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Abstract
Nanoscale CeO2 is increasingly used for industrial and
commercial applications, including catalysis, UV-shielding and as
an additive in various nanocomposites. Because of its increasing
potential for consumer and occupational exposures, a
comprehensive toxicological characterisation of this
nanomaterial is needed. Preliminary results from intratracheal
instillation studies in rats point to cytotoxicity and inflammation,
though these studies may not accurately use realistic nanoscale
exposure profiles. By contrast, published in vitro cellular studies
have reported limited toxicological outcomes for the case of
nano-ceria. Here, the authors present an integrative study
evaluating the toxicity of nanoscale CeO2 both in vitro, using the
A549 lung epithelial cell line, and in vivo using an intact rat
model. Realistic nano-ceria exposure atmospheres were
generated using the Harvard Versatile Engineered Nanomaterial
Generation System (VENGES), and rats were exposed via
inhalation. Finally, the use of a nanothin amorphous SiO2

encapsulation coating as a means of mitigating CeO2 toxicity
was assessed. Results from the inhalation experiments show
lung injury and inflammation with increased PMN and LDH
levels in the bronchoalveolar lavage fluid of the CeO2-exposed
rats. Moreover, exposure to SiO2-coated CeO2 did not induce any
pulmonary toxicity to the animals, representing clear evidence
for the safe by design SiO2-encapsualtion concept.

Keywords: engineered nanomaterials, CeO2, in vivo inhalation
studies, in vitro toxicological studies, safe by design ENMs

Introduction

The availability of cerium oxide as one of the most abundant
rare-earth oxides has prompted research on the synthesis
and development of functional CeO2 nanoparticles

(Ahrens 1995). As a result, nano-ceria is increasingly
used in a variety of industrial and commercial applications
including catalysis (Lawrence et al. 2011; Powell et al. 1988),
chemical mechanical polishing (Kosynkin et al. 2000), UV-
shielding (Dao et al. 2011) and as an additive in various
nanocomposites. The inevitable increase in consumer and
occupational exposures raises the need for a comprehen-
sive toxicological characterisation of CeO2 (Zhang et al.
2011). Many companies and organisations have already
identified nano-CeO2 as a high priority material for
toxicological evaluations (OECD 2010). Assessing and
understanding the interactions of nano-CeO2 with environ-
ment and biological systems, as well as identifying means to
reduce any potential toxicological outcomes, are therefore
pivotal to the sustainability of industries employing
nano-CeO2 in their products.

While most in vitro cellular assays show minimal tox-
icity for nano-ceria particles (Hirst et al. 2009; Gass et al.
2013), preliminary results of in vivo animal models point to
cytotoxicity and inflammation, as well as potential fibro-
genicity (Nalabotu et al. 2011; Ma et al. 2011). These data,
however, are limited to intratracheal instillation studies. It
is worth pointing out that intratracheal or intranasal instil-
lation or oropharyngeal aspiration deliver the total particle
burden within a fraction of a second rather than over
many hours, days or even weeks, as with inhalation expo-
sure. Such bolus delivery may overwhelm local defence
mechanisms and induce significant inflammatory effects
that may not be seen when the same dose is administered
over time by inhalation (Ma et al. 2011; Zhang et al. 2011).
Bolus type deliveries of engineered nanomaterials (ENMs)
dispersed in liquid media also result in significant
changes to their physico-chemical properties due to
agglomeration or protein corona effects that can alter their
biological activity (Morimoto et al. 2012; Mercer et al. 2008;
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Wang et al. 2010; Cohen et al. 2013; Deloid et al. 2012,
unpublished observations). To date, a whole-body in vivo
inhalation study with realistic nano-ceria exposure
atmospheres has yet to be performed.

Herein, an integrative and multifaceted study which
focuses on three major research gaps related to biological
properties of CeO2 is presented. First, the toxicological
implications of inhaled nano-CeO2 exposures using an
intact rat model are assessed. A realistic industry relevant
CeO2 aerosol was generated using the Harvard Versatile
Engineered Nanomaterial Generating System (VENGES)
recently developed by the authors (Demokritou et al.
2010; Sotiriou et al. 2011). The VENGES platform enables
the synthesis of industry relevant, property-controlled
ENM exposure atmospheres. More importantly, unlike
other common aerosol generators used to disperse nano-
powders for inhalation studies (e.g., nebulisers, fluidised
beds and other venturi aspirator-type systems that have
difficulty producing realistic nanosized aerosol distribu-
tions (Fischer & Chan 2007; Schmoll 2009)), exposure
atmospheres generated here represent realistic industrial
inhalation exposures to freshly generated CeO2 ENMs.
Second, a direct comparison between in vivo animal and
in vitro cellular data was performed, shedding light on the
ability of in vitro cellular assays to assess the safety of
ENMs, using equivalent, comparable dose metrics. Particle
deposition in the animal lungs was modelled using the
Multiple Path Particle Deposition model (MPPD2) (Anjilvel
& Asgharian 1995). The resulting lung dose was then
converted to an equivalent in vitro administered dose using
the recently developed in vitro sedimentation and diffusion
dosimetry (ISDD) model (Hinderliter et al. 2010). Last, this
study explores a safer by design concept for inhibiting
nanoparticle toxicity based on a recently developed
method by the authors involving the encapsulation of
nanoparticles with an amorphous nanothin SiO2 layer
(Gass et al. 2013).

