then an-
alyzed by a Bruker EDX (Berlin, Germany) for elemental analysis.

2.9. Digestion of lung tissue

Lung tissues from control and exposed animals were digested to ob-
tain a concentrated particulate sample for better chemical analysis of
the deposited particles by EDX. Lung tissue was digested according to
the method reported by Ashoka et al. (2009) with minor modification.
Briefly, 1.5 ml of concentrated nitric acid, 1 ml 30% hydrogen peroxide
and 1.5 ml Milli-Q water were added to half of the lung in a 50 ml poly-
propylene tube. The cap was placed on loosely and the tube was placed
inside a another container before placing it into a microwave oven
(1300 W) and subjecting it to heating procedure, setting of power at
10% for 1 min and 30 s, and then allowed to cool for the same time pe-
riod. The outer plastic container was used to prevent acid fumes from
corroding the components of the microwave oven.

2.10. Histological examination and Sirius red staining for collagen detection

Rat lung tissues from different exposure groups were fixed immedi-
ately after sacrifice by IT of 10% neutral buffered formalin at a pressure
of 30 cm H,0 (at an altitude of 960 ft), embedded in paraffin, and
stained with hematoxylin and eosin for light microscopic examinations.

Collagen in the lungs was detected with Sirius red staining (Junqueira
et al,, 1979). Paraffin sections were deparaffinized and rehydrated with
xylene-alcohol series to distilled water. The slides were then stained
with 0.1% Picrosirius solution (100 mg of Sirius Red F3BA in 100 ml of sat-
urated aqueous picric acid, pH 2), for 1-2 h, washed for 1 min in 0.01 N
HCI, counterstained with Mayer's hematoxylin for 2 min, dehydrated,
and mounted with a coverslip.

Morphometric measurement of AM and granulomatous tissue in the
alveolar airspaces of Sirius red stained lung sections were determined.
Point counting of AM (10 per section) taken at 40 x using a 120 point
grid on a series of uniformly taken pictures of each section (2 sections
per rat) was used. The points of either AM or granulomatous masses
in the alveolar airspace were totaled and the result was expressed as a
percentage of the alveolar region.

2.11. Statistical analysis

Data are presented as means =+ standard errors. Comparisons were
made using analysis of variance (ANOVA) with means testing by
Dunnett's test to compare treatment groups to control or by Tukey-
Kramer test to compare all groups. A p < 0.05 was considered to be
significant.
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Table 1
Characterization of Ce0,, aSi0,/Ce0, and aSiO.
Material Theoretical SSA
Si0; [wt.%]  dxro.core [m*g]  dy(nm) ¢ (mV)
aSio, 100 19 (dger) 147 161 —284 +6.90
CeO, 0 173 61 53+4 378 +£1.85
aSi0,/Ce0, 20 21 50 131+ 14 —384 4186
3. Results

3.1. ENM characterization

Previously-published TEM and SEM images of CeO,, aSiO,/Ce0, and
aSiO, samples collected in situ illustrate the fractal structure of the
agglomerates formed by the flame synthesis method (Demokritou
et al., 2012). Table 1 summarizes particle characterization data in pow-
der form and dispersed in water. XRD-determined crystal size of un-
coated CeO, (17.3 nm) was slightly smaller than that of SiO,-coated
Ce0, (21 nm). The SSA of aSiO, was 147 m?/g, corresponding to an
equivalent diameter of 19 nm. The SSA of CeO, was 61 mz/g and the
SSA of aSi0,/Ce0, was 50 m?/g, corresponding to an equivalent diame-
ter of 12.8 nm and 19.2 nm, respectively. Differences between CeO, and
aSiO,-coated BET equivalent diameter are more pronounced than crys-
tal sizes due to aSiO, encapsulation, which is not accounted for when
measuring the crystal size.

