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Epitaxially Strained CeO,/Mn3;O, Nanocrystals
as an Enhanced Antioxidant for Radioprotection

Sang lhn Han, Sang-woo Lee, Min Gee Cho, Ji Mun Yoo, Myoung Hwan Oh,
Beomgyun Jeong, Dokyoon Kim, Ok Kyu Park, Junchul Kim, Eun Namkoong,
Jinwoung Jo, Nohyun Lee, Chaehong Lim, Min Soh, Yung-Eun Sung, Jongman Yoo,

Kyungpyo Park,* and Taeghwan Hyeon*

Nanomaterials with antioxidant properties are promising for treating reactive
oxygen species (ROS)-related diseases. However, maintaining efficacy at low
doses to minimize toxicity is a critical for clinical applications. Tuning the sur-

face strain of metallic nanoparticles can enhance catalytic reactivity, which has
rarely been demonstrated in metal oxide nanomaterials. Here, it is shown that
inducing surface strains of CeO,/Mn3;O, nanocrystals produces highly catalytic
antioxidants that can protect tissue-resident stem cells from irradiation-induced
ROS damage. Manganese ions deposited on the surface of cerium oxide (CeO,)
nanocrystals form strained layers of manganese oxide (Mn;O,) islands, increasing
the number of oxygen vacancies. CeO,/Mn3;O, nanocrystals show better catalytic
activity than CeO, or Mn;O, alone and can protect the regenerative capabilities of
intestinal stem cells in an organoid model after a lethal dose of irradiation. A small
amount of the nanocrystals prevents acute radiation syndrome and increases the
survival rate of mice treated with a lethal dose of total body irradiation.

gastrointestinal (GI-ARS, 6-15 Gy), and
neurovascular syndromes (NV-ARS, 15 Gy),
which all involve the rapid generation of
reactive oxygen species (ROS) in the tis-
sues within a millisecond via the radiolysis
of water, causing both acute and chronic
oxidative damages to the cells and organs.?
Although Amifostine (Ethyol) was developed
as a radioprotectant,¥! its application is
only approved for the protection of salivary
glands, because its short elimination half-
life and limited ROS-scavenging capacity
require a high dose, which may cause sys-
temic toxicity and complications, to be used
under TBI conditions.! In light of this,
long-lasting radioprotectants with improved
ROS-scavenging activities are highly desired.

The increasing use of ionizing radiation in medicine and industry
has raised the risk of accidental total body irradiation (TBI), which
can result in life-threatening consequences, such as acute radia-
tion syndrome (ARS).! Depending on the radiation exposure
dose, ARS is categorized into hematopoietic (H-ARS, 1.5-4 Gy),

In recent years, catalytic nanomaterials

with antioxidant properties, such as cerium

oxide,P! manganese oxide/® and vanadium oxide” (collectively
known as nanozymes)® have gained increasing attention for their
ability to treat ROS-related diseases.” In particular, CeO, nanoparti-
cles have been used as efficient antioxidants because their ability to
cycle between Ce** and Ce* ionic states allows them to catalytically
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Scheme 1. Schematic illustration of highly catalytic CeO,/Mn;0O4 nanocrystals preventing acute radiation syndrome.

remove various ROS, such as superoxide (O,"), hydrogen peroxide
(H,0,), and hydroxyl radical (‘OH).") However, the potential side
effects of inorganic nanomaterials remain a critical issue,! leading
to the necessity of decreasing their administration while main-
taining the therapeutic efficacy. One possible way is enhancing
the catalytic reactivity of nanomaterials through ligand and strain
effects.l'”) Notably, tuning the oxygen binding energy by modifying
the surface strains of metallic core—shell nanomaterials has been
shown to effectively enhance their catalytic activities.'¥! Such strain
effects have rarely been demonstrated for inorganic nanozymes
that scavenge ROS. We hypothesize that it is possible to lower the
required doses of nanozyme-based therapeutic agents by imposing
surface strains and improving their catalytic performance.
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Here, we provide the proof of concept of the hypothesis by
using CeO,/Mn;0, nanocrystals as a model system (Scheme 1).
Manganese ions deposited on the surface of CeO, nanocrystals
form islands of strained Mn;0, layers and increase the numbers
of oxygen vacancies in the CeO, phase. We demonstrate that
these effects facilitate the redox reactions at the Mn;0, and CeO,
surfaces, enhancing the catalytic antioxidant activities. A mouse
model study also revealed that a systemic delivery of a low dose
of the nanocrystals can effectively protect the tissues from TBI.