Methods

Realistic CeO2 generation and animal exposure system
Figure 1 illustrates the CeO2 synthesis and exposure system
used in the study. It consists of the VENGES platform and the
NIOSH (National Institute for Occupational Safety and
Health) whole-body animal inhalation exposure system
(Goldsmith et al. 2011). VENGES was used to generate the
industry relevant, nanoscale CeO2 aerosol exposures. ENMs
were synthesised in the gas phase using a flame spray
pyrolysis (FSP) reactor (Kammler et al. 2001) and collected
on a water-cooled glass fibre filter for ex situ characterisation
and in vitro cellular studies, as well as directed to exposure
chambers for inhalation characterisation studies. The ability
of VENGES to generate stable, real world, property con-
trolled aerosols with full control over ENM primary particle
and aggregate size was demonstrated in previous studies
(Demokritou et al. 2010; Sotiriou et al. 2011). The VENGES
platform was recently modified by the authors to enable in-
flight coating of generated ENMs with a nanothin amor-
phous SiO2 layer (Gass et al. 2013).

CeO2 and SiO2-coated CeO2 nanomaterial synthesis
Uncoated CeO2 particles and SiO2-coated CeO2 particles
were synthesised by FSP of cerium (III) ethylhexanoate
(0.05 M) dissolved in xylene and cerium (III) ethylhexanoate
(0.04 M) dissolved in xylene:EHA (3:1), respectively. The
precursor solutions were fed through a stainless steel cap-
illary at 5 ml/min, dispersed by 5 l/min O2 (Air Gas, purity
>99%, pressure drop at nozzle tip: pdrop = 2 bar) and
combusted to form the desired nanomaterial. A premixed
stoichiometric methane-oxygen (1.5, 3.2 l/min) supporting
flame was used in conjunction with 40 l/min O2 (Air Gas,
purity >99%) sheath gas. In the case of the synthesis of
coated CeO2, 16 l/min of pure N2 was injected into the
reactor through a torus ring with 16 equispaced and equi-
sized (dinner = 0.6 mm) jets at an injection height of 200 mm
above the FSP burner. In the case of SiO2-coated CeO2,
16 l/min N2 carrying hexamethyldisiloxane (HMDSO,
Sigma–Aldrich, St. Louis, MO, USA) vapour were fed through
the same torus ring, this time, however, at injection height
of 300 mm. HMDSO vapour was obtained by bubbling
0.11 l/min gas through liquid HMDSO (300 ml), maintained
at 11.3�C using a temperature-controlled water bath. At
saturation conditions, this corresponds to an HMDSO injec-
tion mass of 0.85 g/h into the reactor. In both cases, the
reactor was enclosed above and below the torus ring by two
quartz tubes (dinner = 45 mm). More details on the synthesis
of SiO2-coated ENMs are provided in a recently submitted
manuscript by the authors (Gass et al. 2013). Uncoated and
SiO2-coated CeO2 ENMs were collected on a water-cooled
glass fibre filter (Whatman) located 800 mm above the
reactor (Figure 1) and used for off-line physico-chemical,
morphological and in vitro cellular characterisation (see
below for details).

Inhalation exposure system
The continuously generated aerosol was sampled in situ
(Qs) by means of a peristaltic pump (Sarns, 3500), diluted
with dry and filtered air (Qd), and subsequently fed to
the whole-body inhalation chamber (Qs + Qd). A 150-L
(22 � 22 � 20 inches) stainless steel whole-body exposure
chamber (Cube 150) was used for this study (Goldsmith
et al. 2011). The particle concentration (mass and number
concentrations) in the chamber was controlled by adjusting
the sampling to dilution flow rate ratio (typical dilution
ratio was 1:15). Typical flow through the chamber was
21.7 l/min (Qd + Qs) with a corresponding residence
time of approximately 7 min. Three stainless-steel
3/8-inch tubes were used as animal cage support exhaust
ventilators. A stainless-steel cage rack, consisting of 12 indi-
vidual wire mesh cages (5 � 7 � 3 inches) was placed on
the supports. Exhaust holes were drilled in the bottom of
the support (exhaust tubes) to minimise concentration
gradients within the large exposure chamber and guarantee
close to identical exposures for all animals within the cages
(Goldsmith et al. 2011). The pressure in the chamber
was maintained around 1 atm, by controlling the amount
of air extracted from the chamber. Figure 1 shows the
components and associated flows of the animal exposure
system.
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Exposure monitoring and characterisation
Four sampling ports located directly over the animal breath-
ing zone enabled real-time monitoring of exposure atmo-
spheres. The real-time total number concentration in the
chamber was monitored continuously by a condensation

particle counter (CPC, Model #3775, TSI, Inc., Shoreview,
MN, USA). Aerosol number concentration as a function of
size was also monitored in real-time by a Scanning Mobility
Particle Sizer (SMPS, Model 3080, TSI, Inc.). In addition, for
the entire duration of the exposures, aerosol was sampled
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Symbol Definition Specification* 

