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Catalyzing Generation and Stabilization of Oxygen
Vacancies on CeO,_, Nanorods by Pt Nanoclusters as

Nanozymes for Catalytic Therapy

Jiankang Zhang, Yu Yang, Fengmin Qin, Tingting Hu, Xinshuo Zhao, Shichao Zhao,
Yuegiang Cao, Zhe Gao, Zhan Zhou,* Ruizheng Liang,* Chaoliang Tan,* and Yong Qin

Although CeO, nanomaterials have been widely explored as nanozymes for
catalytic therapy, they still suffer from relatively low activities. Herein, the
catalyzing generation and stabilization of oxygen vacancies on CeO, nanorods
by Pt nanoclusters via H, gas reduction under mild temperature (350 °C) to
obtain Pt/CeO,_,, which can serve as a highly efficient nanozyme for catalytic
cancer therapy, is reported. The deposited Pt on CeO, by the atomic layer
deposition technique not only can serve as the catalyst to generate oxygen
vacancies under mild temperature reduction through the hydrogen spillover
effect, but also can stabilize the generated oxygen vacancies. Meanwhile, the
oxygen vacancies also provide anchoring sites for Pt forming strong
metal-support interactions and thus preventing their agglomerations.
Importantly, the Pt/CeO,_, reduced at 350 °C (Pt/CeO,_,-350R) exhibits
excellent enzyme-mimicking catalytic activity for generation of reactive oxygen
species (e.g., ‘OH) as compared to other control samples, including CeO,,
Pt/CeO,, and Pt/CeO,_, reduced at other temperatures, thus achieving
excellent performance for tumor-specific catalytic therapy to efficiently
eliminate cancer cells in vitro and ablate tumors in vivo. The excellent
enzyme-mimicking catalytic activity of Pt/CeO,_,-350R originates from the

1. Introduction

Catalytic therapy is a new type of tu-
mor treatment method developed in re-
cent years since it can respond to the
tumor microenvironment (TME) to pro-
duce reactive oxygen species (ROS) and
can effectively remove deep tumors in
the tissues.'™!l Developing highly effec-
tive nanozymes has been as of the key is-
sues in the field of catalytic therapy.'2%"]
Since Fe;O, nanoparticles were first re-
ported to exhibit activity similar to that of
natural horseradish peroxidase in 2007,[2°]
various nanomaterials have been designed
and developed as nanozymes, including no-
ble metals (e.g., Pt, Au, and Pd), metal
oxides (e.g., MnO,, MoO,, WO,, Co,0,,
Cu,0, and CeO,), layered double hydrox-
ides (LDHs), carbon nanomaterials, and
transition metal chalcogenides (e.g., MoS,,
FeS,, and MoSe,).?!3%] Among them, metal

good catalytic activities of oxygen vacancy-rich CeO,_, and Pt nanoclusters.

oxides have received considerable attention
as nanozymes for catalytic therapy due to
their easy preparation and modification,
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Figure 1. Schematic illustration of the synthesis of Pt/CeO,_, nanozymes and their surface modifications with PEG for catalytic therapy.

tunable performance, excellent biocompatibility, and biodegrad-
ability. For example, Zhang et al. reported a novel Janus-like
Fe@Fe;0,-Cu,O heterostructure as the enzyme catalytic agent
for endogenous long-acting catalytic therapy.[**] Recently, CeO,
nanomaterials have been demonstrated to display great poten-
tial as nanozymes owing to their tunable electronic property
(Ce*/Ce*") and oxygen vacancy, low biotoxicity, excellent bio-
compatibility, and multienzyme activity.’’~*?/ However, the cat-
alytic activities of previously reported CeO, nanomaterials are
quite poor, which greatly limits their further applications as
nanozymes in catalytic therapy.

