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H
igh aspect ratio nanomaterials, such
as nanorods, nanotubes, and nano-
wires, have attracted widespread

attention due to their unique chemical,
mechanical, electric, and optical properties
and their promising applications in nano-
devices.1�5 Despite the increasing interest
in production and use of these materials,
concerns have been raised about their
potential adverse health and environmental
effects. Many studies show that both the
length as well as aspect ratio of nanorods
and nanowires play significant roles in their
biological reactivity.6�8 Above a length of
15 μm, some high aspect ratio materials
such as asbestos fibers fail to be engulfed
bymacrophages, leading to frustratedphago-
cytosis and chronic granulomatous inflam-
mation.7,9,10 Another type of bioreactivity
is activation of the NALP3 inflammasome
and IL-1β production, which has been
shown to play a role in the generation of
chronic granulomatous inflammation and
fibrosis bymultiwalled carbonnanotubes.11,12

Although other material types may also
fit the “fiber paradigm”,13�15 these studies
only explored a very limited number of
lengths and aspect ratios (typically from
one to three), thereby failing to clarify the
threshold above which length and aspect
ratio engage the lysosomal pathway that
leads to inflammasome activation. To ad-
dress this issue, a library of nanomaterials
with the same chemical composition but a
wide range of aspect ratios is required. For
this reason, we created a cerium oxide
(CeO2) nanorod/nanowire library with finely
tuned aspect ratios. The advantage of using
CeO2 is that this material is frequently inert
at biological level or may even act as an
antioxidant;16�19 this allows an appropriate
comparison of its change in toxicity upon
the change in its length and aspect ratio.

The fact that some commercial products do
include CeO2 nanorods and nanowires as
unintended components makes it more
imperative to assess the safety of high
aspect ratio CeO2 nanomaterials and under-
stand their behavior in biological systems.
Various methods including sol�gel,20,21

precipitation,22 hydrothermal,23�28 and
thermal decomposition29 havebeen reported
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ABSTRACT

While it has been shown that high aspect ratio nanomaterials like carbon nanotubes and TiO2
nanowires can induce toxicity by acting as fiber-like substances that damage the lysosome, it is not

clear what the critical lengths and aspect ratios are that induce this type of toxicity. To answer this

question, we synthesized a series of cerium oxide (CeO2) nanorods and nanowires with precisely

controlled lengths and aspect ratios. Both phosphate and chloride ions were shown to play critical

roles in obtaining these high aspect ratio nanostructures. High-resolution TEM analysis shows that

single-crystalline CeO2 nanorods/nanowires were formed along the [211] direction by an “oriented

attachment” mechanism, followed by Ostwald ripening. The successful creation of a comprehensive

CeO2 nanorod/nanowire combinatorial library allows, for the first time, the systematic study of the

effect of aspect ratio on lysosomal damage, cytotoxicity, and IL-1β production by the humanmyeloid

cell line (THP-1). This in vitro toxicity study demonstrated that, at lengthsg200 nm and aspect ratios

g22, CeO2 nanorods induced progressive pro-inflammatory effects and cytotoxicity. The relatively low

“critical” length and aspect ratio were associated with small nanorod/nanowire diameters

(6�10 nm), which facilitates the formation of stacking bundles due to strong van der Waals and

dipole�dipole attractions. Our results suggest that both length and diameter components of aspect

ratio should be considered when addressing the cytotoxic effects of high aspect ratio materials.

KEYWORDS: cerium oxide . nanorods . nanowires . aspect ratio . hydrothermal
synthesis . oriented attachment . Ostwald ripening . frustrated phagocytosis
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for preparing one-dimensional (1-D) CeO2 nanorods,
nanowires, or nanotubes. Among these reported ap-
proaches, hydrothermal synthesis has been most ex-
tensively investigated because it is a simple and cost-
effective method. Very often, a variety of chemical
reagents, surfactants, or organic templates have to
be introduced during hydrothermal synthesis to direct
the anisotropic growth of CeO2 nanocrystals.

26,27,30�32

It should be noted that the use of chemical additives
and the successive removal process may contaminate
CeO2 nanorods and influence the potential applica-
tions or biological responses and therefore should be
avoided if possible. Synthesis of 1-D CeO2 nanostruc-
tures in the absence of any organic templates or
surfactants is desirable, even though it is more difficult
to achieve. The most commonly used strategy to
prepare 1-D CeO2 nanostructures in a template-free
system is to introduce precursors or intermediate
species of anisotropic structures so that 1-D CeO2 can
be formed via topotactic inheritance of those struc-
tures. Typically a Ce3þ salt [CeCl3 or Ce(NO3)3] is mixed
with a high concentration alkaline solution, leading to
the formation of Ce(OH)3 nanorod nuclei. After drying,
these rod-like Ce(OH)3 nanocrystals can be converted
to CeO2 without any shape changes.22,28,33,34 The Ce-
(OH)3 nanorods can also be transformed into CeO2

nanotubes if they are treated with a H2O2 solution
under ultrasonic conditions.35 In spite of the effective-
ness of this method, precise control of CeO2 particle
size and shape still remains a big challenge. Because
Ce(OH)3 is unstable and extremely sensitive to oxygen,
it can be easily oxidized by NO3

� or dissolved oxygen
during the precipitation process, leading to the forma-
tion of CeO2 nanocubes. That is why very often only a
part of the CeO2 product maintained a nanorod
morphology.25,28 In addition, nanoparticles obtained
from a highly alkaline system usually are severely
agglomerated/aggregated and cannot be easily redis-
persed, which is not surprising considering the fact
that the Ce(OH)3 precipitate is the actual precursor of
CeO2 nanoparticles. To obtain better dispersed CeO2

nanoparticles with a narrow size distribution, synthesis
in an acidic medium would be preferred.36 Although it
is much more challenging, Xing and co-workers23,24

demonstrated that, by using a very small amount of
Na3PO4 as a mineralizer, it is still possible to obtain
CeO2 nanorods under acidic conditions. The authors
did not attempt to finely tune the aspect ratio of these
nanorods mainly because the nanorods could only
form in a very narrow synthesis window and a slight
change in synthesis composition and condition led to a
totally different nanostructure.24

In this investigation, we demonstrate an effective
surfactant and organic template-free hydrothermal
technique for preparing high-purity and high-crystal-
linity CeO2 nanorods and nanowires. By controlling
synthesis compositions and conditions, lengths and

aspect ratios of these CeO2 nanorods and nanowires
can be precisely controlled and finely tuned over a
wide range. The CeO2 nanorods obtained from the
primary synthesis can also be reconstructed into even
longer nanorods/nanowires by additional hydrother-
mal treatment. Efforts have also been made to under-
stand the crystallization mechanism of CeO2 nanorods
and nanowires in both primary and secondary synth-
esis systems. The successful creation of this broad CeO2

nanorod/nanowire combinatorial library allows, for the
first time, the systematic study of pure length and
aspect ratio effect on biological activity of this material.
The human monomyelocytic leukemia cell line, THP-1,
was selected as the cellular model to study the impact
of high aspect ratio CeO2 nanorods/nanowires on the
activation of the NALP3 inflammasome, which has
been demonstrated to play a role in the generation
of pulmonary inflammation and fibrosis during expo-
sure to asbestos fibers and multiwalled carbon nano-
tubes.37,38 This inflammasome is activated as a result of
lysosomal damage by high aspect ratio materials in
phagocytic cells. THP-1 cells are used experimentally to
simulate the sequence of events that take place during
the generation of “frustrated phagocytosis” by asbes-
tos fibers in the lung.37