VENGES Versatile Engineered Nanomaterial Generation System -

-

-

FSP Flame Spray Pyrolysis

HEPA High Efficiency Particulate Arresting

(Nano) MOUDI Micro-Orifice Uniform Deposit Impactor -

-DMA Differential Mobility Analyzer

CPC Condensation Particle Counter -

MFC Mass Flow Controler -

SMPS Scanning Particle Mobility Sizer -

-Qf Main water-cooled Whatman filter flow

Qs In-situ sampling flow 15 l/.min

Qd1 Particulate-free dilution flow 20.0 l/min

Qg Flow to gas, temperature and pressure monitor 3.0 l/min

QCPC CPC sampling flow 1.0 l/min

Qs,1(2) In-situ filter measurement flow 3.0 l/min

QSMPS Scanning mobility particle sizer flow 0.3 l/min

Qd2 Particulate-free dilution flow for MOUDI 15.0 l/min

Qm 30.0 l/minMOUDI flow

Qe Chamber exhaust flow (to close mass balance) -

Figure 1. ENM generation and inhalation exposure system. VENGES: Versatile Engineered Nanomaterial Generation System; FSP: flame spray
pyrolysis; HEPA: High-Efficiency Particulate Air (Filter); MFC: mass flow controller; RH: relative humidity; p: pressure; T: temperature; SMPS:
Scanning Mobility Particle Sizer; CPC: condensation particle counter; DMA: differential mobility analyser; MOUDI: Micro-Orifice Uniform Deposit
Impactor.
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from the exposure chamber for gravimetric analysis at a 3.5 l/
min flow rate. ENMs were collected on a pre-weighed
37-mm Teflon filter (SKC, 0.45 mm pore size) housed in a
closed-faced filter cassette. Filters were pre- and post-
weighed (Mettler Toledo UMX2 Ultra Microbalance) in a
relative humidity and temperature controlled environment
(26–32% RH, 70–73 F). To verify no humidity effects, filters
were also desiccated after post-weighing and then
reweighed, showing negligible differences. Four filter mea-
surements were taken each day of exposure.

In addition, separate experiments for both SiO2-coated
and uncoated CeO2 exposure scenarios were performed in
order to measure aerosol mass size distributions in the
animal exposure chamber, using in series a Micro-Orifice
Uniform Deposit Impactor (MOUDI, Model 110, MSP Corp.,
Minneapolis, MN, USA) (cut-point diameters: 0.056, 0.10,
0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10, 18 mm) and a nano-
MOUDI (MOUDI, Model 115, MSP Corp.) (cut-point dia-
meters: 0.010, 0.018, 0.032 mm) (Figure 1). A set of 47-mm
aluminium foil impaction substrates (MSP Corp.) were used
for the gravimetric measurements. The 18 mm upper stage
substrate was pre-coated with silicon oil to avoid particle
bounce and contamination of size fractionated samples
collected on lower stages.

The pressure inside the exposure chamber was also
monitored continuously with a pressure transducer (Setra,
Model 264). Exposure chamber temperature and relative
humidity were also continuously monitored with a temper-
ature/humidity sensor (Vaisala, Model 234). CO and CO2

concentrations were monitored using a Q-Trak (TSI, Inc.).
ENM samples for field emission scanning and transmis-

sion electron microscopy (TEM/FESEM) were also collected
in situ by sampling air from the exposure chamber (1.5 l/
min) onto carbon grids (JOEL Model 1220 TEM, Hitachi
Model S-4800 FESEM) with varying sampling time (120, 60,
30 and 10 s). ENMs were also deposited onto carbon grids,
after sonication in ethanol, for higher resolution TEM imag-
ing (TEM: Libra 120).

Ex situ characterisation of generated ENMs
ENMs collected on a water-cooled glass fibre filter (Figure 1)
were extracted as nanopowders and used for both ex situ
physico-chemical and morphological characterisation and
in vitro cellular toxicological evaluation. X-ray diffraction
(XRD) patterns were obtained using a Scintag XDS2000
powder diffractometer (Cu Ka (l = 0.154 nm), -40 kV,
40 mA, step size = 0.02�). The crystal size was determined
by applying the Scherrer Shape Equation to the Gaussian fit
of the major diffraction peak. The Brunauer-Emmett-Teller
(BET) powder-specific surface area (SSA) of all samples was
measured by nitrogen adsorption at 77 K (Micromeritics
TriStar), after sample degassing for 1 h at 150�C in nitrogen.
BET equivalent primary particle size was calculated, under a
spherical particle assumption, using dBET = 6000/(r � SSA),
where r is the material density. ENMs were also deposited
onto carbon grids for TEM imaging (TEM: Libra 120) after
30 min sonication in ethanol. Highly surface sensitive X-ray
photoelectron spectroscopy (XPS) (ESCA SSX-100, X-ray
source: monochromatic Al Ka, 10 kV, 10 mA, detector:

hemispherical electron energy spectrometer, spot size:
600 mm) was used to assess SiO2 coating efficiency
(Gass et al. 2013). Survey scans (binding energy range: 0–
1100 eV, pass energy: 100 eV, step size: 0.65 eV), were used
for surface elemental quantification. All XPS spectra were
calibrated using the C1s hydrocarbon contamination peak
(BE: 284.6 eV). Atomic concentrations were determined
using CASA XPS software and respective sensitivity factors
for relevant elements.

Toxicological characterisation of ENMs
Two different bio-assay systems were used to evaluate the
toxicological profile of the generated ENMs: (1) in vitro
cellular model, (2) in vivo animal model.

In vitro cellular assays
A number of standard viability/toxicity assays were
employed to investigate ENM biointeractions in vitro across
a range of physiologically relevant doses (0–100 mg/ml) on
A549 lung epithelial cells. ENM preparation and character-
isation in liquid suspension, cell culture methods and assay
protocols are described in detail below.