Table 1 summarizes the hydrodynamic diameter (dy) and zeta po-
tential (¢) of CeO,, aSi0,/Ce0, or aSiO, dispersed in sterilized H,0
used for IT exposure. aSi0,/Ce0, and aSiO, exhibited similar agglomer-
ation when dispersed in water. The negative zeta-potential measured
for aSiO,/Ce0, and aSi0, dispersed in H,0 was significantly different
from CeO, exhibited positive zeta potential.
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3.2. Concentration and time dependent effects of aSiO, coating on
CeO,-induced lung inflammation and injury

Exposure of rats to CeO,, aSi0,/Ce0, or aSiO, significantly induced
lung inflammation (increased polymorphonuclear neutrophils, PMN),
cytotoxicity (elevated LDH activity) and lung air/blood barrier damage
(increased albumin) in a dose related manner 1 day after exposure, as
shown in Fig. 1. The CeO,- and aSiO,/Ce0,-induced inflammation and
cellular toxicity were sustained through 28 days post-exposure, though
air/blood barrier damage was not sustained during this period. While
partial recovery from aSiO,/CeO,-induced inflammation and cellular
toxicity was observed, aSiO,-induced acute lung inflammation and inju-
ry completely recovered at 28 days post-exposure. CeO,, aSiO,/Ce0,
and aSiO, activated AM production of ROS (CL) at 1 day post-
exposure, but this activation was transient.

3.3. Effects of particle exposure on acellular mediator production

Ce0,, aSi0,/Ce0, and aSiO, induced IL-12 production and MMP-2 in
the first acellular BALF at 1 day post-exposure (Fig. 2A, B), and this acti-
vation declined to the control level at 28 days after exposure. Exposure
of rats to CeO, significantly increased MMP-9 (Fig. 2C) and TIMP-1
(Fig. 2D) levels in the first acellular BALF compared with the control at
1 day post-exposure, and returned to the control level at 28 days post-
exposure. In contrast, aSiO,/Ce0, and aSiO, exposures induced MMP-
9 level to a lesser extent that did not reach statistical significance.
Also, aSi0,/Ce0, failed to significantly increase TIMP-1. Fig. 2E demon-
strates that the MMP-9 activity in the first BALF was barely detectable
in the control; however, it was substantially increased after CeO,
exposure, but only slightly elevated after aSiO,/CeO, or aSiO,. Taken
as a whole, the order of potency for enhancement of IL-12, MMP-
2, MMP-9, and TIMP-1 levels as well as MMP-9 activity, was
CeO, > aSiOZ/CeOZ ~ aSiOZ.
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Fig. 1. Effects of CeO,, aSi0,/Ce0, or aSiO, on lung inflammation, cytotoxicity, lung injury, and oxidant generation by AM. Effects of particle-induced PMN infiltration, a measure of lung
inflammation (A); LDH activity in the first acellular lavage fluid, a marker for the cytotoxicity (B); the amount of albumin in the first acellular lavage fluid, an indicator for the leakage of air/
capillary barrier (C); and CL generation by AM, a marker for oxidant generation (D). The samples were collected at 1 and 28 days post-exposure. *Significantly different from control;

p <0.05.
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Fig. 2. Effects of particle exposure on IL-12, MMP-2, MMP-9 and TIMP-1 levels in the 1st BALF. The first acellular BALF was isolated from control and particle-exposed animals at 1- and 28-
day post exposure. Time-dependent effects of particle induced inflammatory cytokine (A) and acellular mediators (B, C, and D) in the first acellullar BALF, at 1 and 28 days post exposure,
are shown. MMP-9 activity in the first acellular BALF from different treatment groups was monitored using Zymography at 1 day post exposure (E). *Significantly different from control;

p < 0.05. The values are expressed as means + SE, n = 6.

3.4. Pulmonary fibrosis

The development of lung fibrosis was determined via measurement
of lung hydroxyproline, a specific marker for collagen, in particle-
exposed lung tissues collected at 28 or 84 days post exposure. Fig. 3
shows that exposure of rats to the low dose of the particles did not sig-
nificantly alter hydroxyproline level in the lung tissue up to 84 days post
exposure. However, exposure of rats to middle and high doses of CeO,,
aSi0,/Ce0; or aSiO, significantly enhanced hydroxyproline content in
the lung tissues at 28 and 84 days post-exposure when compared to
the controls.
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Morphometric analysis of the lung tissues to detect localized colla-
gen formation via Sirius red staining showed that the low concentration
of Ce0,, aSi0,/Ce0, and aSiO, did not induce lung fibrosis at 84 days
after exposure (Fig. 4A). However, exposure of rats to the high concen-
tration of CeO,-, aSiO,/Ce0,- or aSiO, induced lung fibrosis at 28 days
after exposure (Fig. 4B). However, it appears qualitatively that the de-
gree of fibrosis is greater after CeO, than aSiO,/CeO, administration.
Fig. 4B also shows that exposure of rats to the high dose of CeO, in-
creased surfactant, AM and granulomatous tissues in alveolar airspace,
when compared to aSiO,/CeO,- or aSiO,-exposed rat lungs. Morpho-
metric analysis of the lung tissue demonstrated that AM represents
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Fig. 3. Dose-dependent effects of CeO,-, aSi0,/CeO,- and aSiO,-induced lung hydroxyproline content in the lungs. Hydroxyproline content in the lung tissues of low- and high-dose par-
ticle-exposed animals at 84 days post exposure and medium- and high-dose particle-exposed animals at 28 days post exposure were monitored as described in the methods. The values

