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ABSTRACT: Gadolinium chelates are employed worldwide today
as clinical contrast agents for magnetic resonance imaging. Until
now, the commonly used linear contrast agents based on the rare-
earth element gadolinium have been considered safe and well-
tolerated. Recently, concerns regarding this type of contrast agent
have been reported, which is why there is an urgent need to
develop the next generation of stable contrast agents with
enhanced spin−lattice relaxation, as measured by improved T1
relaxivity at lower doses. Here, we show that by the integration of
gadolinium ions in cerium oxide nanoparticles, a stable crystalline 5
nm sized nanoparticulate system with a homogeneous gadolinium
ion distribution is obtained. These cerium oxide nanoparticles with entrapped gadolinium deliver strong T1 relaxivity per gadolinium
ion (T1 relaxivity, r1 = 12.0 mM−1 s−1) with the potential to act as scavengers of reactive oxygen species (ROS). The presence of
Ce3+ sites and oxygen vacancies at the surface plays a critical role in providing the antioxidant properties. The characterization of
radial distribution of Ce3+ and Ce4+ oxidation states indicated a higher concentration of Ce3+ at the nanoparticle surfaces.
Additionally, we investigated the ROS-scavenging capabilities of pure gadolinium-containing cerium oxide nanoparticles by
bioluminescent imaging in vivo, where inhibitory effects on ROS activity are shown.

■ INTRODUCTION

Linear and macrocyclic gadolinium-based contrast agents
(GBCAs) are routinely used as magnetic resonance imaging
(MRI) contrast agents in clinics worldwide. These complexes
have until recently been considered safe. However, toxicity
concerns associated with the use of the commonly used linear
GBCAs have been raised.1,2 Therefore, there is an urgent need
for a new generation of stable, bio-friendly contrast agents with
improved contrast and high signal-to-noise properties at low
gadolinium (Gd) concentrations. One strategy to reduce the
required dose of Gd is to optimize the contrast enhancement
per Gd ion through the construction of nanoparticulate
systems.3,4 Recently, it was shown that when Gd ions are
incorporated into nanocrystals, it may improve the rotational
correlation time and hydration number. This will enhance the
contrast per Gd ion.5,6 Furthermore, by guiding the
gadolinium-based contrast agents to specific sites by utilizing
targeting strategies, the local contrast will be strongly
enhanced.7 An accumulation of nanoparticles to a specific
target results in a high cumulative MR signal from this local
region.8

These findings pave the way for a new generation of medical
treatments, implementing novel concepts including personal-
ized medicine and treatments combined with designs for
dedicated targeting and drug release, compared to conven-

tional medicine with standard medical treatments. Nano-
technology continuously contributes to this generational shift,
delivering a new medical toolbox for present and future
imaging/diagnosis, drug delivery, and treatments. This enables
the design of multimodal agents with tailor-made properties for
both improved imaging and for advanced treatment combined
into a single agent, a so-called theragnostic agent. A novel
nanomaterial design plays a key role within this paradigm shift
by helping to develop theragnostic treatments.
New promising theragnostic nanoparticles have recently

been designed, enabling the diagnosis and treatment of
diseases with heterogeneous expressions such as cancer.9−11

Other examples include quantum dot−aptamer−doxorubicin
for parallel cancer imaging and therapy,12 gold-nanoparticle-
generated transient photothermal vapor nanobubbles,13 and
MRI-active iron-based metal−organic frameworks (MOFs) as
nanocarriers for antitumoral and retroviral drugs.14
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Recently, we reported on cerium oxide nanoparticles
(CeNPs) with Gd integration exhibiting a strong MR response
with the indication of redox properties.15 CeNPs are known as
strong and recyclable reactive oxygen species (ROS)
scavengers by shuttling between Ce3+ and Ce4+ oxidation
states.16−18 Their antioxidant properties are dependent on
their physical parameters, such as size, agglomeration status in
liquid, and surface charge,19,20 and on the presence of Ce3+

sites at the surface.21 The exact mechanism remains to be
determined with accurate material characterization being of
utmost importance for increasing the understanding of the
antioxidant effects in biological systems.
In this study, we report on the synthesis of advanced Gd-

CeNPs as well as their inhibitory effect on ROS activity and its
correlation to Ce surface states (oxidation number). We have
prepared 5 nm sized Gd-CeNPs of high crystal quality,
showing strong 1/T1 relaxivity. The concentrations of Ce

3+ and
Ce4+ in the core vs the shell were obtained by scanning
transmission electron microscopy with electron energy loss
spectroscopy (STEM-EELS) analysis, specifically their relative
contributions to the Ce M5,4 edge. The ROS-scavenging
properties were investigated in vivo using a luminol assay for
pure CeOx NPs and CeOx NPs with Gd ions incorporated.