ENM dispersal and characterisation in liquids
ENM dispersion was performed using a protocol previously
developed by the authors and described elsewhere
(Cohen et al. 2013), and included the calibration of sonica-
tion equipment and standardised reporting of sonication
energy delivered by a Branson Sonifier S-450A (Branson
Ultrasonics, Danbury, CT, USA) fitted with a 3 inch cup
horn (maximum power output of 400W at 60 Hz, continuous
mode, output level 3). For each ENM the material-
specific critical sonication energy required to achieve mono-
disperse solutions at the lowest agglomeration state as
measured by dynamic light scattering (DLS) using a Zetasizer
Nano-ZS (Malvern Instruments, Worcestershire, UK) was
identified. Cup horn sonication was performed in deionised
water (DI H2O) to minimise reactive oxygen species gener-
ation via sonolysis, to minimise ionic strength and specific
conductance, and hence particle interactions, during soni-
cation, and to avoid denaturation of proteins in the final cell
delivery media. Stock solutions in DI H2O were then diluted
to desired concentrations (0, 6.25, 12.5, 25, 50 or 100 mg/ml)
in F-12K cell culture media supplemented with 3% heat-
inactivated fetal bovine serum (FBS), 100 U/ml penicillin,
100 mg/ml streptomycin and 10 mM HEPES (F-12K/3%FBS)
and vortexed for 30 s. ENM suspensions in F-12K/3%FBS
were then characterised for hydrodynamic diameter (dH),
polydispersity index (PdI), zeta potential (z) and specific
conductance (s) by DLS, for pH using a VWR symphony pH
meter (VWR International, Radnor, PA, USA), for effective
density (rE) by a recently developed volumetric centrifuga-
tion method (Deloid et al. 2012, unpublished observations),
or applied to cells for toxicological evaluation.

Cell line
Human alveolar basal epithelial A549 cells were cultured in
F-12K supplemented with 10% heat-inactivated FBS, 100 U/
ml penicillin, 100 mg/ml streptomycin and 10mMHEPES. All
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incubations were performed at 37�C/5% CO2 unless other-
wise specified. Assays (see below) were repeated three times
for each ENM. F-12K cell culture media, Penicillin/Strepto-
mycin, HEPES and BSA were obtained from Sigma-Aldrich,
and FBS and heat-inactivated FBS were obtained from
Atlanta Biologicals (Atlanta, GA, USA).

Bio-assays
Cellular metabolic activity and cytotoxicity were measured
via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and lactate dehydrogenase (LDH) assay,
respectively according to the standard protocols. In short,
cells were seeded in 96-well microtiter plates (Corning Inc.,
New York, NY, USA) at a concentration of 1 � 105 cells per
well. The next day, culture media was replaced with 100 ml of
ENM dispersions in F-12K/3%FBS at various concentrations
and incubated for 24 h. Following 24 h of exposure, 50 ml of
supernatant was collected and transferred to fresh 96-well
plates and 100 ml of LDH reagent was applied. These plates
were then left for 30 min in the dark at room temperature.
During this incubation period, the presence of LDH released
by dead or dying cells into the supernatant due to plasma
membrane damage was identified by the reduction of the
reagent tetrazolium salt resulting in formazan, and measure-
able by absorbance. Plates were read immediately following
incubation at 490 nm with a Synergy 2 Multi-Mode Micro-
plate Reader (BioTek Instruments, Winooski, VT, USA).

Exposure media containing CeO2 was removed from the
plates still containing cells and replaced with fresh medium
containing MTT reagent. These plates were then incubated
for another 4 h. Vital cells integrated the dye and trans-
formed the yellow tetrazolium salt (MTT) into purple for-
mazan crystals, an indicator of active metabolism. Following
the 4-h incubation period, 100 ml of MTT solubilisation
solution (10% Triton X-100 with 0.1 N HCl in anhydrous
isopropanol) were added to the wells to stop the reaction.
Plates were placed on an orbital plate shaker for 30 min to
dissolve the formazan crystals and then centrifuged at
250 rpm for 10 min to ensure that particles or dying cells
were removed from the solution; 100 ml of the supernatant
was then removed and placed in a fresh 96-well plate to be
read at 570 nm with a Synergy 2 Multi-Mode Microplate
Reader (BioTek Instruments). MTT Cell Proliferation kits and
LDH Cytotoxicity Detection kits were obtained from Roche
Applied Science (Indianapolis, IN, USA).

All experiments were conducted in triplicate for each
ENM.

In vivo inhalation animal model
Male Sprague-Dawley rats (Hla: SD CVF, 8–10 weeks old)
were obtained from Hilltop Labs (Scottdale, PA, USA). The
animals were housed in the AAALAC-approved NIOSH Ani-
mal Facility (12 h light/dark cycle; 20–25�C), with food and
water available ad libitum. Rats were acclimated to the
facilities for 1 week prior to exposures. The NIOSH Animal
Care and Use Committee approved all experimental proce-
dures in this study. The animals (n = 6/group) were exposed
to 2.7 mg/m3 of either SiO2-coated CeO2, uncoated CeO2 or
particle-free environments (controls) (2 h/day, 4 days).

At 24 h post-exposure to ENMs, exposed animals, along
with particle-free controls were anesthetised with sodium
pentobarbital (0.2 g/kg, i.p.) and exsanguinated by cutting
the renal artery. Alveolar macrophages (AM) were obtained
by bronchoalveolar lavage (BAL) with a Ca2+, Mg2+-free
phosphate buffered medium (145 mM NaCl, 5 mM KCl,
1.9 mM NaH2PO4, 9.35 mM Na2HPO4 and 5.5 mM glucose;
pH 7.4) as described previously (Yang et al. 2001). Briefly, the
lungs were lavaged with 6 ml Ca2+, Mg2+-free phosphate
buffered medium for the first lavage, and subsequently
lavaged with 8 ml of the same buffer for total 10 times or
when total 80 ml BAL fluid were collected from each rat. The
acellular supernate from the first lavage was saved separately
from subsequent lavages for analysis of LDH activity and
protein content. Cell pellets from each animal were centri-
fuged and combined, washed and resuspended in a HEPES
buffered medium (145 mM NaCl, 5 mM KCl, 10 mM HEPES,
5.5 mM glucose and 1.0 mM CaCl2; pH 7.4). Cell counts and
purity were measured using an electronic cell counter
equipped with a cell sizing attachment (Coulter model Multi-
sizer II with a 256C channelizer; Beckman Coulter, Fullerton,
CA, USA). Pathophysiological analysis was performed and
inflammatory and cytotoxicity biomarkers including cell
counts of polymorphonuclear neutrophils (PMNs) and
AM, LDH activity and albumin content were measured in
the first BAL fluid.