RESULTS AND DISCUSSION

Shape and Aspect Ratio Control of CeO2 Nanorods. In a
typical hydrothermal synthesis system, formation of
nanoparticles starts with nucleation from the precursor
solution followed by growth of the resulting nuclei. By
varying synthesis compositions and conditions, both
the shape of nuclei and the growth direction of the
nuclei can be manipulated to obtain nanoparticles
with desired morphology in the final product. On the
basis of this knowledge, selected variables that have
been identified as key in controlling nucleation and
crystal growth were explored in this investigation.
These include (i) cerium precursor type and concentra-
tion; (ii) concentration of phosphate; (iii) reaction tem-
perature; (iv) pH of the synthesis mixture; and (v)
seeding and secondary treatment. By varying the
synthesis conditions and compositions, CeO2 nano-
rods/nanowires with precisely controlled aspect ratios
can be obtained.

Effect of Cerium Precursors. The type of cerium salt
and the concentration directly influence the size and
morphology of CeO2 nanoparticles. In this study, four
different cerium sources including cerium(III) sulfate
(Ce2(SO4)3), cerium(IV) sulfate (Ce(SO4)2), cerium(III)
nitrate (Ce(NO3)3), and cerium(III) chloride (CeCl3) were
explored. Only when CeCl3 was used as the cerium
precursor were pure nanorods obtained using a wide
range of synthesis compositions and conditions. The
observed cerium source effect involves the combined
effects of cerium ions (Ce3þ vs Ce4þ) as well as asso-
ciated counteranions (SO4

2�, NO3
�, and Cl�). When Ce
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in the þ3 oxidation state is used, an oxidation step
converting Ce3þ into Ce4þ becomes necessary. Be-
cause of this additional step, the nucleation and crystal
growth and thus nanoparticle size andmorphology are
very different from those in the synthesis using a Ce4þ

salt.22,28,39 The counteranions in cerium salts can
also play an important role in controlling the size and
morphology of CeO2 nanoparticles. Wu et al.25 demon-
strated that anions including Cl�, Br�, and I� promoted
the formation of nanorods, whereas NO3

� favored the
synthesis of nanocubes. It was suggested that halide
anions could adsorb onto the surfaces of the initial
Ce(OH)3 nanorod nuclei, therefore stabilizing the rod
shape. In contrast, the presence of oxidizing anions like
NO3

� could gradually convert the nanorods into
nanocubes. A similar structure-stabilizing role of Cl�

ions was reported by Wang et al. in their CeO2 nano-
wire synthesis system.40 Although these findings may
not be generalized to all CeO2 hydrothermal systems,
they clearly showed the importance of the cerium
source in controlling CeO2 nanoparticle size and shape.

Figure 1a�d shows the CeO2 nanorods obtained
with the CeCl3 concentration varying from 0.025 to
0.20 M while keeping other synthesis composition and
conditions constant. All samples were composed of
fairly uniform single-crystalline nanorods. X-ray diffrac-
tion analysis showed that cubic fluorite CeO2 (JCPDS
34-0394, space group Fm3m) was the only phase
present in the final products (Figure S1 in Supporting
Information). The rods clearly became shorter with
increasing CeCl3 concentrations while remaining rela-
tively constant in diameter. The size measurement
based on TEM images also confirmed a very narrow
length distribution of the rods (Figure 1e�h). More
detailed information on nanorod dimensions and the
corresponding aspect ratio (R) are listed in Table 1,

which shows a gradual decrease in the average length
of CeO2 nanorods with increasing CeCl3 concentra-
tions. As a result, the aspect ratio of these nanorods
was systematically tuned from 4.1 to 16.2, simply by
adjusting the CeCl3 concentration from0.60 to 0.025M.
The relatively constant diameter for all nanorods sug-
gests that the growth is limited in the transverse
direction. On the other hand, the different growth rate
in the longitudinal direction could be attributed to
the change of supersaturation level with CeCl3 con-
centration. According to the classical crystallization
mechanism, nucleation and crystal growth rates are
determined by the supersaturation level of the synth-
esis system.41 At low supersaturation, crystals grow
faster than they nucleate, therefore resulting in larger
crystals. In contrast, at higher supersaturation, nuclea-
tion dominates crystal growth, ultimately leading to
the formation of a larger number of smaller particles.
Because the lateral growth of the nanorods is confined
in the current system, the supersaturation could effec-
tively affect the growth in the longitudinal direc-
tion and thus the nanorod length. A higher CeCl3

Figure 1. TEM images (a�d) and length distribution analysis (e�h) of CeO2 nanorods obtained after 15 h hydrothermal
treatment at 220 �C with different initial CeCl3 concentrations: (a,e) 0.025 M; (b,f) 0.05 M; (c,g) 0.10 M; (d,h) 0.20 M.

TABLE 1. Effects of CeCl3 Concentration, Initial pH, and

Synthesis Temperature on CeO2 Nanorod Length (L),

Diameter (D), and Corresponding Aspect Ratio (R)

experiment # CCeCl3 (mol L
�1) pH T (�C) L (nm) D (nm) R

1 0.025 4.2 220 106.7 6.6 16.2
2 0.05 4.1 220 76.8 6.5 11.8
3 0.1 4.0 220 50.8 6.7 7.6
4 0.2 4.0 220 38.8 6.8 5.7
5 0.4 3.5 220 33.2 8.0 4.2
6 0.6 3.4 220 31.5 7.7 4.1
7 0.1 4.0 140 77.5 6.2 12.5
8 0.1 4.0 170 58.9 7.1 8.3
9 0.1 4.0 240 42.1 6.8 6.2
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concentration that corresponds to higher supersatura-
tion levels will result in faster nucleation and thus a
larger number of shorter CeO2 nanorods. When the
CeCl3 concentration was increased to 0.4 M, the super-
saturation seems to reach an extremely high level;
therefore, no significant change in nanorod length
was observed beyond this concentration (Table 1).