Heterostructured CeO,/Mn;0,4 nanocrystals were prepared by
a seed-mediated growth process.' The seeds, 4 nm sized trun-
cated octahedral CeO, nanocrystals, predominantly enclosed by
{100} and {111} (Figure 1a), were reacted with MnCl, to yield the

%1 nm-,
e

(011}
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Raman shift (cm™")

Figure 1. Morphology and atomic arrangement of heterostructured CeO,/Mn;O, nanocrystals. a,b) 3D illustration (left), TEM and STEM images
(middle and top right), and the corresponding FFT pattern (bottom right) of CeO, nanocrystals (a) and CeO,/Mn3;0, nanocrystals (b). ¢,d) Atomic-
resolution STEM images (c) and visible Raman spectra (d) of CeO,/Mn3;0O,4 nanocrystals.
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CeO,/Mn;0, nanocrystals (Figure 1b; and Figure S1, Supporting
Information). High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADE-STEM) images and the cor-
responding fast Fourier transform (FFT) image show that the
core is well preserved after the heterogeneous precipitation of
manganese oxide on the surface (Figure 1b). X-ray diffraction
analysis reveals that the CeO, nanocrystals have the cubic fluo-
rite structure (JCPDS #34-0394) with an estimated (111) spacing
of 3.14 A (Figure S2, Supporting Information). Crystallographic
orientation between the CeO, core and Mn;0; islands is illus-
trated in Figure 1c based on the d-spacings measured from the
HAADF-STEM images. Given the lattice parameters of bulk
CeO, {200} and Mn;0, {004} (2.71 and 2.36 A, respectively),
the estimated lattice mismatch is =13%. Because of this large
mismatch, Mn;0, islands experience a tensile strain to have
expanded Mn;0, {004} lattice (=2.55 A). As the islands grow
vertically, the highly strained Mn;0, lattice gradually relaxes
near the surface, as exemplified by those two nonparallel Mn;0,
{004} with the lattice angle difference of =7° (Figure 1c). This is
further supported by the visible Raman characterization, which
shows the peaks for the first-order F,, symmetry mode of CeO,
at 452 cm™ and the A;; symmetric stretching of Mn—0 bond in
Mn;0, at 645 cm™! (Figure 1d). Asymmetric broadening of the
F, and Ay, peaks indicate the presence of defects and struc-
tural distortions induced by the heteroepitaxial strain.

When less than 15 mol% of Mn is deposited onto the CeO,
nanocrystals, the oxidation state of Mn is mostly Mn?" (“Mn
thin” in Figure 2a; and Figure S3, Supporting Information). The
reason Mn?" motif deposits before the Mn*" motif is because

www.advmat.de

the ionic radius of Mn?** is more compatible with Ce*".["’]

However, as more Mn is deposited, both Mn?* and Mn** are
observed (“CeO,/Mn;0,” in Figure 2a). The lower intensity
ratio of the Mn L;- to L,-edge (I(L3/L,)) absorption indicates the
higher oxidation state of the Mn ions in CeO,/Mn;0,. Interest-
ingly, the Mn?* peak is less pronounced than that of the previ-
ously reported bulk Mn;0,4,'% showing that the strained Mn;0,
layers have slightly higher oxidation state than monometallic
Mn;0, nanocrystals. X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectra (XAS) analyses jointly reveal that
the Ce*" ions in the CeO, nanocrystals and the deposited Mn?*
ions form a polar Ce*—O-Mn?* interface (Figure 2b; and Figure
S4, Supporting Information). These data suggest that CeO,/
Mn;0, nanocrystals are composed of CeO, core, Ce*—O-Mn?*
heterointerface, and highly strained Mn;0, islands.