AM imaging: Rats were exposed to CeO2, SiO2-coated
CeO2 or vehicle by a single intratracheal instillation at a
lung burden equivalent to that for the inhalation study
(0.15 mg/kg). Rats were sacrificed at 1 day after exposure,
BAL cells were isolated, fixed and particle uptakes were
demonstrated by TEM (TEM: Libra 120).

Dosimetry considerations
Particle deposition in the animal lungs was modelled using
the MPPD2 model (Anjilvel & Asgharian 1995). Table I
summarises the parameters used in the simulations. An
in vivo lung surface dose (mg/m2) was estimated by
integrating the highest model derived deposition flux
(mg/(m2min)) over the course of the exposure (min), which
in this study was 480 min. The in vitro particle suspension
volume to well surface ratio (ml/m2) was then used to
convert the in vivo lung surface dose (mg/m2) to an
in vitro equivalent volumetric dose (mg/ml). The underlying
equation used was:

dose m T
A

Vin vitro eq
well

ad
− = × ×, exp

min

( )
i

model 1

where dosein vitro eq− , is the in vitro equivalent dose (mg/ml),
Texp is the total exposure time (min), m

i

model
is the highest

model derived mass flux to the lungs (mg/(m2min)), A well is
the surface area of the in vitro well (m2) and Vadmin is the
volume of the media in one well (ml).

In order to convert the in vitro equivalent dose, which
represents the delivered to cell dose to the equivalent
administered dose, the in vitro sedimentation, diffusion
and dosimetry (ISDD) model proposed by Hinderliter
et al. (2010) was utilised in order to calculate numerically,
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for each ENM dispersion, the fraction of administered par-
ticles that would be deposited onto cells in a standard
96-well plate as a function of time fD(t). The particle hydro-
dynamic diameter (dH, nm), as measured by DLS, and the
measured effective density (rE, g/cm3) were used as inputs to
the model (Deloid et al. 2012, unpublished observations).
The effective density of ENMs in physiologic fluids was
measured using the volumetric centrifugation method,
which was recently developed by the authors (Deloid
et al. 2012, unpublished observations). Additionally, the
following parameters were used as input to the ISDD numer-
ical model: media column height, 3.16 mm; temperature,
310K; media density, 1.00 g/ml; viscosity, 0.00074 Pa s
(Hinderliter et al. 2010) and administered (initial suspen-
sion) particle concentration, 100 mg/ml.

Calculations and statistics
Absorbance values measured for LDH and MTT in vitro
assays were normalised with negative control (particle-free
media) and positive control (Triton X) absorbance values, to
a metric of cell viability (%) using the following equation:

Cell viability (%) =
Sampleabsorbance - negative control absorbancee

Positive control absorbance - negative control absorbance

Variance of toxicity results for each ENM was tested by post
hoc one-way ANOVA with significance set at p £ 0.05. One-
tailed unpaired Student’s t-test was used for significance
testing, with significance set at p £ 0.05.

Results

ENM characterisation
Figure 2 shows TEM and SEM images of CeO2 and SiO2-
coated CeO2 samples collected in situ (Figures 2C–F). The
images illustrate the fractal structure of the agglomerates
formed by the flame synthesis method. In the case of SiO2-
coated CeO2, a smooth and relatively homogenous 2–4 nm
SiO2 coating layer is visible around the core CeO2 particles
at higher magnification (Figure 2G). The hermetic SiO2

encapsulation of CeO2 ENMs was also evaluated using XPS
(Figure 2B). As shown in this figure, the Ce, 3d electron
transition almost disappears entirely in the SiO2-coated
CeO2 survey spectra. Small Ce 3d peaks that remain visible
in the SiO2-coated CeO2 spectra can be attributed to a bulk
Ce signal (Jung et al. 2003). This is in agreement with
previous data that showed that coating thicknesses
between 2 and 3 nm resulted in close to hermetic encap-
sulation of the core CeO2 ENM (Gass et al. 2013). Figure 2A

Table I. Summary of parameters used for in vivo lung deposition model (MPPD2).

Animal rat model Breathing parameters Particle properties

Functional residual capacity: 4.0 ml Tidal volume: 2.1 ml CMD: 90 nm (CeO2), 100 nm (SiO2-coated CeO2)

Head volume: 0.42 ml Breathing frequency: 102 l/min Geometric standard deviation: 1.5

Breathing route: nasal Inspiratory fraction: 0.5 Mass concentration: 2.7 mg/m3

Pause fraction: 0.0

CMD, count mean diameter; MPPD2, Multiple Path Particle Deposition model.
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Figure 2. Physico-chemical ENM characterisation. XRD (A) and XPS (B) spectra of CeO2 (black) and SiO2-coated CeO2 (red) (dXRD: crystal size
measured by X-ray diffraction). In situ SEM (C, D) and TEM (E, F) images of CeO2 and SiO2-coated CeO2. Higher resolution TEM image of SiO2-
coated CeO2 (ex situ); 2–4 nm SiO2 coating appears as lighter contrast around darker contrast core CeO2 particles (G).
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shows XRD patterns for CeO2 and SiO2-coated CeO2.
The location of the peaks is identical for both materials,
indicating that the coating had minimal effect on core
composition and crystal structure. XRD-determined
crystal size of uncoated CeO2 (17.3 nm) was slightly smal-
ler than that of SiO2-coated CeO2 (21 nm). The SSA of
uncoated CeO2 was 61 m2/g and the SSA of SiO2-coated
CeO2 was 50 m2/g, corresponding to an equivalent
diameter of 12.8 and 19.2 nm, respectively. Differences
between CeO2 and SiO2-coated BET equivalent diameter
are more pronounced than crystal sizes due to SiO2 encap-
sulation, which is not accounted for when measuring the
crystal size.