■ RESULTS AND DISCUSSION
We have synthesized a set of CeOx NPs with Gd ions
incorporated (CeOx Gd NPs) using a wet-chemistry-based
method. The obtained CeOx, CeOx:Gd5%, CeOx:Gd9%,
CeOx:Gd14%, and CeOx:Gd19% (the amount of Gd is
denoted in %) were synthesized and carefully characterized.
The atomic composition of the synthesized Gd-CeNPs was
obtained using inductively coupled plasma mass spectrometry
(ICP-MS). The physical properties such as crystallinity, size,
and size distribution were investigated, and elemental
compositions were characterized. The X-ray diffraction
(XRD) patterns from the synthesized Gd-CeNPs are presented
in Figure 1a, and all display the characteristic peaks of a cubic
fluorite structure of cerium oxide, corresponding to the [111],
[200], [220], and [311] crystalline planes.22 An estimate of the

representative size for each set of Gd-CeNPs was calculated
from the XRD and TEM results. The XRD peaks broaden and
shifted upon Gd incorporation above 5% corresponding to a
reduced particle size,23 which was estimated through the
Scherrer equation. Such XRD peak broadening due to reduced
size is consistent with previously published results.15

Deshpande et al have shown that decreasing the size of
CeNPs correlates to an increasing lattice parameter and a
Ce3+/Ce4+ ratio.24 Herein, when Gd ions are incorporated into
the NPs, this induces an alteration in the oxidation state of Ce
from 4+ to 3+15 and consequently a reduction of the lattice
parameter.
Dynamic light scattering (DLS) and ζ potential measure-

ments were used to investigate the hydrodynamic diameter and
stability of the nanoparticle’s suspensions in an aqueous
environment, respectively. CeOx:Gd0−19% samples were
readily dispersible in water, displaying hydrodynamic diameters
of less than 7 nm, and ζ potentials obtained were above 30 mV
required to ensure a stable dispersion. The detailed results on
DLS and ζ potentials are presented in the Supporting
information (see Figures S1 and S2).
Next, Raman spectroscopy was used to obtain structural

information from the full set of CeOx:Gd0−19% nanoparticles
as compared to powder samples for pure cerium and
gadolinium oxide nanoparticles (see Figure 1b). The Raman
spectra for the Gd2O3 powder sample display a main
characteristic peak at 362 cm−1, which can be attributed to
the C-type structure (6-fold coordination, space group Ia3,
(Th7)), while for CeO2 (powder sample), it is found at 465
cm−1, which can be attributed to the F-type structure (8-fold
coordination, space group Fm3m, (Oh5)).25 Raman spectra for
the as-prepared Gd-CeNPs display a single F2g peak,
indicating that Gd is well incorporated in the F-type structure
of CeNPs for all samples. These results are consistent with
previously published studies by Banerji et al and Godinho et
al.25,26 The F2g peak for the as-prepared Gd-CeNPs was
shifted toward lower reciprocal values with increasing Gd
content and displayed asymmetrical line shapes and a broader
linewidth compared to the reference sample of cerium oxide.

Figure 1. (a) X-ray diffraction patterns of CeOx, CeOx:Gd5%, CeOx:Gd9%, CeOx:Gd14%, and CeOx:Gd19%. The calculated grain sizes as
determined by the Scherrer equation are given. (b) Raman spectra for CeO2, Gd2O3, CeOx, CeOx:Gd5%, CeOx:Gd9%, CeOx:Gd14%, and
CeOx:Gd19%. The Raman spectra are normalized and vertically shifted using a small offset for each spectrum to facilitate line shape comparison.
There is an increasing shift of the main Raman peak to lower wavenumbers related to the integration of Gd.
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The two Raman spectra of CeOx and CeOx:Gd5% nano-
particles exhibit a peak at 458 cm−1 assigned to F2g, while a
red shift to lower reciprocal values is observed for the
CeOx:Gd9−19% sample. These findings are in good agree-
ment with results reported by Spanier et al,27 who studied the
Raman F2g peak of CeNPs and observed a red shift as well as
linewidth broadening and asymmetrical line shape upon size
reduction rather than from Gd incorporation. These peak shifts
are caused by several contributing factors, including phonon
confinement, strain, broad size distributions, defects, and
variations in phonon relaxation with particle size.27