are expressed as means + SE, n = 6. *Significantly different from control; p < 0.05.
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Fig. 4. Effects of CeO,-, aSiO,/CeO,- and aSiO,-exposure on Sirius Red staining for collagen formation in the lung tissue. Light micrograph of Sirius red staining for collagen formation in the
lung tissues (arrow) at 84 days after low-dose exposure (A) and 28 days after high dose-exposure (B). The presence of particles in AM is indicated by the arrow head. Open arrows in the
Ce0, exposed lung indicate clusters of AM that are enlarged due to phagocytosis of alveolar surfactant debris. Panel C shows the percentage of alveolar macrophages and granulomatous
tissue in the airspace of high dose CeO,-exposed lungs at 28 days post exposure. *Significantly different from control; + significantly different from CeO,-exposed lungs; p < 0.05. The
values are expressed as means + SE, n = 5.
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0.25 percentage of the alveolar region of the control lung (Fig. 4 C),
without granulomatous tissue in the lung. However, AM/granuloma-
tous tissue of CeO,-, aSi0,/Ce0,-, and aSiO,-exposed groups was signif-
icantly higher than the control, with that CeO,- being 417% higher than
the aSiO,/Ce0-- and 387% higher than the aSiO,-exposed lungs.

3.5. Presence of particles in the lung and elemental analysis of the particle

TEM micrographs revealed the presence of particles in all particle-
exposed AM at 28 days post-exposure (Fig. 5). The results indicated
that CeO, and aSiO,/Ce0, existed as solid particles, whereas aSiO, was
amorphous in structure. However, EDX was not able to analyze the ele-
ments of the particles, which is probably due to the limited quantity of
particles in the thin cuts of samples prepared for TEM analysis. There-
fore, the thicker lung tissue samples were further analyzed by SEM for
elemental analysis of the particles in the tissue.

SEM analysis showed particles in CeO,- or aSiO,/CeO,-, but not
aSiO,-exposed lungs up to 28 days post-exposure. EDX analysis showed
that Ce was a major element in lung tissue collected throughout the 28-
day post CeO,, (Fig. 6B, C, D, and E) or aSiO,/Ce0O-, exposures (Fig. 6G, H, I
and ]). Both Ce and Si were detected by EDX in aSiO,/CeO,-exposed
lungs isolated at 1- and 3-day after exposure; however, only Ce but
not Si was detected by EDX in aSiO,/CeO,-exposed lungs analyzed at
10- and 28-day after exposure. In comparison, Si was detected by EDX
in aSiO,-exposed lungs isolated at 1- and 3-day after exposure (Fig. 6L
and M), but was not observed at 10- and 28-day post exposure
(Fig. 6N and 0). It is worth noting that phosphorus was detected by
EDX in all particle-exposed lung tissues.

To confirm that aSiO, existed in the lung, all high dose particle-
exposed lung tissues obtained at 28 days post exposure were
digested in order to obtain more concentrated particle samples
from the tissue. SEM and EDX on the digested lung tissue were mon-
itored as shown in Fig. 7. The results indicate that Ce was present in
Ce0,- and aSi0O,/Ce0,-exposed lungs at 28 days post-exposure.

However, while Si was detected 28 days after aSiO, exposure, it
was not detected in aSiO,/CeO,-exposed lung tissues. This suggests
that the aSiO, coating may dissolve off the particle with time in the
lung.