The surface defect states of CeO, and CeO,/Mn;0, nanocrystals
were compared using UV Raman spectroscopy (Figure 2c). The
intensity ratio of the defect-induced (D mode) peak at 598 cm™
to Fy, peak at 452 cm™ (In/Iryg) increases after the Mn;O, depo-
sition, indicating that the number of oxygen vacancies increases
on the surface of the CeO, nanocrystals. Such nanocrystals with
abundant oxygen vacancies are expected to have improved ROS
scavenging activities.l”1 O 1s XPS spectra further verifies the defec-
tive oxide surface (Figure 2d). The higher ratio of oxygen defects
to lattice oxygen in CeO,/Mn;0, nanocrystals (0.85) compared to
CeO, nanocrystals (0.60) results from the higher oxygen vacancy
level, which agrees with the UV Raman results.

To evaluate the surface reducibility of the nanocrystals, we
performed temperature-programmed reduction experiments
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Figure 2. Structural characterization and electrocatalytic properties of heterostructured CeO,/Mn3;O, nanocrystals. a) Mn L-edge XAS data of thin and
optimized Mn oxide layer. b) Ce M-edge XAS analysis of CeO,/Mn3;0,4 nanocrystals. ¢) UV Raman spectra of CeO,/Mn;0,, CeO,, and Mn;O4 nano-
crystals. d) O 1s XPS spectra with binding energies assigned to lattice oxygen (=529 eV, red), oxygen defects (=530 eV, blue), surface adsorbed oxygen
(=531 eV, green), and surface oxygen (=533 eV, purple). e,f) LSV curves for H,0, reduction in Ar-saturated PBS (e) or oxygen reduction in O,-saturated
PBS (f). g) H,0, and oxygen reduction activities in terms of onset potential and current density.
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with H, (Figure S5, Supporting Information). Compared with
the oxygen reduction peaks for CeO, (507 °C) and Mn;0O,
(498 °C) nanocrystals, the peak for CeO,/Mn;0, nanocrystals
is significantly shifted to a lower temperature (382 °C), indi-
cating an enhanced surface reducibility (see Figure S6 in the
Supporting Information for detailed Mn;0, characterization).
The abilities of each type of nanocrystal and the reference sam-
ples to eliminate ROS were further evaluated by measuring
electrocatalytic reduction of H,0, and oxygen. Linear-sweep
voltammetry (LSV) was performed with the nanocrystals sup-
ported on glassy carbon electrode either in Ar-saturated phos-
phate-buffered saline (PBS, 0.01 M) containing 5 x 1073 M H,0,
or in O,-saturated PBS (Figure 2e,f). The measured catalytic
activities were compared in terms of onset potential (measured
at —0.15 mA cm™?) and current density (measured at —0.25 V)
(Figure 2g). The larger onset potential and current density values
observed for CeO,/Mn;O, nanocrystals clearly demonstrate
their higher catalytic reduction activities than those of CeO,
or Mn;0, nanocrystals. Moreover, the CeO,/Mn;0, nanocrys-
tals with the Mn;0, islands exhibit a higher activity than those
with thinner Mn3;0, layer or with Mn3;0, shell that covers most
of the CeO, surface (Figure S7, Supporting Information). This
indicates that the enhanced activity originates from the syner-
gistic effect by the exposed CeO, surface and the highly strained
Mn;0, islands. Further, superoxide dismutase (SOD)- and cat-
alase-mimetic assays showed similar ROS-scavenging trends to
electrocatalytic tests (Figure S8a,b, Supporting Information).
However, the ROS-scavenging activity of CeO,/Mn;0, nanocrys-
tals decreased at lower pH (Figure S8c; and Section S1.1,
Supporting Information). The as-synthesized hydrophobic
Ce0,/Mn;0, nanocrystals were transferred to PBS using
the PEGylation method™ (Figure S9a, Supporting Informa-
tion), and the PEGylated nanocrystals showed an average
hydrodynamic diameter of =10 nm (Figure S9b, Supporting
Information). The synthesized CeO,/Mn;0, nanocrystals in
aqueous solution showed no significant cellular toxicity up to
176 x 107® M (Figure S9¢, Supporting Information).