Effect of Reaction Temperature. Temperature also
had an impact on the aspect ratio of CeO2 nanorods.
Over a temperature range of 140�240 �C, all par-
ticles assumed a rod-like morphology. The nanorods
became shorter and thus had lower aspect ratios
with increasing reaction temperature (Table 1, experi-
ments 7�9). The observed length and aspect ratio
change reflected a temperature effect on the CeO2

crystallization process. Because a higher temperature
resulted in faster nucleation, a larger number of small
nuclei were formed. For a given amount of synthesis
precursor, shorter CeO2 nanorods were formed at
higher temperatures. At all synthesis temperatures,
the nanorods appeared to be very stable, even after
long (72 h) hydrothermal treatment. These results are
very different from those reported in the literature,
where often CeO2 nanorods can be synthesized at a
relatively low temperature (e100 �C) only.22,28 In some
cases, different morphologies could be obtained at
the same temperature or vice versa, all depending on
the hydrothermal treatment time and synthesis mix-
ture composition, which makes the temperature effect
very complicated.23,24 We believe that the difference
between the present study and others reported in the
literature is due to the different synthesis compositions
and conditions used in each system. It is the unique
combination of Cl� and phosphate ions in our system

that allows the formation of highly crystalline, stable
CeO2 nanorods at different synthesis temperatures.

Role of Phosphate Ions. The presence of phosphate
ions is key in preparing CeO2 nanorods in the current
system, without which only large octahedra were
obtained. Typically 1� 10�3Mof Na3PO4was sufficient
for producing pure nanorods, but when the phosphate
concentration was raised above 1 � 10�2 M, cerium
phosphate (CePO4) impurities started to appear in the
product, as confirmed by XRD analysis (data not
shown). Within the 1� 10�3 to 1� 10�2 M concentra-
tion range, CeO2 nanorod formation did not show any
significant dependence on the phosphate concentra-
tion. Therefore, the phosphate concentration was kept
at 5� 10�3Munless otherwisementioned. It should be
noted that the mediation effect of phosphate ions was
only observed under acidic conditions. At an alkaline
pH, only CeO2 nanocubes were obtained regardless of
whether Na3PO4 was used.

Effect of Synthesis pH. Experiments with pH varying
from 2 to 12 confirmed that CeO2 nanorods only
formed under acidic conditions, and within the acidic
pH range, the nanorods grew longer at a lower pH
(Figure 2a�c). However, when the synthesis pH was
raised above 10, only nanocubes were obtained
(Figure 2d, pH 11.8). CeO2 nanorods obtained at a
lowpH (∼2.0) butwith the same synthesis composition
as those for nanorods shown in Figure 1a,c,d are
presented in Figure S2a�c, respectively. It is clear that
all nanorods synthesized at pH 2.0 are much longer
than those obtained at the natural synthesis pH
(4.0�4.2, without any pH adjustment). Consistent with
what was demonstrated earlier, a lower CeCl3 con-
centration always resulted in longer nanorods, with the

Figure 2. TEM imagesof CeO2nanorods obtained froma synthesismixturewith 0.1MCeCl3 andpHof (a) 1.8, (b) 2.5, (c) 4.0, (d)
11.8; (e) pH evolution as a function of time during the course of crystallization; (f) XRD patterns of CeO2 nanorods obtained
from the synthesis with initial pH of 4.0 after hydrothermal treatment for 1, 2, 3, 5, 7, and 15 h. The asterisk * indicates the
reflection due to CePO4. All syntheses were conducted at 220 �C.
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lowest CeCl3 concentration of 0.025 M resulting in
a product with a nanowire-like morphology and
length >1 μm (Figure S2a). To understand in more
detail the effect of pH on CeO2 nucleation and crystal-
lization, the evolution of pH with reaction time was
monitored. Figure 2e shows four syntheses conducted
at 220 �Cwith the sameCeCl3 concentration (0.1M) but
different initial pH values. For each synthesis, six auto-
claveswere used and one autoclavewas removed from
the electric oven at each desired time interval. The
reaction was quenched rapidly by cooling the auto-
claves in coldwater, and the pHof the reaction solution
was then measured. In all cases, a sharp drop in pH
was observed within the first 1�2 h. As the reaction
proceeded, the pH changed more slowly and comple-
tely stopped after 5 h even though all reactions were
extended to 15 h. On the other hand, XRD analysis
revealed the rapid crystallinity increase in the first
several hours followed by much slower change at the
later stage (Figure 2f). The extent of CeO2 crystallization
correlates with the evolution of the pH during the
course of the synthesis. The initial sharp decrease in
pH suggests a large consumption of hydroxyl ions
during nucleation and the Ce3þ oxidation step. The
constant pH at the later stage implies that Ostwald
ripening dominated during the crystal growth stage,
involving both the dissolution and recrystallization of
nanoparticles.

Reconstruction of CeO2 Nanorods/Nanowires by Secondary
Hydrothermal Treatment. Although the length and aspect
ratio of CeO2 nanorods could be systematically tuned
by controlling the synthesis composition and condi-
tions, nanorods were usually shorter than 100 nm. Only
the synthesis with pH 2.0 and the lowest CeCl3 con-
centration (0.025 M) yielded relatively long CeO2

nanowires. However, the yield was relatively low in
this case. Therefore, synthesis of high aspect ratio CeO2

nanorods/nanowires with high yield during primary
synthesis remains quite challenging. As an alternative
method, secondary hydrothermal treatment including
a multistep seeded growth approach was explored. It
has been shown in many studies that the secondary
growth method could be a very effective route for
preparing nanostructured materials covering a large
size or shape range.42�44 A typical seeding experiment
consists of two steps, where crystals grown in the first
step using a standard synthesis mixture are used as
seeds in the second step. In principle, the added seeds
can continue to grow in the second step with new
crystals forming from primary nucleation simulta-
neously. However, at a high seeding concentration,
the depletion of the precursor due to seed crystal
growth may stop the primary nucleation and thus
eliminate the formation of new crystals. Under this
condition, seed crystals will grow into larger particles
and the final particle size can be controlled by adjust-
ing the seeding concentration. In this investigation,

both CeO2 seeding concentrations and synthesis mix-
ture compositions were explored in an attempt to
grow longer nanorods/nanowires.

Our first goal was to find an optimum seeding
concentration, for which experiments with a series of
seeding levels (i.e., 0.1, 1.0, 10.0 wt.%) were performed
(these seeding levels were calculated based on the
mass of the CeO2 product obtained from a standard
synthesis). Surprisingly, at all seeding levels, no notice-
able difference in size or shape was observed between
the nanorods obtained from the seeding experiments
and the seed crystals (Figure S3). These results suggest
little or no growth of the seed crystals in the secondary
growth experiments. In other words, most, if not all, of
the nanorods in the final products should be newly
formed crystals as a result of primary nucleation. To
eliminate the potential primary nucleation, CeCl3 as the
cerium precursor was completely removed from the
secondary treatment system and only a 5 � 10�3 M
Na3PO4 aqueous solution was used. Both pH and the
type of acid used for pH adjustment were explored in
this secondary treatment step.