4. Discussion

Recently, the wider use of cerium fuel borne catalyst in diesel en-
gines has led to increased CeO, in the diesel exhaust and raises the po-
tential long term health concerns (HEI, 2001). A “safer by design”
concept to reduce CeO,-induced toxicity was developed, which was
based on the encapsulation of CeO, nanoparticles with a nanothin
aSiO; layer (Gass et al., 2013). Based on this concept, studies were car-
ried out in which CeO, particles with or without nanothin layer of
aSiO, were generated and directly supplied to a whole body inhalation
system. the results suggested that, in contrast to CeO, alone, aSiO,/CeO,
exposure did not induce acute pulmonary inflammation or lung damage
at 1 day post exposure (Demokritou et al., 2012). This study provided
valuable in vivo evidence that the aSiO,-encapsulation could be protec-
tive in minimizing CeO,-induced acute pulmonary inflammatory
responses.

The present study demonstrated time- and dose effects of aSiO,
coating on CeO,-induced lung responses after IT exposure. The IT expo-
sure was chosen for the present study due to the difficulty of the setting
up the inhalation exposure, since particle generation system was locat-
ed at Harvard, while rat exposure/response studies were conducted at
NIOSH. The IT exposure method has been reported by an expert panel
to be a useful method for screening the potential toxicity of a test mate-
rial in the lower respiratory tract or for range finding of effective lung
burdens (Driscoll et al., 2000). They also reported that particles deliv-
ered at <100 mg by IT appear to be cleared at a similar rate as would
occur following inhalation of the same lung burden. Thus, this exposure
procedure has been chosen for the present study. Exposure of rats to
Ce0,, aSi0,/Ce0, or aSiO, markedly induced acute lung inflammation,

Fig. 5. TEM micrographs of particles in AM at 28 days post-exposure. AM were isolated by bronchoalveolar lavage from control, CeO,-, aSiO,/CeO,-, and aSiO,-exposed rats at 28 days post-
exposure (scale bar = 2 pm in upper micrographs; scale bar = 500 nm in lower micrographs).
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Fig. 6. SEM of particle-exposed lung tissues and qualitative chemical analysis of particles contained in the lung tissue. SEM of CeO,, aSi0O,/Ce0O, and aSiO, raw particles are shown in the left
side of panels of A, F and K, respectively. CeO,, aSi0,/CeO,- and aSiO,-exposed lungs collected at 1, 3, 10 and 28 days post exposure are shown. SEM of particle-exposed lung tissue was
presented on the right side of each panel. Qualitative chemical analysis with spatial resolution of 10 nm using EDX was performed and presented in the right side of each panel, alongside

the SEM.

cytotoxicity and air/capillary injury in a dose-dependent manner at
1 day post exposure (Fig. 1). It is worth noting that CeO,-induced
acute inflammation and cellular injury were persistent through a
28 day-exposure time period, which is in agreement with our previous
findings that exposure of rats to commercially available CeO, induced
persistent pulmonary inflammation (Ma et al., 2011). aSiO,/Ce0O, expo-
sure induced inflammation and cytotoxicity were partially attenuated
when monitored at 28 days post-exposure, the thin coating appeared
lower CeO,-induced inflammation but did not reach statistical differ-
ence. The aSiO,, elicited pulmonary inflammation; however, the re-
sponse was transient, which is in agreement with previously reported
findings (Chen et al., 2004; Cho et al.,, 2007; Merget et al., 2002). In ad-
dition, Warheit et al. (1995) have demonstrated that exposure of rats to
short-term inhalation of amorphous silica produced a transient pulmo-
nary inflammatory response.

All particles significantly activated ROS generation in AM at 1 day
after exposure (Fig. 1). This activation of AM returned to the control
level at 28 days post-exposure. Since aSiO, exposure alone stimulated
AM ROS generation, it is not surprising that the aSiO, thin coating did
not protect AM from activating ROS production.