Among the three types of ARS, GI-ARS is generally mani-
fests at radiation doses exceeding 6 Gy in humans, resulting in
patients often dying within 3 weeks.”l Consequences of GI-ARS
include the destruction of the villi and the intestinal stem cell
(ISC)-containing crypts, which are associated with the loss of cell
regeneration capacity and the disruption of intestinal epithelial
barrier.") However, if a certain amount of leucine-rich repeat-
containing G-protein coupled receptor 5-positive (LGR5+) ISCs
survive after irradiation, damaged intestinal structures can be
regenerated.?” Therefore, LGR5+ ISCs can be considered as the
most critical cell population for the recovery after the radiation-
induced intestinal damage. We used mouse and human intestinal
organoid (mIO and hIO, respectively) models that resemble the
in vivo intestinal anatomy and physiology?! to test how well the
Ce0,/Mn;0, nanocrystals protect the LGR5+ ISCs from lethal
doses of ionizing radiation. The irradiated subjects pretreated
with CeO,/Mn;0, nanocrystals (IRR+CeO,/Mn;0, group)
were compared with the irradiated subjects that were not pre-
treated with the nanocrystals (IRR group) and irradiated sub-
jects that were pretreated with either CeO, (IRR+CeO, group) or
Mn;0, (IRR+Mn;0, group) nanocrystals. Control (CTRL) sub-
jects were neither irradiated nor pretreated with any nanocrystals.
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mlOs established from LGR5-GFP transgenic mice were
cultured with various nanocrystals and irradiated with a lethal
dose (8 Gy). The morphology of the mIOs, the expression of
proliferation marker (Ki67), the LGR5+ ISC population, were
examined. Significantly more crypt buds and Ki67+ prolifera-
tive cells could be seen in the IRR+CeO,/Mn;0, group than the
IRR+CeO, or IRR+Mn;0, groups (Figure 3a; and Figure S10,
Supporting Information). Although the bud morphology
and number were partially preserved in the IRR+CeO, and
IRR+Mn;0, groups, very few Ki67+ cells were found, indi-
cating a lower regenerative capacity. On the other hand, crypt
buds and Ki67+ cells were completely eradicated in the IRR
group. Fluorescence-activated cell sorting (FACS) analysis of
LGR5+ ISCs also shows similar tendency. Approximately 14%
of mIOs were LGR5+ in the CTRL group, but these cells were
completely destroyed in the IRR group (0.17%) (Figure 3b;
and Figure S11, Supporting Information). LGR5+ ISCs in the
IRR+CeO,/Mn;0, group showed a significantly improved sur-
vival rate (9.78%) than those for the IRR+CeO, (4.82%) and
IRR+Mn;0, (2.54%) groups.

We further examined the radioprotective mechanism of
CeO,/Mn;0, nanocrystals using hIO models. Because the
radiation damage on cells and organs typically starts with an
abnormal spike in ROS generation by the radiolysis of water,
we tested whether CeO,/Mn;0, nanocrystals can effectively
scavenge the radiation-induced intracellular ROS. Six hours
after exposure to a lethal dose of irradiation (10 Gy), the ROS
levels in hIOs increased in the IRR group, but such increase
was suppressed in the IRR+CeO,/Mn;0, group (Figure S12,
Supporting Information). At 24 h postirradiation, the IRR
group showed a significant apoptotic activity as marked by
the increased expression of cleaved caspase 3/7, while the
IRR+CeO,/Mn;0,4 group showed dramatically reduced apop-
totic areas that were limited to only a few peripheral crypts
(Figure S13, Supporting Information).