No noticeable change in size and shape of the final
product was observed when the secondary treatment
was conducted at pH 4.0 (this pH was initially selected
to match that for the standard synthesis mixture).
However, when the pH was lowered to ∼2.0 using
hydrochloric acid, the CeO2 nanorods were success-
fully reconstructed into longer nanorods and nano-
wires, and the aspect ratio could be finely tuned by
selecting the type of seeds and seeding levels. For
example, when the nanorods obtained from experi-
ment 3 in Table 1 (L�D = 50.8 nm� 6.7 nm, Figure 3a)
were added into the secondary treatment aqueous
solution, they were converted into nanowires with
dimensions of 1.0�1.5 μm � 11.2 nm (Figure 3d).
Similarly, using the seeds with dimensions 38.8 nm �
6.8 nm (Figure 3b) and 33.2 nm � 8.0 nm (Figure 3c)
yielded nanorods with dimensions of 173 nm� 8.7 nm
(Figure 3e) and 77 nm � 10.3 nm (Figure 3f), respec-
tively. Since there is no cerium source present in the
secondary treatment system, the longer nanorods/
nanowires must have been directly reconstructed from
theseednanorodsthrougha “dissolution�recrystallization”
mechanism. This was also supported by our crystal-
lization kinetic experiment (Figure S4), which showed a
gradual growth of nanorods upon the secondary hy-
drothermal treatment. Considering the critical roles
that both Cl� andphosphate ions played in the primary
hydrothermal synthesis, it is not surprising to find out
that both anions also were required in the secondary
treatment process for producing pure CeO2 nanorods/
nanowires. When sodium phosphate was removed
from the system, only a slight increase in CeO2 nanorod
length was observed. Very likely, the strong coordina-
tion of phosphate with cerium ions was the driving
force for the nanorod “dissolution” under highly acidic
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condition. The “coordination-assisted” dissolution of
nanorods was also observed by Jia et al.45,46 during the
synthesis of hematite (R-Fe2O3) nanorods. By control-
ling both the phosphate concentration and hydrother-
mal treatment temperature, the authors were able to
convert the hematite nanorods to nanotubes through
the dissolution of the sharp tips toward the interior
along the longitudinal axis. On the other hand, if HCl
was replaced byHNO3, amixture of nanorods and large
octahedra was obtained regardless of whether Na3PO4

was present in the system. Chloride ions acted as a
stabilizing agent in maintaining the rod/wire structure,
as was observed in the primary synthesis.

CeO2 Nanorod/Nanowire Formation Mechanism. It is often
stated that CeO2 nanorods can only form via topotactic
inheritance of the structure of precursors or intermedi-
ate species.22,28,35 On the basis of this growth mechan-
ism, CeO2 nanorods were usually synthesized under
basic conditions by topotactically inheriting the shape
of initial Ce(OH)3 nanorod nuclei. At a high pH, Ce(OH)3
precipitates immediately because of its extremely
low solubility (Ksp = 7 � 10�21, 25 �C).47 However, in
an acidic solution with pH of ∼4 or lower, the [OH�]
becomes less than 10�10 M, whichmakes the solubility
product of [Ce3þ] � [OH�]3 lower than the critical
solubility constant of Ce(OH)3; therefore, the formation
of Ce(OH)3 is no longer favorable. Instead, a more likely
explanation is the direct oxidation of Ce3þ ions to Ce4þ

ions by the dissolved oxygen in the synthesis mixture,
leading to the formation of Ce(IV) oxide. Because of
the isotropic structural property, CeO2 nanoparticles

prepared under acidic conditions are usually cubic.39,48

It is therefore surprising to see in our system that highly
stable CeO2 nanorods were obtained under acidic
conditions in a wide range of synthesis composition
and conditions. Since the formation of Ce(OH)3 nano-
rod nuclei can be excluded under acidic conditions, the
CeO2 nanorods obtained in this study were probably
formed by a growth mechanism other than the struc-
ture inheritance model.

To understand the exact growth mechanism, a
detailed structural analysis of CeO2 nanorods was
performed using HRTEM. Figure 4a shows the clear
lattice fringes of {111} and {200} with interplanar
spacings of 0.31 and 0.28 nm, indicating the cubic
structure of CeO2 nanorods with [211] growth direc-
tion. Although there is only one study reporting the
synthesis of ceria nanorods with the same growth
direction,49 the feasibility of producing CeO2 nano-
rods oriented along [211] was recently confirmed by
Sayle et al.50 using atomistic simulation. By conducting
detailed morphological analysis for nanorods formed
at the early stage, Du et al.49 also successfully demon-
strated that CeO2 nanorods with the [211] orientation
were grown by the so-called “oriented attachment”
mechanism, in which adjacent nanoparticles are self-
assembled by sharing a common crystallographic
orientation followed by joining these particles at a
planar interface, eventually leading to the develop-
ment of single-crystalline anisotropic structure. HRTEM
analysis of the CeO2 nanorods obtained from a shorter
time (i.e., 8 h synthesis; Figure 4b) shows that, although

Figure 3. TEM analyses of CeO2 nanorods obtained from (a�c) primary and (d�f) secondary synthesis. When CeO2 nanorods
obtained from primary synthesis, using (a) 0.1 M, (b) 0.2 M, and (c) 0.4 M CeCl3, were used as seed crystals in a secondary
hydrothermal treatment, CeO2 nanowires or nanorods as shown in panels d, e, and f, were obtained. Both primary and
secondary syntheses were conducted at 220 �C.
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the lattice planes are almost perfectly aligned, bottle-
necks between the adjacent particles are still visible.
This strongly supports the proposed oriented attach-
ment growth mechanism. Generally, the driving force
for this spontaneous oriented attachment is to reduce
the overall surface energy by eliminating the surfaces
at which the crystallites join. Two types of attachment
pathways could occur: the attachment is aligned along
the [211] direction with exposed {111} surfaces or the
attachment is along the [110] direction with exposed
{200} surfaces. The former would be more favorable
because the CeO2 {111} surface is the most stable
surface.51 It is therefore not surprising that we only
observed CeO2 nanorods aligned along the [211]
direction in this study. A schematic diagram of CeO2

nanorod formation by the proposed oriented attach-
ment is shown in Figure 4c. According to this mechan-
ism, if there is no lateral attachment, the width of the
nanorods would be similar to the diameter of the initial
nanoparticles in the starting solution and would not
vary significantly from synthesis to synthesis. This
indeed is what we observed, as shown in Figure 1
and Table 1. The same oriented attachment crystal-
lization mechanism was also demonstrated in the
syntheses of other nanomaterials such as TiO2, ZnO,
and ZnS.52�55

Nanorods obtained from a longer synthesis time
have much smoother surfaces compared to those with
shorter synthesis times (Figure 4a vs Figure 4b). A slight
increase in the nanorod diameter upon extended
treatment was also observed in our kinetic experi-
ments (data not shown). Both suggest Ostwald ripen-
ing as the main process at the later stage of the
synthesis. The CeO2 nanorod/nanowire reconstruction

in the secondary treatment could also be explained by
a typical Ostwald ripening process, where the longer
nanorods/nanowires were formed at the expense
of dissolution of shorter ones. Clearly, both oriented
attachment and Ostwald ripening operate in this
system.