It is known that the balance between ECM synthesis and degradation
of matrix components is crucial for tissue repair. To preserve such a bal-
ance, MMPs, which represent a family of extracellular and cell surface-
associated proteinases, and their physiological inhibitors, TIMPs, are
both involved to assure normal lung development and proper wound
healing. Abnormal activation of proteolytic and/or antiproteolytic
functions can lead to lung diseases, including fibrosis (Gueders et al.,
2006). Our previous study demonstrated that CeO, exposure induced

MMP/TIMP imbalance, which may have played a role in the reported col-
lagen formation in the lung (Ma et al., 2012). The present study demon-
strates that all particles induced the production of pro-inflammatory
cytokine, IL-12 (Fig. 2). CeO, increased ECM collagen degradation en-
zyme MMP-2 and MMP-9 levels, whereas CeO, and aSiO, increased
TIMP-1 level in the acellular BALF. In general, aSiO,/CeO, was less effec-
tive in stimulating such responses. Our study also established that CeO,
increased MMP-9 activity to a much higher extent than aSiO,/CeO,.
These differential effects of CeO, and aSiO,/CeO, particles on ECM bal-
ance suggest that mechanisms involved in ECM degradation and regen-
eration may be altered. It is known that the in vivo activity of MMPs is
under tight control, and MMPs are generally expressed in very low
amounts, while the concentration of TIMP can far exceed MMPs in tissue
and extracellular fluids in order to limit their proteolytic activity to focal
pericellular sites. The elevated MMP-2 and MMP-9 production may play
arole in basement membrane disruption and enhancement of fibroblast
invasion to the alveolar spaces. The results from the present study
showed that TIMP-1/MMP-9 ratio was reduced from 460 (control) to
110 (CeO,-exposed lungs) or 243 (aSiO,/CeO,-exposed lungs). These re-
sults demonstrate over-production of MMP-9 with significantly in-
creased activity that may play an important role in ECM remodeling
and development of fibrosis. Increased levels of MMP-2 and MMP-9 in
epithelial lining fluid, which have been implicated in the development
of fibrosis, were also observed in IPF patients (Lemjabbar et al., 1999).
Therefore, the results support the hypothesis that aSiO, coating of CeO,
may limit the fibrotic response.

The present study showed that medium and high doses of all parti-
cles resulted in an increase in the lung content of hydroxyproline,
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Fig. 7. SEM EDX of digested lungs. Particle-exposed lungs collected at 28 days post-exposure were digested with nitric acid and hydrogen peroxide to obtain the particles retained in the
exposed lungs. SEM micrographs of CeO,-, aSiO,/CeO,- and aSiO,-digested lungs and EDX of the elemental analysis of the particles in the lungs are shown.

which is a marker for pulmonary fibrosis (Fig. 3). The dose- and time-
dependent increase in hydroxyproline further illustrates this fibrotic
process. Exposure of rats to the low dose of Ce0,, aSiO,/Ce0-, or aSiO,
did increase hydroxyproline or collagen deposition in the lungs even
at 84 days post-exposure (Fig. 3). At high dose of CeO, particles, Sirius
red staining of lung tissues for localized collagen formation confirmed
substantial interstitial fibrosis in the lung tissues at 28 days post-
exposure. The degree of Sirius red stained collagen was substantially
lower at 28 day after a high dose exposure to aSiO,/CeO, (Fig. 4B).
These results suggest that aSiO, coating on CeO, was somewhat protec-
tive against the development of interstitial fibrosis.

Histopathological analyses showed severe phospholipidosis in
Ce0,-exposed lungs, whereas only minimum accumulation of surfac-
tant was found in aSiO,/Ce0,- and aSiO,-exposed lungs at 28 days
post exposure. Phospholipidosis has been reported as an important fea-
ture in the CeO,-induced fibrosis (Ma et al., 2011). The substantially re-
duced phospholipidosis after exposure to aSiO, coated CeO-, particles
would correlate with an alternation in the fibrogenic responses. The sig-
nificant reduction of CeO,-induced airspace AM and granulomatous