To observe the effects of CeO,/Mn;O, nanocrystals on
the acute molecular events occurring between the radiation-
induced ROS elevation and the apoptosis, we performed
mRNA sequencing at 12 h postirradiation. The global expres-
sion patterns of genes with statistical significance were visu-
ally presented by volcano plots (Figure 3c), a heat map with a
hierarchical clustering dendrogram (Figure S14, Supporting
Information), and a Venn diagram (Figure S15, Supporting
Information). The IRR group showed greater changes in the
gene expression than the IRR+CeO,/Mn;0, group with respect
to the CTRL group. To further identify the genes that may affect
the phenotypes seen in the organoids, we filtered out the genes
that have expression volumes > 4. Totals of 31 up-regulated
and 29 down-regulated genes in the IRR group were identified
and the expressional fold change (FC) values of those genes in
IRR or IRR+Ce0,/Mn;0,4 versus CTRL were visualized via a
heatmap (Figure 3d). To determine which biological functions
these genes affected, we conducted a Gene Ontology analysis
using false discovery rate (Figure S16, Supporting Information).
The genes up-regulated by the irradiation were found to be
mostly related to the cellular stress and the p53-mediated apop-
totic process, while the down-regulated ones are mostly related
to mitosis and the positive regulation of wingless/integrated
(Wnt) signaling, which is known to be crucial for maintaining

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Radioprotective effects of CeO,/Mn;0, nanocrystals on intestinal stem cells in mouse and human organoid model. a) Confocal images of
cells stained with Ki67, DAPI, and actin. Scale bar = 200 um. The white arrow heads indicate representative crypt buds. b) FACS analysis of dissociated
LGR5-GFP mlOs 48 h after irradiation (scale bar = 50 um). c) Volcano plot comparing the gene expression of IRR versus CTRL (top) and IRR+CeO,/
Mn;0, versus CTRL (bottom). d) Genes showing more than twofold changes (|FC| > 2) with expression volume > 4 in IRR versus CTRL (left column)
and IRR+CeO,/Mn;0, versus CTRL (right column). e) The number of genes that were upregulated (left) and down-regulated (right) in IRR versus CTRL
and IRR+CeO,/Mn;0, versus CTRL. f) Scatter plot comparing the gene expression patterns of IRR and IRR+CeO,/Mn;0, groups. g) Red colored genes
in (f) are listed and ordered in a heat map based on their expression levels. h) Pathway analysis and categorization of the genes listed in (g) based on
GO terms.
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LGRS+ ISCs.[?2 Based on these gene ontologies, the number
of genes that were significantly altered was compared between
IRR and IRR+CeO,/Mn;0,4 versus CTRL. The pretreatment
with CeO,/Mn;0, nanocrystals resulted in fewer numbers of
stress-, DNA damage-, and p53 signal-related genes being up-
regulated (4 vs 13, 3 vs 7, and 2 vs 6, respectively) (Figure 3e).
More importantly, fewer numbers of the genes that are related
to mitosis and the canonical Wnt pathway were down-regulated.

To further confirm the radioprotective effects of the CeO,/
Mn;0, nanocrystal pretreatment, we compared the gene
expression patterns of the IRR+CeO,/Mn;0,4 and IRR groups.
16 up-regulated and one down-regulated genes qualified the
two criteria (FC > 2 and expression volume > 4, Figure 3f,g).
Pathway analysis reveals that most of the genes up-regulated
after the CeO,/Mn;0, nanocrystal pretreatment are related to
the positive regulation of cellular processes (green beads in
Figure 3h). Among them, CCNB1, CCNB2, CDC20, TOP2A,
AURKA, and TPX2 are related to cell division (red or half-red
beads in Figure 3h). SMOC2 and LGRS are the positive regula-
tors of the canonical Wnt pathway, and thus generally regarded
as ISC signature genes (green dotted box in Figure 3h), while
MT?2A and MTIF genes are grouped as zinc-responsive antioxi-
dant enzymes (blue beads in Figure 3h). These results suggest
that although the pretreatment of CeO,/Mn;0, nanocrystals
cannot fully prevent the irradiation-induced apoptosis for all the
cell types, they can still reduce the damages to the LGR5+ ISC
population, enabling them to regenerate in the damaged areas.

In prior to assess radioprotective efficacy in vivo, biocompat-
ibility of CeO,/Mn;0, nanocrystal was examined in mice. The
mice showed no abnormal histological alterations in the intes-
tine, kidney, spleen, liver, heart, lung, and bladder (Figure S17a,
Supporting Information) and no loss in body weight for up
to 30 days after receiving a high dose (50 mg kg™') of CeO,/
Mn;0, nanocrystals (Figure S17b, Supporting Information).
These results demonstrate that the nanocrystals do not have
any notable systemic toxicity.