As the oriented attachment occurs through direc-
ted or undirected particle aggregation, it is possible
that the presence of PO4

3� ions favored the initial
agglomeration/aggregation process. On the other
hand, the presence of the hexagonal CePO4 phase at
the early stage of the synthesis as detected by XRD
analysis (e.g., 1 h synthesis in Figure 2f) suggests that
the formation of CePO4 nuclei cannot be excluded. It is
known that CePO4 can form at highly acidic conditions
by the following reaction: Ce3þ þ HnPO4

(3�n)� f

CePO4 þ nHþ.56 Since only a very small amount
(1�5� 10�3 M) of Na3PO4 was added in our synthesis
mixture, the PO4

3� ions were exhausted rapidly during
the nucleation step. The subsequent crystal growth
should be attributed to the continuous precipitation of
CeO2 species, which is in agreement with our XRD
analysis (Figure 2f), showing CeO2 as the only phase in
the final product. Chloride ions on the other hand
might have acted as a stabilizing agent throughout
the crystallization process. As reported by Wu et al.,25

the adsorption of Cl� ions could stabilize the nanorod
structure of CeO2, which would otherwise be con-
verted into nanocubes by NO3

� or oxygen. A similar
structure-stabilizing role of Cl� ions was also observed
byWang et al. during their ceria synthesis.40 According
to Kepinski et al.,57 Cl� ions, if present, tend to replace
oxygen vacancies in CeO2 and incorporate into the
subsurface layer of CeO2, thus converting CeO2 into an

Figure 4. HRTEM analyses of CeO2 nanorods obtained from a standard synthesis with 0.1 M CeCl3 after (a) 15 h and (b) 8 h
hydrothermal treatment at 220 �C; (c) schematic diagram of the formation of CeO2 nanorods along the [211] direction via
oriented attachment followed by Ostwald ripening.
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oxygen-deficient phase CeOx. In a separate study, they
also show that CeOx obtained from the chlorine-free
system reoxidized rapidly upon exposure to air but
remained relatively stable in the chloride-containing
system.58 We believe that the crucial role of Cl� ions
can be attributed to their high affinity to ceria surfaces,
therefore protecting the CeOx phase against rapid
oxidation and conversion to a more stable CeO2 cubic
phase. All together, our results show that it is the unique
combination of PO4

3� and Cl� ions that allowed the
formation of stable ceria nanorods/nanowires in a wide
range of synthesis compositions and conditions.

CeO2 Nanorod/Nanowire Dispersion for Biological Studies.
Having successfully developed the hydrothermal ap-
proach to create a CeO2 nanorod/nanowire combina-
torial library, it became possible to systematically study
the effects of length and aspect ratio on biological
reactivity of this material. We therefore selected eight
samples consisting of one CeO2 nanocube (∼7 nm, S0,
Figure S5) and seven CeO2 nanorods/nanowires with
different aspect ratios (S1, S2...S7) to perform a cellular
study. This selection covers the entire range of aspect
ratios that were synthesized and, as discussed below,
enables us to define a “critical” aspect ratio related to
toxicological outcome. Common names for anisotropic
shapes include rods, wires, needles, and fibers; in the
following discussion, the term “rod” refers to aspect
ratio of 30 and lower and “wire” refers to aspect ratios
higher than 30. Accurate and reproducible biological
experiments require that nanoparticles be homoge-
neously distributed in cell culture media. To improve
the dispersion of CeO2 nanorods and nanowires in
RPMI 1640 cell culture medium, fetal bovine serum
(FBS), which has been shown to be effective for
stabilizing metal oxide nanoparticles in various aqu-
eous media,59 was selected as the dispersing agent in
this study. The average hydrodynamic diameters of all
eight CeO2 nanoparticles in water and RPMI were
determined using high-throughput dynamic light scat-
tering (HT-DLS). It should be noted that hydrodynamic
diameters for nonspherical particles like nanorods and
nanowires are defined as the equivalent spherical
diameters, that is, the diameter of a sphere with the
same translational diffusion coefficient, and cannot be
simply related to the exact particle sizes. Therefore, the
hydrodynamic diameters measured here only repre-
sent “relative” sizes of the CeO2 nanorods and nano-
wires. The DLS measurement does, however, provide a
good indication of the dispersion state of high aspect
ratio nanomaterials, which is confirmed by our recent
study showing that HT-DLS is a valuable technique for
estimating the dispersion state of multiwalled carbon
nanotubes.60 When directly suspended in serum-free
RPMI medium, all CeO2 nanorods/nanowires showed
considerable agglomeration with average hydro-
dynamic diameters varying from 645 to 1200 nm. In
contrast, when 10% FBS was added to the medium

(cRPMI), the average hydrodynamic diameters were
significantly reduced (by as much as a factor of 3) and
achieved sizes comparable to those in water (Table 2).
These results are consistentwithourprevious studies,59�61

where FBSwasdemonstrated tobe aneffectivedispersing
agent for stabilizingmanydifferent types of nanomaterials
such as TiO2, Ag, and carbon nanotubes.

High Aspect Ratio CeO2 Nanorods/Nanowires Induce Cytotoxi-
city and IL-1β Production in THP-1 Cells. THP-1 is a human
monomyelocytic leukemia cell line that has been ex-
tensively used to study inflammasome activation in
response to various environmentally hazardous sub-
stances such as silica,37,62 polystyrene particles,63 as-
bestos,37,64 and carbon nanotubes.65 Upon treatment
with phorbol 12-myristate acetate (PMA), these cells
differentiate into a myeloid phenotype with the
acquisition of macrophage-like properties. In a recent
study,65 we demonstrated that multiwalled carbon
nanotubes could activate NALP3 inflammasome and
lead to IL-1β cytokine release in THP-1 cells. These
results correlate well with the in vivo lung fibrogenic
cytokine including IL-1β production. On the basis of
these findings, we selected THP-1 as a cellular model
here to study the impact of high aspect ratio CeO2

nanorods and nanowires.
Cellular viability was determined using an LDH

release assay. Following cellular exposure to CeO2

nanocubes (S0) and nanorods with aspect ratios up
to 31 (S1�S5) for 24 h, no effect on cell viability was
seen with doses as high as 100 μg mL�1. However,
when exposed to the two materials with the highest
aspect ratios (S6 and S7), THP-1 cells showed a sig-
nificantly higher cell death rate compared to the short-
er rods (Figure 5a). A similar response was observed
when assessing IL-1β levels in the cell culture super-
natants: nanocubes and short nanorods induced little
or no increase in IL-1β production, whereas the nano-
wires induced high cytokine levels (Figure 5b). Inter-
estingly, although samples S4 and S5 with an inter-
mediary aspect ratio of 22 and 31, respectively, did not

TABLE 2. Hydrodynamic Diameters of CeO2 Nanorods

with Relatively Constant Diameter (D) but Different

Lengths (L) and Aspect Ratios (R) in Water, Serum-Free

RPMI Medium, and RPMI Supplemented with 10% FBS

(cRPMI) As Determined by Dynamic Light Scattering

hydrodynamic diameter (nm)

sample name L (nm) D (nm) R water RPMI cRPMI

S0 N/A 7 1 55 ( 4 1200 ( 53 392 ( 9
S1 33.2 8.0 4 153 ( 18 1125 ( 139 364 ( 18
S2 50.8 6.7 8 227 ( 4 808 ( 188 424 ( 24
S3 106.7 6.6 16 213 ( 43 847 ( 17 452 ( 22
S4 197.2 9.1 22 475 ( 27 749 ( 116 449 ( 27
S5 310.4 9.7 31 479 ( 27 645 ( 101 508 ( 75
S6 495.7 9.5 52 735 ( 24 913 ( 120 648 ( 76
S7 >1000 ∼9.5 >100 844 ( 123 899 ( 165 865 ( 22
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induce obvious cytotoxicity, these nanorods did induce a
significant increase of IL-1β levels in the supernatant.