In vivo animal inhalation experiments
Animal exposure characterisation
Figure 3A shows the total particle number concentration and
mean aerosol mobility diameter as a function of time for a
representative 2 h exposure experiment. Both number con-
centration and mean mobility diameter were remarkably
constant over the 2 h exposure, highlighting the consistency

and stability of the generation and exposure system.
Figure 3B illustrates the aerosol number concentration in
the animal exposure chamber as a function of mobility
diameter for both the SiO2-coated and uncoated CeO2 expo-
sure scenarios over the course of the exposure. It is worth
pointing out that synthesis parameters were optimised in
order to match aerosol size distributions for both SiO2-
coated and uncoated scenarios, since size distribution is
an important determinant of lung deposition (Gangwal
et al. 2011; Asgharian 2001). Statistics of the two aerosol
distributions further prove this, as modal and geometric
standard deviation diameters are almost identical for both
SiO2-coated and uncoated CeO2. It should also be noted that
the total number concentration was somewhat lower in the
SiO2-coated CeO2 case, possibly due to slightly larger
agglomerate sizes and denser agglomerates of higher effec-
tive densities.

Figures 3C and D illustrate the MOUDI measured mass
size distributions for both SiO2-coated and uncoated CeO2

exposure scenarios. As with the particle number concentra-
tion distributions, the mass size distributions were also
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Figure 3. Inhalation exposure characterisation. (A) Total particle number concentration (solid line) and count mean diameter (CMD) (lines with
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found to be similar, with most mass between 180 and
320 nm. Furthermore, gravimetric analysis of Teflon filters
used throughout the duration of the exposures revealed an
average mass concentration of 2.70 mg/m3 for the CeO2

scenario and 2.72 mg/m3 for SiO2-coated CeO2 scenario in
the animal exposure chamber. This is a clear indication that
both number size distributions as well as mass concentration
for both SiO2-coated and uncoated exposure scenarios were
well matched.

In addition, exposure chamber relative humidity and
temperature were also similar and constant for both expo-
sure scenarios, that is, 60% RH and 23.5�C. Similarly, the
combustion off-gas concentrations (CO, CO2) measured in
the exposure chamber were very low and comparable with
the concentrations in the particle-free control experiments.

Dosimetry considerations
Figure 4A shows the modelled deposited mass fraction in the
animal lungs and the deposited mass flux for the different
regions of the lung (shown as generation number) for
both uncoated and SiO2-coated CeO2 ENMs. The model
predicts deposition of most particle mass deeper in the
animal lungs (higher generation numbers). This is somewhat
expected given the small size of the CeO2 exposures
(Figure 3B). The deposition model also predicts almost
identical deposition mass for both the CeO2 and SiO2-coated
CeO2 aerosol. Furthermore, based on a deposition mass flux
of 12 mg/(m2min) and an exposure time of 480 min, a lung
surface dose of 5.76 � 103 mg/m2 was estimated.

Equation 1 was used to calculate the equivalent in vitro
dose delivered to cells, which was found to be 1.82 mg/ml
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(well diameter = 6.35 mm, and media volume in a
well = 0.1 ml). However, the in vitro dose delivered to cell
is not the same as the administered dose (Cohen et al. 2013;
Hinderliter et al. 2010) since only a fraction of the admin-
istered mass reaches the cells at the bottom of the well over
time. The recently developed ISDD numerical model was
used here to estimate the fraction of administered dose
actually delivered to cells over time (Figure 4D) (Hinderliter
et al. 2010; Deloid et al. 2012, unpublished observations). As
shown in Figure 4C, only 69% of the CeO2 particles, and 58%
of the SiO2-coated CeO2 particles were delivered to cells over
the course of the 24-h toxicity assay. Therefore, administered
doses of 2.64 mg/ml for CeO2 particles and 3.14 mg/ml for the
SiO2-coated CeO2 are required to achieve the equivalent
in vitro delivered to cell dose of 1.81 mg/ml which matches
the in vivo equivalent dose of 5.76 � 103 mg/m2.

Toxicological characterisation
In vivo animal inhalation experiments
Figure 5 summarises inflammatory and cytotoxicity biomar-
kers in the BAL fluid of the animals sacrificed one day post-
exposure. While uncoated CeO2 animal exposure induced
considerable PMN infiltration compared with the control
group, an indicator for inflammation, PMN levels for the
SiO2-coated scenario were similar to the particle-free control
group levels (Figure 5B). Similarly, LDH release from the
uncoated CeO2-exposed group was significantly higher than
the particle-free exposed control group, as shown
in Figure 5D. It is known that LDH is a biomarker of cell
damage and cytotoxicity. By contrast, LDH release in the
SiO2-coated CeO2 exposed group was nearly identical to that
of the particle-free exposed control group, clear evidence
that the SiO2 coating results in reduced toxicity (Figure 5D).
Furthermore, both CeO2 and SiO2-coated exposures did not
appear to cause air/capillary damage, as shown by similar
albumin levels for SiO2-coated, uncoated CeO2 and the
particle-free control animal group (Figure 5C). This is com-
pelling evidence that the SiO2 encapsulation significantly
reduced particle toxicity.

In addition, as shown in the TEM micrographs presented
in Figures 5E and F, CeO2 and SiO2-coated CeO2 particles
were present in both AM collected from CeO2 and SiO2-
coated CeO2 exposed animals, respectively. No particles
were found in vehicle-exposed rats.