response in aSiO,/Ce0,- exposed lungs (Fig. 4C), suggest that aSiO,
coating substantially protect CeO,-induced inflammatory responses.
Occupational exposure to RE metals, such as cerium has been shown
to induce rare earth pneumoconiosis. Several RE pneumoconiosis cases
have been reported (McDonald et al,, 1995; Sabbioni et al., 1982), indi-
cating that particles deposited in the lungs of workers exposed to RE-
containing fumes result in severe pulmonary fibrosis. Ce was reported
as major element in these lungs. Clearance of Ce from the deep lung ap-
peared to be slow. Some significant Ce levels were found in the lung of
patients 20 years after they stopped exposure to cerium (Pairon et al.,
1995). The presence of CeO, particles in CeO,-exposed rats has been
demonstrated in our previous studies (Ma et al., 2011, 2012, 2014).
The presence of CeO, and aSiO,/CeO, particles in the AM of the CeO,
or aSi0,/Ce0,-exposed lung tissues up to 28 days post-exposure were
demonstrated in TEM micrographs (Fig. 5). In contrast, aSiO, appeared
as gel like substance in the aSiO,-exposed lungs due to the amorphous
characteristic of this particle. We examined the fate of aSiO, coating on
Ce0, in exposed rat lungs using SEM with the EDX spectrum analysis.
The results clearly indicate that Ce was present in CeO,- or aSiO,/
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Ce0,-exposed lungs through the 28 day post-exposure time period
(Figs. 6, 7). In the aSiO,/Ce0,-exposed lungs, EDX analysis revealed Si
in the lung tissue collected at 1- and 3-day, but not at 10- and 28-day
post-exposure (Fig. 6). These findings suggest that there may be disso-
lution of the aSiO, coating from CeO, particles with time in the lungs. In
aSi0,-exposed lungs, Si was not observed by EDX analysis at any expo-
sure time point through 28-day post-exposure period (Fig. 6). However,
the presence of Si in aSiO,-exposed lungs was demonstrated in digested
tissue (Fig. 7). EDX spectra of digested lung tissue demonstrated Ce in
both CeO,- and aSiO,/CeO,-exposed lungs, but did not reveal Si in
aSi0,/Ce0,-exposed lungs at 28 days post exposure, which supports
the view that there is dissolution of the aSiO, coating. McDonald et al.
(1995) have demonstrated, using SEM with EDX analysis, numerous
particles deposited in the lung of a rare earth pneumoconiosis patient
who was exposed to CeO, in the occupational setting of optical lens
manufacturing, It is well known that EDX is used for qualitative analysis,
rather than quantitative determinations of the specific elements
present in samples. In the present study we used EDX analysis to dem-
onstrate the elemental content of the deposited particles in the particle-
exposed lungs, which provided useful information. However, to provide
quantitative information of time-dependent dissolution of aSiO, coat-
ing would require more detailed and reliable methods, such as isotope
tracing or inductively coupled plasma mass spectroscopy. In addition
to the Ce and Si found in the exposed lung tissues, SEM and EDX analysis
found that elemental phosphorus, P, was also present in all exposed
lungs. In the CeO,- and aSiO,/Ce0,-exposed lungs the Ce to P ratio
was much higher than one, suggesting that a small amount of Ce parti-
cles may be transformed by acid phosphatase in lysosomes to CePOy,
while most Ce remained in the crystalline structure. In the aSiO,-
exposed lung tissues, EDX also showed the presence of a small amount
of P, suggesting that some of aSiO, was also transformed by lysosomal
phosphatase. Evidence supporting transformation of insoluble particles
in AM has been reported by Berry et al. (1997) using microanalysis, de-
tecting amorphous deposits after inhalation of CeO, containing high
concentrations of phosphorus associated with Ce, as insoluble CePOy,
in AM lysosomes.

In summary, the present study shows that CeO, induced sustained
lung inflammation and cytotoxicity, as well as an acute imbalance of
MMPs and TIMP-1 that favors fibrogenesis. Indeed, CeO, exposure sub-
stantially increased interstitial collagen level was correlated with the
persistent presence of CeO, in the exposed lung tissue, as demonstrated
by EDX analysis. A thin coating of aSiO, on CeO, reduced CeO, induced
inflammatory response, decreased TIMP-MMP-9 ratio, reduced the ac-
cumulation of surfactant in the air space, and reduced CeO,-induced in-
terstitial collagen development. Therefore, the present study supports
the “safer by design” concept of encapsulation of CeO, with a nanothin
layer of aSiO, during their synthesis to partially protect against CeO,-in-
duced pulmonary responses, even though measurable dissolution of the
coating from the CeO, particles occurred. Such a concept may be used
for coating other flame generated nanoparticles to mitigate some of
the occupational and environmental health concerns.
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