Understanding the Mechanisms of IL-1β Production. Acti-
vation of the NALP3 inflammasome by high aspect
ratio materials such as uric acid crystals and asbestos

fibers is dependent on lysosomal damage.37,38,66

This damage is associated with cathepsin B release,
which provides a signal for the assembly of the
NALP3 inflammasome. In order to assess lysosome
damage, we performed SEM (Figure 6a�c) and TEM

Figure 5. Cellular viability and IL-1β production in THP-1 cells following 24 h exposure to CeO2 nanoparticles: (a) % cell death
of THP-1 cells after exposed to CeO2 nanoparticles as determined by LDH assay; (b) IL-1β production by THP-1 cells in the cell
culture supernatant postexposed to CeO2 nanoparticles. Asterisk * denotes statistical significance at p < 0.05 as compared to
control.

Figure 6. Ultrastructural analysis to elucidate the interaction of CeO2 nanorods/nanowires with THP-1 cells using (a�c) SEM
and (d�i) TEM. THP-1 cells were exposed to CeO2 nanorods/nanowires for 24 h at 50 μgmL�1: S2 (a,d,g); S6 (b,e,h), and S7 (c,f,i).
Panels g, h, and i show a higher magnification view of the labeled square area in panels d, e, and f, respectively. The circles
in panel g highlight the S2 nanorods taken up intomembrane-lined subcelluar compartments as indicated by in panels h and i.
The arrows indicate the “free-floating” nanorod bundles (S6 and S7) in the cytoplasm.
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(Figure 6d�i) analyses to observe in more detail
changes in the subcellular localization and cell mor-
phology during interactions with rods and wires.
Figure 6a shows that the THP-1 cells exposed to shorter
CeO2 nanorods (R = 8) maintained a healthy appear-
ance in spite of abundant uptake (Figure 6d) and nano-
rod localization in membrane-lined compartments
(Figure 6g). In contrast, the longer CeO2 nanowires
tended to bundle together, which allowed contact
with the cellular surface or even piercing the surface
membrane (Figure 6b,c). Intracellular S6 and S7 nano-
wire bundles could also be seen to pierce the en-
dolysosomal membrane, leading some wires to
be released into the cytoplasm (indicated by red
arrows in Figure 6h,i). These results together with
the IL-1β data (Figure 5b) suggest that the formation
of CeO2 stacking bundles with an aspect ratio g22
defines a critical length beyond which lysosomes are
ruptured and lead to triggering of injurious cellular
responses.37,38,66

In order to study the functional effects of lysosome
injury by CeO2 nanowires, we used confocal micro-
scopy to visualize the localization of a fluorescent
cathepsin B substrate, Magic Red, in THP-1 cells. Use
of monosodium urate (MSU) crystals revealed that the
punctate red fluorescence of Magic Red in intact
lysosomes changes to diffuse spread in the cytoplasm
after damage to this organelle (Figure 7A). While the
short CeO2 nanorods S0 and S2 had no effect (showing
punctate red fluorescence), nanorods/nanowires with
aspect ratio g22, including S4, S6, and S7, all caused
significant lysosomal damage (Figure 7B). Although
less quantitative than IL-1β data (Figure 5b), these
results are in accordance with the cytokine data. The
contribution of cathepsin B release to IL-1β production
was demonstrated by suppression of cytokine produc-
tion by the specific cathepsin B inhibitor, CA-074 methyl
ester (Figure 8a), as well as an endocytosis inhibitor,
cytochalasin D (Figure 8b), which interfered in nano-
wire uptake. The involvement of the inflammasome in
these responses was confirmed by using NALP3�/�

and ASC-deficient (ASC�/�) THP-1 cells, which failed to
show cytokine production in response to the materials
with the highest aspect ratios, S6 and S7 (Figure 9).

An interesting observation during the study of the
CeO2 nanorods and nanowires is that the maximum
length of the stacking bundles is only 6�7 μm, much
less than that typically required (15�20 μm) for the
induction of frustrated phagocytosis by fiber-like sub-
stances such as asbestos.7,67 This suggests that the
major impact of the aspect ratio at a shorter length
scale is lysosomal damage rather than the length scale
at which fiber-like materials exceed the total length of
the cell, as has been suggested in the asbestos literature.
It appears that a critical length of ∼200 nm and aspect
ratio of 22 are sufficient to achieve nanorod/nanowire
stacking bundle dimensions (0.75�2 μm in length) that

lead to lysosomal damage (the diameter of lysosomes
was estimated to be 1.1�2.9 μm).68

Figure 7. Comparison of the effects of CeO2 nanorods with
different aspect ratios on cathepsin B release fromdamaged
lysosomes and the initiation of NALP3 inflammasome acti-
vation in THP-1 cells. THP-1 cells were seeded into 8-well
chamber slides and incubated with CeO2 nanorods of dif-
ferent aspect ratio at 80 μg mL�1 for 4 h in complete RPMI
1640 and then stained with Magic Red (ImmunoChemistry
Technologies) for 30 min. After fixation and permeabiliza-
tion, cellswere stainedwithwheat germagglutinin 633, and
Hoechst 33342 dye, followed by visualization under a
confocal 1P/FCS inverted microscope as described in the
Materials and Methods section. Monosodium urate (MSU)
crystals were used as the positive control. (A) Control cells
exhibited intact punctate lysosomes stained by the red
fluorescent cathepsin B substrate, while MSU-treated cells
showed a diffuse red color in the cytoplasm as a result of
lysosome damage. (B) In agreementwith the cellular data in
Figure 5, S0 and S2 materials had no effect on cathepsin B
release compared to prominent lysosome damage by the
higher aspect ratio materials (S4, S6, and S7).
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The relatively low length scale and aspect ratio that
lead to cellular toxicity appear to be reliant on the
relatively small diameters (6�10 nm) of the hazardous
CeO2 nanorods/nanowires. When these high aspect
ratio materials are very thin, the center-to-center dis-
tance between them becomes extremely short during
their side-by-side alignment as opposed to end-to-end
stacking; this makes the energetic forces like van der
Waals and dipole�dipole attractions much stronger.
As the rods get longer, the attraction between parallel-
aligned nanorods can be several orders of magnitude
higher than that between nanorods oriented end-
to-end, therefore favoring the formation of stacking
bundles like those seen in samples S6 and S7 in
Figure 6. Maximization of entropy by minimizing the