To test the systemic radio-protective effects of the CeO,/
Mn;0, nanocrystals, we intraperitoneally injected the mice
with 0.55 mg nanocrystals kg™'. Within an hour, the nanocrys-
tals were successfully localized in the intestine and hematopoi-
etic organs including the spleen and bone marrow (Figure S18,
Supporting Information). The mice were then subjected to TBI
(13 Gy) 1 h after the injection of the nanocrystals, and assays
for evaluating H-ARS and GI-ARS were performed at the
indicated time points (Figure 4a). Survival rate of the mice in
IRR group decreased drastically after irradiation and all mice
were dead at 13 days post-TBI. Surprisingly enough, when
400 mg kg of Amifostine was injected, which is effective
dose for TBI but known to cause systemic toxicity, six out of
ten mice died instantaneously, due to its toxicity (yellow high-
light in Figure 4b).) Among the remaining four mice, two mice
survived 30 days after the TBI (Figure 4b). When the dose was
reduced to 250 mg kg™, 20% survived 30 days after the TBI
(Figure 4b). The monometallic CeO, nanocrystals and Mn;0,
nanocrystals showed a survival rates of 30% and 20%, respec-
tively, indicating that they did not sufficiently protect the ani-
mals against 13 Gy TBI. However, animals in the IRR+CeO,/
Mn;0, group showed survival rate of 67% up to 150 days after
TBI (Figure 4b; and Figure S19, Supporting Information). The
increased survival rate of the IRR+ CeO,/Mn;0, group can be
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attributed to the ability of the nanocrystals to prevent systemic
ROS damage that causes H-ARS and GI-ARS.

We estimated the ROS damage by measuring malondialde-
hyde (MDA), which is a toxic substance produced by lipid per-
oxidation,?*! in plasma and five critical organs (small intestine,
liver, kidney, spleen, and lung). The IRR+ CeO,/Mn;0,4 group
showed =55% lower plasma MDA level than the IRR group 1
day after TBI (Figure 4c). Four days after TBI, the MDA levels in
the five critical organs showed significant increases in the IRR
group, whereas all the organs except the kidney did not show
any statistically significant MDA level increase in the IRR+CeO,/
Mn;0, group compared to the CTRL group (Figure 4d).

To assess the hematopoietic damages causing H-ARS, we
measured the ROS levels in bone marrow cells (BMCs) of the
different groups 30 min after TBI. Compared to the CTRL
group, the IRR group showed a threefold increase in ROS
level, whereas the IRR+CeO,/Mn;O, group showed only a
1.8-fold increase (Figure 4e,f). Three days after TBI, we iso-
lated and counted the total BMCs. Nearly 95% of the BMCs
in the femur were ablated in the IRR group, whereas only
52% were ablated in the IRR+CeO,/Mn;0, group (Figure 4g).
Prevention of radiation-induced bone marrow ablation by
CeO,/Mn;0, nanocrystals was further confirmed by hae-
matoxylin & eosin (H&E) staining. Figure 4h depicts that
the hematopoietic cellularity of IRR+ CeO,/Mn;O, group
was significantly less damaged compared with that of IRR
group. However, both monometallic nanocrystals of CeO, and
Mn;0,, which have significantly lower cellularity than the
IRR+CeO,/Mn;0, group, were unable to effectively protect
the BMCs from irradiation (see Section S1.2 and Figure S20 in
the Supporting Information for detailed explanation).