STEM-EELS was used to spatially resolve the structural and
chemical properties of the nanoparticles. The dispersed
particles are shown in Figure 2a−c for CeOx, CeOx:Gd9%,
and CeOx:Gd19%, respectively. All mass-sensitive images show
nanoparticles with sizes at about 4 nm, exhibiting no apparent
compositional modulation within the particles. EELS spectrum
imaging (SI) was performed to obtain spatially resolved

information on the oxidation state in the core and shell region
of the particles.
Figure 2d shows the EEL spectra from CeOx, CeOx:Gd9%,

and CeOx:Gd19, where the Gd-containing compositions are
vertically shifted from CeOx at the bottom with CeOx:Gd19%
at the top. For each composition, the core spectrum (black)
and shell spectrum (colored) are superimposed. The overview
spectra in 2 days contain information from the O-K, Ce-M,
and Gd-M edges, and the spectra have been normalized against
the maximum intensity of the Ce-M4 edge. The increase in Gd
content is therefore visible by the increase in edge intensity at
∼1200 eV. Note that the Ce-M3,2 and Gd-M5,4 edges are
superimposed, which is why there appears to be a Gd signal in
the CeOx spectra. The relative increase of Gd is associated with
a corresponding decrease in Ce. Since the edge intensities are
normalized against the Ce-M4 edge, the O-K edge increases
with Gd content. This can be observed in the detailed O-K
edge, where all spectra are aligned for this purpose. The O
content in shell vs core cannot be accurately assessed from the
O-K edge due to the signal-to-noise ratio; however, the Ce-
M5,4 edge shows differences in oxidation state. The peaks of
the Ce-M5,4 edge have been magnified in Figure 2d (bottom
right), where compositions remain vertically separated and
intensities remain normalized with respect to Ce-M4. To verify
the difference in the oxidation state between the shell and core,
we compare the peak heights of the Ce-M5 spectra from the
shell (colored) vs core (black). It is clear that the shell spectra
exhibit a slightly stronger intensity, both in terms of peak
height and area, compared to the core spectra, which indicate
that the Ce atoms of the nanoparticle shells exhibit a lower
valence state than the core atoms.28 The spectra obtained from
the particle cores contain a non-negligible component from the
shell, since the transmitted electron beam passes through the
particle, thereby interacting with both “top” and “bottom” of
the shell as well as with the core. Therefore, the measured core
Ce-M5 intensity is artificially increased. Despite this, it remains
lower than the shell Ce-M5 intensity.
To further investigate the potential for contrast enhance-

ment, we measured the T1 and T2 relaxivities (r1 and r2), which
relates to the intrinsic ability of an MRI contrast agent to
deliver positive and negative contrast, respectively. The
relaxivity values r1 and r2 for CeOx:Gd5−19% are presented
in Figure 3. Both r1 and r2 decrease with higher Gd integration.
However, r2 decreases more rapidly meaning that the r2/r1
ratio is decreasing. A T1-weighted contrast agent for MRI has a
typical r2/r1 ratio equal to or below 2;29 therefore all of the
prepared Gd-CeNPs are considered as positive contrast agents.
The r1 value is the dominant factor for T1-weighted contrast
enhancement30 and is the most interesting parameter for
positive MRI contrast agents.
CeOx:Gd5−9% has the highest r1 relaxivity between 12.0

and 11.6 mM−1 s−1. Therefore, the Gd-CeNPs with Gd
content <10% are considered to be the most promising for
MRI applications.15 The r1 is clearly decreasing for Gd-CeNPs
with a Gd ratio above 10%, and in the present work, we prove
that the contrast efficiency per Gd ion decreases for CeOx:Gd
≥ 14% nanoparticles. These r1 values are higher than those
reported for Gd2O3 nanoparticles of various sizes

4,5 and about
three times higher than the commercially available positive
MRI contrast agents.31

The Raman and STEM-EELS results are consistent with Gd
homogeneously distributed within the as-prepared Gd-CeNPs.
The remarkable high relaxivities could not be explained by