excluded volume per particle in the bundle can be
another important driving force for the side-by-side
alignment. A recent study by Nagai et al.69 showed
that thin multiwalled carbon nanotubes (MWCNTs,
diameter∼50 nm) are more cytotoxic, inflammogenic,
and carcinogenic than thick MWCNTs (diameter
∼150 nm) of similar lengths. Although we did not
investigate the effect of varying diameters in this study,
our results suggest that thin nanowires may contribute
to lysosomal damage at shorter lengths and lower
aspect ratios than traditionally described for fiber-like
substances such as asbestos. However, it still needs to
be determined whether the CeO2 nanowires induce
chronic granulomatous inflammation and pulmonary
fibrosis similar to asbestos and carbon nanotubes. This
will be determined by the use of rodent lung instilla-
tion studies, which is important from the perspective of
the possible inhalation toxicology of CeO2 emissions
from gasoline that is supplemented with this material.
While generally we have found spherical CeO2 nano-
particles to be relatively innoxious in the lung,70 the
injury potential of this material may change consider-
ably when the exposure occurs to high aspect ratio
CeO2 nanowires. Other important physicochemical
properties such as crystallinity, surface area, and struc-
tural defects may also impact the critical length and
aspect ratio.

CONCLUSIONS

In summary, we have demonstrated a very effective
surfactant- and organic template-free hydrothermal
approach for synthesizing CeO2 nanorods and nano-
wires. By controlling synthesis compositions and con-
ditions, the nanorod/nanowire aspect ratios were
precisely controlled and finely tuned in a very wide
range. Efforts were also made to understand the crys-
tallization mechanism in both primary and secondary

Figure 8. Use of specific inhibitors to demonstrate the involvement of the NALP3 inflammasome in IL-1β production: (a) THP-1
cells were pretreatedwith cathepsin B inhibitor, CA-074methyl ester, at 10 μM for 45min and then exposed to different aspect
ratio CeO2 nanorods at 80 μg mL�1 for 5 h in complete RPMI 1640. There was a statistically significant decrease in IL-1β
production for S2, S4, S6, and S7. No statistical changes were found in S0; # denotes p < 0.05 compared to non-drug-treated
control cells; * statistically significant at p < 0.05 compared to CA-074ME (þ) cells; #p < 0.05 for pairwise comparisons as shown.
(b) Similar inhibition results are observed when using the endocytosis inhibitor, cytochalasin D.

Figure 9. IL-1β production in reponse to high aspect ratio
CeO2 nanorods/nanowires is dependent onNALP3 andASC.
Wild-type THP-1, THP-1 NALP3�/�, and THP-1 ASC�/� cells
were exposed to CeO2 nanorods/nanowires of different
aspect ratio at 80 μg mL�1 for 5 h in complete RPMI 1640.
There was a statistically significant decrease in IL-1β pro-
duction in THP-1 NALP3�/� and THP-1 ASC�/� cells com-
pared to wild-type THP-1 cells for all nanorods/nanowires
tested. The * denotes p < 0.05 compared to wild-type THP-1
cells.
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synthesis systems. High-resolution TEM analysis sug-
gests that single-crystalline CeO2 nanorods/nanowires
obtained in the primary syntheses were formed along
the [211] growth direction by the oriented attachment
mechanism followed by Ostwald ripening. The CeO2

nanorods/nanowires could also be reconstructed into
even longer ones by an additional secondary hydro-
thermal treatment, in which the longer nanorods/
nanowires were formed at the expense of dissolution
of shorter ones, which again is explained by a typical
Ostwald ripening process. Both phosphate and chlor-
ide ions were shown to play critical roles in obtaining
one-dimensional CeO2 nanostructures in both primary
and secondary experiments. The successful creation of
a collection of CeO2 nanorod/nanowires in the form of
a combinatorial library has allowed us, for the first time,
to systematically dissect the role of length and aspect
ratio of this material in a biological setting. The in vitro

toxicity studies showed that the short CeO2 nanorods
with R = 1�16 were all nontoxic. The nanorods with
intermediary aspect ratios, R = 22 and 31, did not cause
any obvious cell death but did induce IL-1βproduction.
The two highest aspect ratio nanowires led to signifi-
cant IL-1β release as well as cell death. The relatively
low critical length (200 nm) and aspect ratio (R = 22)
identified here could be associated with the ease of
forming stacking bundles for thin (6�10 nm) nano-
rods/nanowires due to strong van der Waals and
dipole�dipole attractions between parallel-aligned
rods/wires. Although we did not investigate the diameter
effect in this study, our results do suggest that thin
nanorods/nanowires may induce inflammasome activa-
tion at much shorter lengths and lower aspect ratios. The
classic “length-dependent” theory should be more rigor-
ously testedby taking into account the effects of diameter
as well as other important physicochemical properties.

MATERIALS AND METHODS

Hydrothermal Synthesis of CeO2 Nanoparticles. All CeO2 nanopar-
ticles were prepared using the traditional hydrothermal synth-
esis method. In a typical CeO2 nanorod synthesis, 0.1863�
4.4710 g of cerium(III) chloride (99.9%, CeCl3 3 7H2O, Sigma-
Aldrich) was dissolved in 15 mL of deionized water in a 60 mL
high-density polyethylene (HDPE) bottle to form solution I. To
prepare solution II, 0.0272 g of sodium phosphate tribasic
hexahydrate (g97%, Na3PO4 3 6H2O, Sigma-Aldrich) was dis-
solved in 5 mL of deionized water in another 60 mL HDPE
bottle. Solution I was then poured into solution II, and the
resulting synthesis mixture was vigorously mixed for ∼5 min
before transferring into a 23 mL Teflon-lined stainless steel
autoclave. All reactions were carried out in an electric oven
under autogenous pressure and static conditions. The pH values
of the initial synthesis mixture as well as the final product were
measured using aMettler Toledo SevenEasy pHmeter. After the
crystallization was complete, the autoclaves were immediately
cooled in a water bath. The fresh white precipitates were
separated by centrifugation and washed with deionized water
and ethanol alternatively for three cycles to remove ionic
remnants. The final product was dried at 60 �C overnight under
ambient environment. CeO2 nanocubes were prepared using a
published procedure28 with a synthesis mixture containing
0.1 M cerium(III) nitride and 0.01 M sodium hydroxide. The
crystallization was carried out at 140 �C for 24 h under auto-
genous pressure and static conditions. The final product was
centrifuged and thoroughly washed using the same method as
that for CeO2 nanorods.