In vitro cellular characterisation
Comprehensive characterisation for each material dispersed
in cell culture media is presented in Table II. As indicated
in Table II, both the coated and uncoated CeO2 particles
exhibited narrow and monodisperse agglomerate size dis-
tributions, with mode around 200 nm in diameter, and
effective densities close to 1.5 g/cm3, when suspended in
the biological media. Figure 6 reports the cell viability results
from LDH and MTT assays for A549 cells for pure SiO2,
uncoated CeO2 and SiO2-coated CeO2 particles for multiple
administered dose levels (0–100 mg/ml, or 0–31.5 mg/cm2

in vivo equivalent doses). As shown in Figures 6A and B, the
viability of cells exposed to uncoated CeO2, SiO2-coated
CeO2 and pure SiO2 particles was roughly equivalent to

that observed for the negative control cells exposed only
to particle-free cell-culture media. By contrast, the positive
control cells exposed to Triton X exhibited minimal cell
viability following 24 h of exposure (Figures 6A and B). It
is worth mentioning here that results from the MTT assay
presented in Figure 6 do exceed 100% for some doses,
however, there is no statistical significance that might sug-
gest that the values are truly different from the negative
control or from each other (via ANOVA).

Discussion

This study showcases an integrative and multifaceted appro-
ach for evaluating the effect of realistic flame-generated
nano-CeO2 exposures on biological systems. Additionally,
this study sheds light on major research gaps in the field of
nanotoxicology. First, the authors assessed the toxicological
implications of nano-CeO2 exposure on an in vivo rat model
using realistic freshly generated exposure atmospheres. Ani-
mal inhalation studies are considered the “gold standard”
for pulmonary toxicology due to their physiologically rele-
vant exposure mechanisms. According to the authors, this
study represents the first whole-body in vivo animal inha-
lation study using realistic nano-scaled ceria exposure
atmospheres.

Second, this study presents an interesting comparison
between in vivo and in vitro cellular bioassays for the case of
CeO2. One major challenge of nanotoxicology is determining
physiologically equivalent effective doses when comparing
between in vivo and in vitro studies. To this end, the
proposed approach can be used to match effective doses
in vitro with their in vivo equivalents. However, even with
perfectly matched in vitro and in vivo doses, results from this
study suggest that widely used in vitro toxicity assays, such as
LDH and MTT for A549 cells, may not be predictive of
toxicological outcomes observed in vivo following inhalation
exposure.

The CeO2 inhalation toxicological results from this study
indicated significant increase in LDH release compared with
animals exposed to the particle-free control for the estimated
effective dose of 5.76 � 103 mg/m2 of lung surface area
(Figure 5D). These results are in accordance with a recent
intratracheal instillation study performed by the authors,
which demonstrated that CeO2 nanoparticles induced
dose-dependent pulmonary inflammation and AM func-
tional change in rats. In addition, further analysis revealed
that CeO2 particles activated the inflammatory macrophage
(AM) phenotype, M1, as measured by increased IL-12
secretion and oxidant release (Ma et al. 2011).

By contrast, the anti-inflammatory nature of SiO2 reported
in a number of recently published in vitro studies (George
2011; Zhang et al. 2012) may explain the low lung injury and
inflammation found in this study for the case of the SiO2-
coated CeO2. In this study, when cells encountered amor-
phous SiO2-coated CeO2 they likely recognised the amor-
phous SiO2 coating, not the CeO2 core, thus resulting in
much lower inflammation and cytotoxicity when compared
with CeO2. The biological inert nature of amorphous SiO2 is
documented in a number of in vivo studies. It was shown that
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amorphous SiO2 induced a low and transient pulmonary
inflammatory response in rats, whereas crystalline silica
induced large and persistent pulmonary inflammatory
responses (Warheit et al. 1995). It is also worth mentioning
the differential pulmonary response associated with crystal-
line, colloidal or amorphous silica dusts (Warheit et al. 1995).

Furthermore, recently published studies also suggest that
amorphous SiO2 is relatively insoluble in both water and in
various cell culture media (Zhang et al. 2012).

It is also important to note that significant increases in
PMN recruitment and LDH levels (a clear indication of
lung injury and inflammation) without increased lung

14

12

10

8

A
M

 (
x1

06
)

6

4

2

0
0 Air CeO2 Air SiO2

coated CeO2

0.8

0.6

A
lb

u
m

in
 (

m
g

/d
l)

0.4

0.2

0
0 Air CeO2 Air SiO2

coated CeO2

350

300

250

200

150

100

50

0

L
D

H
 (

U
/I)

0 Air CeO2 Air SiO2
coated CeO2

P
M

N
 (

x1
06

)

24

20

16

∗

∗

12

8

4

0
0 Air CeO2 Air SiO2

coated CeO2

A B

C

E

D

F
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permeability, as measured by albumin levels (Figures 5B–D)
may be associated with the low doses animals were exposed
to in this study. Similar findings were reported in a previous
study performed by the authors (Ma et al. 2011) for rats
exposed to low doses of CeO2 particles. On the contrary, at
elevated exposure doses increased albumin levels in asso-
ciation with PMN recruitment and increased LDH were
reported (Ma et al. 2011).