Figure 2. (a−c) High-resolution HAADF-STEM images of the CeOx,
CeOx:Gd9%, and CeOx:Gd19% particles, respectively. (d) Vertically
shifted core-loss EEL spectra (top) for the same samples, with
emphasis on baseline aligned the O-K (bottom left) and vertically
shifted Ce-M (bottom right) edges.
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favorable Gd localization on the surface. It should be noted
that cerium oxide has been reported to have a unique
contribution to the association and dissociation of water in
inverse catalyst systems.32 The exchange of water in the
proximity of Gd will affect the relaxivity of a contrast agent.
The catalytic redox properties, an indication of ROS-
scavenging effects, of Gd-CeNPs can be demonstrated by
spectral and visual color changes upon mixing with H2O2 (see
Figure 4a−c). The Gd-CeNPs change quickly from transparent

to intense yellow color when mixed with H2O2, leading to a red
shift in the UV−vis absorbance spectrum. After 10 days of
incubation, the suspension recovers to its original transparency.
Upon new hydrogen peroxide incubation, there is a red shift of
the Gd-CeNP solution again showing an intense yellow color.
The color change is attributed to the oxidation of Ce3+ surface
ions on the surface to Ce4+ by H2O2

18 or/and the formation of
coordinated peroxide species on Gd-CeNP surfaces.33,34 We
characterized the red-shift absorbance by plotting the wave-

Figure 3. Inverse of relaxation times (a) 1/T1 and (b) 1/T2 are shown as a function of the concentration of gadolinium for the prepared Gd-
CeNPs. The slope of the fitted linear equations denoted as the r1 (a) and r2 (b) relaxivities are given within the brackets.

Figure 4. Absorbance spectra and inserted images of CeOx:Gd9% untreated and treated with 10 μMH2O2 on (a) day 0, (b) day 10, and (c) on day
10, another 10 μM H2O2 was added to the sample. (d) Plotted red shifts CeOx:Gd0−19% ([Ce] = 10 μg mL−1) treated with increasing
concentration of H2O2. (e) Hydrodynamic diameter of CeOx treated with H2O2 (number-weighted distributions). The photos in panels (a)−(c)
courtesy of the first author, P. Eriksson. Copyright 2020.
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length difference Δλ at an optical density of 0.05 (see, for
example, Figure S3 Supporting information) for several
concentrations of H2O2 (see Figure 4d). The shifted value is
dependent on the specific H2O2 concentration.35 For all
samples, the wavelengths are continuously shifted for
increasing H2O2 concentration up to 5−10 μM. The H2O2-
treated nanoparticles studied by DLS displayed a stable
hydrodynamic diameter within the range 5−30 nm. Indications
of aggregations were observed for particles treated with H2O2

at concentrations above 50 μM (Figure 4e). Future surface
functionalization may prevent such aggregation, in line with
our previous polymer-capsulated gadolinium-based nano-
particles, see Ahreń et al3 and Hu et al.36 Lee et al
demonstrated the correlation of red shift and antioxidant

capacity;18 therefore, we consider CeOx:Gd5−19% to have
slightly better antioxidant capacity than pure CeOx.
Analysis of Ce 3d XPS spectra is a common approach to

quantify the oxidation states of CeNPs37−39 despite the issue of
CeNPs changing in oxidation states upon X-ray radiation.28 By
following the procedure of Baltrusaitis et al,40 we have analyzed
the Ce3+ proportions for our CeOx:Gd9% treated and
untreated with 1 μM H2O2. A Ce3+ proportion shift from
30.5 to 18.6% (Figure 5a,b) was observed, indicating an active
antioxidant material.18 Repeating the scan on the same
CeOx:Gd9% sample demonstrates how quickly the Ce3+/
Ce4+ proportion increases upon X-ray exposure (Figure 5c,d).
Care must be taken with any X-ray radiation of CeNPs prior to
XPS analysis.

Figure 5. XPS spectra of (a) CeOx:Gd9% scan 1, (b) CeOx:Gd9% treated with 1 μM H2O2 scan 1, (c) CeOx:Gd9% scan 8, and (d) CeOx:Gd9%
treated with 1 μM H2O2 scan 1.