Physical and Chemical Characterization. Transmission electron
microscopy (TEM, JEOL 1200 EX, accelerating voltage 80 kV)
was used to observe the morphology and to determine the
primary size of CeO2 nanoparticles. Samples were prepared by
placing a drop of the CeO2 aqueous suspension on a carbon-
coated TEM grid and waiting until all of the water evaporated.
High-resolution transmission electron microscopic (HRTEM)
analyses was performed using a FEI Titan 80/300 microscope
equipped with a Cs corrector for the objective lens, high-angle
annular dark-field detector (HAADF), GATAN postcolumn ima-
ging filter, and a cold field emission gun operated at an
accelerating voltage of 300 kV. X-ray powder diffraction (XRD,
Panalytical X'Pert Pro diffractometer, Cu KR radiation) was
utilized for phase identification and to determine the percent
crystallinity in the final CeO2 product. The XRD pattern was
collected with a step size of 0.02� and counting time of 0.5 s per
step over a range of 20�80� 2θ. High-throughput dynamic light
scattering (HT-DLS, Dynapro Plate Reader, Wyatt Technology)

was performed to determine the particle size and size distribu-
tion of the CeO2 nanoparticles in water and the cell culture
medium following the procedure developed in our previous
study on TiO2.

59

THP-1 Cellular Culture and Co-incubation with CeO2 Nanorods. THP-1
cells were suspended in RPMI 1640medium supplementedwith
10% fetal bovine serum in 75 cm2 flasks. Before exposure to
CeO2 nanoparticles, THP-1 cells were pretreated with 1 μgmL�1

phorbol 12-myristate acetate (PMA) overnight and primed with
10 ng mL�1 lipopolysaccharide (LPS). LPS is necessary because,
upon the addition of LPS, THP-1 cells undergo programmed
differentiation. The LPS molecule is recognized by Toll-like
receptor 4 (TLR4) residing on the cell membrane, which further
leads to NF-κB activation through adaptor protein MyD88, and
the production of pro-form interleukin 1β (pro-IL-1β), which will
be presented for caspase cleavage to produce mature IL-1β.
Then aliquots of 2� 104 primed cells were cultured in 0.2 mL of
medium with CeO2 nanoparticles in 96-well plates (Costar,
Corning, NY, USA) at 37 �C for 24 h. All of the CeO2 nanoparticle
suspensions were freshly prepared. After 24 h of culture, the
supernatants were collected for the measurement of LDH levels
and IL-1β activity. THP-1 NALP3�/� and THP-1ASC�/� cells
were obtained from InvivoGen. Cells were grown in RPMI
1640 media supplemented with 10% (v/v) fetal bovine serum
(FBS), 200 μg mL�1 HygroGold, 100 μg mL�1 Normocin, and
50 U/mL 50 μgmL�1 penicillin-streptomycin before exposure
to CeO2 nanoparticles.

Electron Microscopy Analysis of Cell�Nanoparticle Interaction. THP-1
cells were exposed to CeO2 nanorods suspended in RPMI 1640
at 50 μgmL�1 for 24 h. For scanning electron microscope (SEM)
imaging, the exposed cells were placed on a glass substrate,
fixed in 2.5% glutaraldehyde, and dehydrated in a graded
ethanol series. Once in 100% ethanol, the mounted cells were
critically point dried in a Balzers CPD030, mounted on an
aluminum stub, and sputter coated with gold/palladium in a
Pelco model 3 sputter coater. The cells were imaged using a
JEOL JSM-67 field emission scanning electron microscope at
10 kV. For transmission electronmicroscope (TEM) analysis, after
exposure to CeO2 nanoparticles, the cells were fixed with 2%
glutaraldehyde in 0.1 M phosphate-buffered saline (PBS) and
washed. After postfixation in 1% osmium tetroxide containing
PBS for 1 h, the cells were dehydrated in a graded series of
ethanol, treated with propylene oxide, and embedded in Epon.
Approximately 50�70 nm thick sections were cut on a Reichert-
Jung Ultracut E ultramicrotome and picked up on Formvar-
coated copper grids. The sections were stained with uranyl
acetate and Reynolds lead citrate and examined on a JEOL
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100 CX transmission electron microscope at 80 kV in the UCLA
BRI Electron Microscopy Core.

Determination of Cytotoxicity. Cellular viability was determined
using LDH release assays. After incubation with nanoparticles at
a dose range of 10, 25, 50, and 100 μgmL�1 for 24 h at 37 �C, the
cell supernatants from control and treated samples were col-
lected and centrifuged at 15 000g for 10 min. LDH activity was
measured by using a commercial kit (CytoTox 96, Promega,
Madison, WI, USA). The LDH levels were determined by measur-
ing optical absorbance at 490 nm in 96-well plates. Cell lysates
were used for assessing the total cellular content, and the per-
centage LDH release was calculated by dividing the LDH levels
in the supernatant by the total LDH content in the cell lysate.

ELISA for IL-1β Activity Quantification. The IL-1β activity in the
THP-1 culture supernatant was determined by an OptEIA (BD
Biosciences, CA) according to the manufacturer's instructions.
A 96-well plate was coated with monoclonal anti-IL-1β and the
captured growth factor detected by polyclonal anti-IL-1β con-
jugated to horseradish peroxidase. Absorbance wasmeasured at
450 nmusing a plate reader (SpectroMaxM5e,Molecular Devices
Corp., Sunnyvale, CA, USA). Results were expressed as pg per mL.

Lysosomal Damage and Cathepsin B Release Identified by Magic
Red. Primed THP-1 cells (1 � 105) were seeded into each of an
8-well chamber and incubated with CeO2 nanocubes and
nanorods at 80 μg mL�1 for 4 h in RPMI 1640. After treatment,
cells were stained with Magic Red (ImmunoChemistry Technol-
ogies) at 26 nM for 1 h. Following fixation in 4% paraformalde-
hyde for 1 h in PBS and three-time careful washes with PBS,
cell membranes and nucleus were co-stained with 5 μg/mL
AlexaFluor633-conjugated wheat germ agglutinin (WGA) and
Hoechst 33342 in PBS for 30 min. The chamber was then
visualized under a confocal microscope (Leica Confocal 1P/FCS)
in the UCLA/CNSI Advanced Light Microscopy/Spectroscopy
Shared Facility. High-magnification images were obtained with
the 100� objective. Cells without CeO2 treatment were used as
control. The monosodium urate (MSU) crystal was used as the
positive control.

NALP 3 Inflammasome Inhibition Studies. Differentiated and primed
THP-1 cells were seeded into a 96-well plate at the density of 2.5�
104 in 0.2 mL complete RPMI 1640 medium. The cells were
precultured with CA-074 methyl ester (cathepsin B inhibitor at
10 μM) or cytochalasin D (endocytosis inhibitor at 5 μg mL�1) for
45min. Following the preculture, themediumwas exchanged into
fresh RPMI 1640 that contained 80 μg/mL CeO2 nanocubes and
nanorods, one of the chemical inhibitors (CA-074 methyl ester, or
cytochalasin D) for a further 5 h. Then the supernatant was
collected to measure the IL-1β production by ELISA.
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