When intestinal damages causing GI-ARS were examined,
we found that villi in the IRR group were severely impaired
5 days after TBI, whereas those in the IRR+CeO,/Mn;0, group
remained long and intact (Figure 4i; and Figure S21, Supporting
Information). Ki67 staining and TUNEL assay further show
that the IRR+CeO,/Mn;0, group has higher mitotic activities
accompanied with lower cell death than the IRR group, indi-
cating the CeO,/Mn;0, nanocrystals protect the ISCs in the
intestinal crypts (Figure 4j; and Figure S22, Supporting Informa-
tion). Furthermore, histology and Ki67/TUNEL staining results
further revealed that heterostructured CeO,/Mn;0, nanocrys-
tals have a significantly better GI radioprotective capacity than
monometallic CeO, or Mn;0,4 nanocrystals (see Section S1.2 and
Figure S22 in the Supporting Information for detailed explana-
tion of the data). To evaluate the regenerative capacity of crypt
ISCs after the irradiation, we isolated the crypts from the mice
30 min after TBI and cultured them in an in vitro intestinal
organoid culture condition. Seven days after the seeding, the
intestinal organoids generated from the crypts of the IRR+CeO,/
Mn;0, group displayed normal organoid phenotypic characteris-
tics, but the crypts from the IRR group failed to form organoids
(Figure 4k; and Figure S23a,b, Supporting Information).

Organs from the mice that were pretreated with the CeO,/
Mn;0, nanocrystals, and that had survived 150 days after
TBI, were harvested and assessed for long-term damage. The
jejuna of the survivors showed no sign of tumorigenesis or
pathogenesis (Figure S24a, Supporting Information). The survi-
vors also had similar villus lengths, crypt numbers, and fibrosis
compared to the CTRL group (Figure S24a—f, Supporting
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Figure 4. CeO,/Mn;0, nanocrystals prevent radiation-induced multiorgan damage in vivo. a) Timeline for in vivo radioprotection assays. b) Kaplan—
Meier survival rates over 30 days after 13 Gy TBI (n =15 for CTRL, IRR, and CeO,/Mn;0, group n = 10 for Amifostine, CeO,, and Mn;O, group). The
yellow highlight indicates the immediate death of six mice due to toxicity of Amifostine. c) Plasma MDA concentration 1 day after TBI. d) Relative MDA
levels of five critical organs 4 days after TBI (n = 4-5). €) FACS measurements of intracellular ROS levels of femoral BMCs at 30 min after TBI (n=15).
f) The FACS results from (e) are quantified and presented relative to the CTRL group (n =5). g) Total number of remaining BMCs in the mouse femurs
3 days after TBI. h) H&E-stained femur sections 3 days after irradiation (scale bar = 500 um). i) H&E staining of longitudinally sectioned duodena 5 days
after irradiation (scale bar = 500 um). j) Immunostaining of Ki67 cells (top row) and TUNEL assay for apoptotic or necrotic intestinal cells (bottom
row) 5 days after TBI (scale bar = 200 um). k) Bright field images of intestinal organoids formed by the crypts isolated 30 min after TBI and cultured
for 7 days (n =3, scale bar = 500 um). Data were analyzed using unpaired t-test. Error bars denote mean + standard error. Statistical significance is set
as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0007; ns, not statistically significant.

Information). No sign of lung fibrosis was seen and the his-  to protect the hematopoietic intestinal stem cells from irradia-
tology of the liver, spleen, and kidney was comparable to the  tion-induced ROS damage. Manganese ions deposited on the
CTRL group (Figure S25a—d, Supporting Information). surface of CeO, nanocrystals form the islands of epitaxially

In summary, our results show that the antioxidant activity of  strained Mn;0, layers, generating abundant oxygen vacancies
heterostructured CeO,/Mn;0, nanocrystals is powerful enough  in the CeO, phase. The increased number of oxygen vacancies
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effectively improved the oxygen adsorption efficiency on the
nanocrystal surface, allowing the nanocrystals to scavenge
ROS more efficiently. We show that only a small dose of the
Ce0,/Mn;0, nanocrystals is required to protect the ICSs from
the irradiation-induced ROS damage using a hIO model and
mRNA sequencing. In the mouse model, a small dose of the
Ce0,/Mn;0, nanocrystals can effectively improve the survival
rate after TBI. Our results demonstrate that the surface strain
tuning of CeO, nanocrystals can enhance their antioxidant
properties, making them highly effective radioprotectants for
preventing ARS induced by TBI.

Experimental Section

A detailed description of procedures and characterization methods are
available in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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