Figure 6. T1-weighted MR images of CeOx:Gd9% nanoparticles as a function of Gd concentration: (a) schematic image side view of measured
tubes, (b) top view, and (c) measured MR signal (T1-weighted) from the cylindrical volume of 3 mm height and 5 mm diameter.
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In this study, where CeOx is chosen as a carrier for Gd, Ce
delivers antioxidant behavior and Gd delivers MR contrast.
When designing nanoparticles with strong MR contrast
properties and intrinsic antioxidant properties combined, a
tradeoff must be made between the two. Earlier results indicate
that a ratio equal to or less than 9% Gd (<10%) is the most
promising for future applications (antioxidant MR probes).
T1-weighted MR imaging was performed to confirm the T1

ability of CeOx:Gd5% nanoparticles. MR imaging was obtained
with a 4T MRI scanner using a three-level phantom model of
our own design (see Figure S4). All samples were measured in
a Milli-Q water-filled phantom kept at human body temper-
ature. Dilution series of CeOx:Gd5% nanoparticles were
prepared and the T1-weighted images were recorded. MR
images, side view and top view, of thin slices are shown in
Figure 6a,b. The total signal from the cylindrical volume of 3
mm height, and 6 mm diameter for each sample of the dilution
series was recorded, and the total T1-weighted MR signal for
the dilution series was plotted as a function of Gd
concentration (see Figure 6c).
We performed in vivo studies to verify the antioxidant

properties of Gd-CeNPs. CeOx and CeOx:Gd5% samples were
selected based on our previously performed in vitro antioxidant
assay.15 A mouse model was used41−43 with three particle
suspensions, a mixture of polystyrene (PS) microparticles and
CeOx, a mixture of PS microparticles and CeOx:Gd5%, and a
control of PS microparticles only, subcutaneously injected
separately into each mouse, following the schematic pattern
given in Figure 7a. We evaluated ROS levels by quantification
of bioluminescent intensity, which was generated due to the
ROS-mediated oxidation of luminol.43,44 Figure 7b shows the
bioluminescent images of luminol (i.e., ROS signal) from a
representative mouse on day 3, following subcutaneous
injection of the particle mixture. Quantification of the
bioluminescent signals (Figure 7c) indicated that the ROS
activity at the injection sites with CeOx or CeOx:Gd5% was
significantly lower compared to the site with control PS
microparticles only. Interestingly, the inhibitory effect on ROS
activity due to the presence of CeOx or CeOx:Gd5% persisted
over the entire 5 day period of study even though the
nanoparticles were only injected once, together with the PS
microparticles, on day 0. The background signal from the skin
region adjacent to the sites with injected PS microparticles was

negligible compared to that of the sites with PS microparticles
only. There was no significant difference in the ROS signal
between CeOx and CeOx:Gd5%, but the present results
confirmed the antioxidant properties of CeNPs using a relevant
in vivo model. In addition, the effect persisted even 5 days
postinjection, indicating a potential for modulation of ROS
after the initial acute inflammatory phase.

■ CONCLUSIONS

In this study, we have synthesized and characterized 5 nm sized
pure cerium oxide nanoparticles (CeNPs) with increasing
content of gadolinium (Gd) up to 19%. All prepared
nanocrystals exhibit a cubic fluorite structure and Gd is
homogeneously distributed throughout Gd-CeNPs. The radial
distribution of Ce3+ and Ce4+ oxidation states shows a higher
concentration of Ce3+ at the particle surface. It is suggested
that oxygen vacancies facilitate the transformation/cycling
between Ce4+ and Ce3+, which may be the fundamental
principle behind many of the useful properties of CeNPs. A
strong 1/T1 relaxivity was obtained and the presence of
crystalline CeNPs has an inhibitory effect on ROS activity, i.e.,
can scavenge ROS efficiently to reduce oxidative stress in vivo.
Our results demonstrate a novel strategy for the development
of crystalline nanoprobes for enhanced 1/T1 relaxivity with
increased local contrast and scavenger capability of reactive
oxygen species (ROS), which has important implications for
the next generation of MR contrast agents. Detailed future
experimental and theoretical studies may contribute to their
formulation by providing information on the role of oxygen
vacancies in stabilizing the surface states.