Interestingly, and in contrast to the in vivo inhalation data,
no increase in LDH release was observed in A549 cells
exposed to CeO2 particles in liquid suspension, even at
doses significantly higher than the estimated equivalent

administered dose used in vitro of 2.64 mg/ml (equivalent
to a delivered effective dose of 1.82 mg/ml, or 5.76 �
103 mg/m2 in vivo dose) (Figure 6A). The authors do recog-
nise that alternative in vitro assays, testing various end points
across different cell lines, may improve sensitivity for detect-
ing toxicity in vitro beyond the LDH andMTT assays reported
here for A549 cells. However, several studies investigating the
in vitro toxicity of CeO2 across a broad range of cell lines from
various tissues and examining a variety of biological end
points have already been reported in the literature, and found
CeO2 to be relatively non-toxic across the board (Kroll et al.
2011a; Zhang et al. 2012; Xia et al. 2008).

Table II. Properties of ENM dispersions in F-12K/3%FBS.

Material dH (nm) PdI z (mV) s (mS/cm) pH rE (g/cm3)

CeO2 241 ± 9.53 0.715 ± 0.055 -10.8 ± 1.57 14.1 ± 0.737 6.99 ± 0.074 1.54 ± 0

SiO2-coated CeO2 214 ± 6.16 0.246 ± 0.018 -10.8 ± 1.68 15.5 ± 1.70 6.89 ± 0.086 1.52 ± 0

dH, hydrodynamic diameter; ENM, engineered nanomaterial; FBS, fetal bovine serum; PdI, polydispersity index; z, zeta potential; s, specific conductance; rE, effective
density.
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Specifically, Kroll et al. (2011a) reported that CeO2 ENMs
do not increase cell toxicity measured by LDH and MTT
assays indicating membrane leakage and metabolic activity,
and do not increase oxidative stress measured by reactive
oxygen species generation by a DCF assay. Multiple cell lines
were tested in vitro including A549 cells, heterogeneous
human epithelial colorectal adenocarcinoma cells (Caco-
2), adenocarcinoma-derived human lung epithelial cells
(Calu-3), canine kidney epithelial cells (MDCK, MDCK II),
mouse-derived fibroblast cells (NIH-3T3), rat kidney cells
(NRK52E), rat AM (RAW 264.7) and rat lung epithelial-
T-antigen negative cells (RLE-6TN). Similarly, Zhang et al.
(2012) exposed multiple cell lines (human bronchial epithe-
lial cells (BEAS-2B), and rat AM (RAW 264.7)) to CeO2

particles and reported no increases in cell toxicity or oxida-
tive stress. Inflammatory cytokine production may also be a
more sensitive indicator of cellular responses to ENM expo-
sure. However in the case of CeO2, Xia et al. (2008) reported
no increase in TNF-a production after the ENMs are inter-
nalised by rat AM (RAW 264.7), and no IL-8 production after
they are internalised by non-cancerous human bronchial
epithelial cells (BEAS-2B).

In conclusion, the in vitro results of this study are in
accordance with the recent literature and a number of
in vitro cellular studies, which suggest CeO2 nanoparticles
are relatively non-toxic (Xia et al. 2008; Kroll et al. 2011b;
Raemy 2011). Some in vitro studies even suggest CeO2 may
reduce oxidative stress in cells, with potential therapeutic
benefits for inflammation in humans (Hirst et al. 2009;
Celardo et al. 2011). Discrepancies between in vitro and
in vivo toxicity evaluations may be attributed to particle
transformations in the micro-environments of cell culture
media enriched with serum proteins versus the alveolar
lining fluid of the animal lung. ENMs suspended in physi-
ological media may experience agglomeration and the
formation of a protein corona on the particle surface (Walkey
& Chan 2012), and these transformations may mediate
subsequent bio-nano interactions (Morimoto et al. 2012;
Lundqvist et al. 2008; Syono et al. 1971). Future research
will be necessary to determine just how much the protein
corona and particle kinetics observed in an in vitro system
can influence toxicity. One hypothesis to be investigated in
future studies is whether distinct protein-particle interac-
tions in cell culture media differ from those of alveolar lining
fluid found in the animal lungs. Such a difference may
explain some of the different biological responses between
in vitro and in vivo reported in this study. Another possible
explanation for the observed discrepancies between in vitro
and in vivo results might be that single cell line in vitro assays
lack interactions among the many cell types forming the lung
epithelial barrier. Such interactions among different cell
types may induce inflammation, and elicit further damage
to the epithelial cells which cannot be captured by a single
cell line assay (Kasper et al. 2011; Rothen-Rutishauser et al.
2005; Lehmann et al. 2011).

Finally, this study also explored a recently developed
safety-by-design concept by the authors for inhibiting
nanoparticle toxicity, based on the encapsulation of nano-
particles with an amorphous nanothin SiO2 layer during

their synthesis (Gass et al. 2013). It was clearly shown in
this study that exposure to SiO2-coated CeO2 did not induce
any pulmonary toxicity in a rat model. Thus, the results in
this study provide valuable in vivo evidence for the safety of
this SiO2 encapsulation concept. Due to the scalability of this
safer formulation concept, it bears great promise for large-
scale industrial applications.

It is also worth pointing out that recent data from intra-
tracheal instillation of CeO2 nanoparticles in a rat model
indicated that in addition to a rapid inflammatory/
damage response, pulmonary fibrosis becomes evident at
3 months post-exposure (Ma et al. 2011). A number of
exposed animals from this study were saved and will be
sacrificed at 84 days post-exposure in order to further assess
the fibrogenic behaviour of inhaled CeO2. These fibrogenic
responses along with extensive histopathology analysis of the
lungs will be reported in a separate manuscript along with
detailed biokinetic studies of CeO2.
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NOTICE OF CORRECTION

The iFirst version of this article published online ahead of print on 09 November 2012 contained an error in

reference citations Gass et al. and Deloid et al. The citation “Gass et al.” should be updated as “Gass et al. 2013” and

“Deloid et al.” should read “Deloid et al.” unpublished observations. The corrected version is shown in this issue.

 P. Demokritou et al.
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