■ MATERIALS AND METHODS

Synthesis and Purification of Nanoparticles. Gd-
CeNPs were prepared with 0−19 mol % Gd content, utilizing
a simple wet-chemical-based procedure at room temperature.
All solutions used in the synthesis were pumped and purged
with nitrogen gas. First, 0.5 mmol of cerium(III)- and
gadolinium(III)-acetate were dissolved in 10.96 mL of a 50/
50 Milli-Q water and diethylene glycol (DEG) solution. DEG
(50/50, 1.04 mL) and 30% ammonium hydroxide were added
dropwise to the solution under constant stirring and N2 gas
flow. The solutions were kept under constant stirring and N2

Figure 7. Antioxidant behavior of CeOx and CeOx:Gd5% nanoparticles in immunocompetent mice. (a) Schematic of subcutaneous injection on
the dorsal side of a mouse showing positions of different particle formulations including a mixture of CeOx with PS (hexagonal), a mixture of
CeOx:Gd5% with PS (circle), and PS microparticles only (square) as a control. (b) Bioluminescent image of the ROS signal from a representative
mouse on day 3, following subcutaneous injection of particles. (c) Quantification of bioluminescent signals from injection sites over a 5 day period.
Error bars are standard of the mean (n = 12 injections on 6 mice with 2 replicates per mouse). *, **, ***, **** denote p ≤ 0.05, 0.01, 0.001, and
0.0001, respectively. “ns” denotes nonsignificance, which has p > 0.05.
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gas flow for 2 h until the syntheses were stopped. Thereafter,
the prepared Gd-CeNPs were dialyzed (Slide-A Lyzer G2
Dialysis Cassettes, 20 K MWCO, 15 mL) against Milli-Q water
at a minimum ratio of 1:1000 for 24 h with two water
exchanges. After dialysis, the nanoparticle solutions were
filtered using an Acrodisc 25 mm syringe filter with w/0.1 μm
supor membrane.
Inductively Coupled Plasma Mass Spectrometry (ICP-

MS). The ICP-MS measurements were performed by ALS
Scandinavia AB.
X-ray Diffraction (XRD). Powder samples of Gd-CeNPs

for XRD were obtained by lyophilization and were examined
with a Phillips PW 1820 powder diffractometer using Cu Kα
radiation (λ = 1.5418 Å, 40 kV, 40 mA).
Relaxivity. The relaxivity study was carried out using a

Bruker minispec mq60 NMR analyzer (40 °C, 1.41 T).
Samples were diluted using Milli-Q water and temperature-
stabilized for at least 4 min prior to measurements.
Magnetic Resonance Imaging (MRI). The sequence

used is the spin-echo sequence. The TR (repetition time) is
550 ms, and TE (echo time) is 10 ms for the T1-weighted
images. The section thickness is 3 mm and FoV is 200 mm.
Samples were prepared and installed in a prototype sample

holder, see Figure S4, that was put into a container filled with
water kept at human body temperature. All experiments were
performed on a 3T clinical scanner (Ingenia, Philips Health-
care, Best, The Netherlands) with a 28-channel torso coil.
ζ Potential. ζ Potential measurements were performed on a

Malvern Zetasizer Nano ZS90 operated at 25 °C using
DTS1070 cuvettes.
Dynamic Light Scattering (DLS). Dynamic light

scattering measurements were performed on an ALV/DLS/
SLS5022F system (ALV-GmbH, Langen, Germany) using a
HeNe laser at 632.8 nm, operating at 20 °C and measuring at
90° scattering angle. The samples were thermally stabilized in a
thermostat bath at 20 °C for 15 min before measurement. The
contin analysis model was utilized to fit the correlation curve
since the polydispersity index was 0.3−0.4 for the as-prepared
Gd-CeNPs.
Raman Spectroscopy. Raman samples were prepared by

drying Gd-CeNPs onto a gold surface (10 mm × 15 mm)
under N2 gas flow. The measurements were performed at room
temperature in a backscattering geometry using a 660 nm
excitation of a solid-state laser. The laser beam was focused
onto the sample with a spot diameter of 0.5−1 μm utilizing a
100× (0.9 NA) objective lens. The signal was dispersed using a
single-grating monochromator and collected using a Si CCD.
Scanning Transmission Electron Microscopy-Electron

Energy Loss Spectroscopy (STEM-EELS). STEM-EELS was
performed in a Linköping double aberration-corrected,
monochromated, high brightness G2 Titan3 60−300, equipped
with a quantum ERS GIF. The EEL signal-to-noise ratio was
optimized for 60 pA beam current, so as not to affect the
structure. The STEM convergence semiangle was 20 mrad
with a corresponding collection angle. Spectra were collected
simultaneously in low- and core-loss mode and analyzed using
plural scattering deconvolution and background subtraction
using the built-in routines implemented in a digital micro-
graph.
Optical Spectroscopy. The absorbance spectra were

recorded 3 h after the reaction (stored dark and at 4 °C)
using a Shimadzu UV-2450 spectrophotometer with a spectral
resolution of 0.5 nm. The spectra were subtracted with

acquired H2O2 spectra for corresponding concentration. Δλ
was measured at an optical density of 0.05.

X-ray Photoelectron Spectroscopy (XPS). XPS meas-
urements were carried out using a VG microlab Auger
spectrometer with a 310-F analyzer using unmonochromatized
Al Kα photons (1486.6 eV). The energy resolution was
approximately 1.9 eV for the experimental settings used, as
determined from the full width at half-maximum of the peak-
fitted Au 4f7/2 line. Each Ce 3d scan had a pass energy of 20
eV, step length of 0.1 eV, and dwell time of 500 ms. The
nanoparticle samples were deposited on a TL-1 cleaned gold
substrate. The acquired Ce 3d spectra were aligned to the Au
4f7/2 peak (84.0 eV), and the photo cross section for the gold
substrate in the Ce 3d region was subtracted.
XPS measurements of the reference samples Ce(III)acetate

and Ce(IV)oxide nanopowder were carried out using an AXIS
UltraDLD instrument from Kratos Analytical and analyzed
with monochromatic Al Kα (1486.6 eV) radiation. Energy
resolution for the experimental settings was determined to be
0.8 eV, utilizing full width at half-maximum of the peak-fitted
Au 4f7/2 line. The samples were drop-casted on a TL-1 cleaned
gold substrate.
The gold substrates were produced by evaporating 2000 Å

gold onto a (111) Si surface precoated with a 25 Å thick layer
of Ti.

Animal Model and Ethical Considerations. The animal
protocol (A0343) was approved by the local animal ethics
committee at the Nanyang Technological University (Com-
mittee on Animal Care, Singapore) prior to the initiation of the
study. The 36-week-old male SKH-1E hairless immunocom-
petent mice were bred and housed under standard conditions
with a 12 h light/dark cycle at the animal facilities. The SKH-
1E mice parents were purchased from Charles River
Laboratories.

Subcutaneous Injection of Microparticles and Nano-
particles. Before subcutaneous injection, PS microparticles of
6 μm in diameter (Spherotech) were washed with 100%
ethanol and 70% ethanol, followed by a final wash with water
before resuspension in 0.1 M HEPES buffer. The mice were
anesthetized by inhalation of 2% isoflurane in oxygen at a flow
rate of 2.5 L min−1 before subcutaneous material injection. A
100 μL suspension of 5 mg of PS microparticles with 40 μL of
CeOx ([RE] = [Ce] + [Gd] = 20 mM) or 40 μL of
CeOx:Gd5% ([RE] = 20 mM) nanoparticles was injected
subcutaneously at each of the six spots on the dorsal side of
each immunocompetent mouse on day 0. Each material
formulation was injected at two spots on each mouse.

Noninvasive Bioluminescence Imaging of SKH-1E
Mice. Reactive oxygen species (ROS) were detected by daily
imaging of the bioluminescent signal, which is generated by
ROS-induced oxidation of luminol (5-amino-2,3-dihydro-1,4-
phthalazine-dione; Sigma-Aldrich). During the imaging
procedure, the mice were anesthetized by 2.5% isoflurane in
the presence of oxygen flow. A 100 μL volume of luminol,
dissolved in PBS at a concentration of 50 mg mL−1, was
intraperitoneally injected into each mouse 20 min before
imaging. Noninvasive bioluminescence imaging was performed
using a IVIS-spectrum CT system (Perkin Elmer) with a 3 min
exposure time. Bioluminescent images were analyzed using
Living Image 3.1 software. Similar regions of interest (ROIs)
were found close to the injection spots. ROI signal intensities
were calculated in total flux (photons/second).
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Statistical Analysis. The animal experiment was repeated
on six mice. The data were averaged and represented as the
mean ± standard error of the mean. ROS level comparison
between different material formulations was performed using
one-way ANOVA analysis with Tukey’s multiple comparison
test. Measurements with p-values less than 0.05 were
considered significant.
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