Defect engineering, such as generation of oxygen vacancies,
has been proven to be a simple but powerful strategy to opti-
mize or significantly enhance the catalytic activity of metal ox-
ide/hydroxide nanomaterials (e.g., MoO;, WO,, TiO,, MnO,, and
Ce0,) in catalysis field since the introduced oxygen vacancies
can significantly tune their electronic structures and optimize
the activities of their active sites.[***] Importantly, defect engi-
neering has also been demonstrated to be a promising approach
to activate/optimize the performance of metal oxide/hydroxide
nanomaterials for biomedical applications such as photodynamic
therapy, sonodynamic therapy, and catalytic therapy in last few
years.[’%%%] As a typical example, we have first reported the sig-
nificant boosting the photodynamic therapy performance of 2D
LDH nanosheets by defect engineering induced by simple acidic
etching, 52! which was further extended to sonodynamic therapy
in a later study.®}] Elemental doping or guest intercalation has
also been developed as effective ways to induce rich defect en-
gineering on layered MoO;, thus significantly improving their
performance when used as nanozymes in catalytic therapy.>*>]
Promisingly, recent studies have demonstrated that defect engi-
neering is an effective strategy to boost the enzyme-like catalytic
activities of CeO, nanomaterials for catalytic cancer therapy. It
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was found that transition metal (e.g., Mn/Zr and Fe) doping can
generate rich defects on CeO, nanocrystals and promote their
enzyme-like catalytic activities for ROS generation, thus achiev-
ing good performance in catalytic cancer therapy.**>”! However,
the currently reported doped CeO,-based nanozymes still suffer
from relatively low catalytic activity or need to assist by photother-
mal effect and/or introduce additional active metal elements like
Mn or Fe.

Herein, we report a simple and powerful strategy to develop
highly efficient nanozymes based on CeO, nanorods (NRs) sup-
ported high-dispersion Pt nanoclusters. Pt nanoclusters were de-
posited on the hydrothermal-synthesized porous CeO, NRs by
atomic layer deposition (ALD) process, an advanced technique
for the synthesis of nanomaterials with specific structures and
functions,®®*°! to prepare Pt/CeO,, which was then reduced by
H, gas under different temperatures (from 30 to 650 °C) to obtain
the oxygen vacancy-rich Pt/CeO,_, (Figure 1). Importantly, the
deposited Pt nanoclusters not only can serve as the catalyst to gen-
erate oxygen vacancies at mild temperature or even room temper-
ature reduction by hydrogen spillover effect, but also can stabilize
the generated oxygen vacancies. Meanwhile, the oxygen vacan-
cies also provide the anchoring sites for Pt nanoclusters form-
ing strong metal-support interactions and thus preventing their
agglomerations. The Pt/CeO,_, reduced at 350 °C (Pt/CeO,_,-
350R) exhibits the optimized enzyme-mimicking catalytic activ-
ity among the synthesized samples. Thus, after modification with
polyethylene glycol, the Pt/CeO,_,-350R can be used as highly
efficient nanozyme for catalytic therapy to efficiently kill cancer
cells in vitro and eliminate tumors in vivo. Both the good cat-
alytic activities of oxygen vacancy-rich CeO,_, and Pt nanoclus-
ters contribute to the boosted enzyme-mimicking catalytic activ-
ity of Pt/CeO,_,-350R, which may be further enhanced by the
synergistic effect between them.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Structure and micromorphology of the materials. a) XRD patterns of the materials. HAADF-STEM images of the as-prepared b) CeO, (Inset
is SAED), c) Pt/CeO,, activated d) Pt/CeO,_,-250R, e,f) Pt/CeO,_,-350R, h) Pt/CeO,_,-450R, and i) Pt/CeO,_,-650R. g) Elemental mapping images of
the Pt/CeO,_,-350R. Insets in (c—i) are the corresponding histograms of PSD of the corresponding materials.

2. Results and Discussion

2.1. Synthesis, Characterization, and DFT Calculation of Pt/CeO2
and Pt/CeO,_,

The porous CeO, NRs were first synthesized by a slightly modi-
fied two-step solvothermal synthesis approach (see details in Sec-
tion S1, Supporting Information).l®! As shown in Figure 2a, all
the peaks in the X-ray diffraction (XRD) pattern of the CeO,
NRs match well with the fluorite phase CeO, (PDF-#34-0394),
confirming its crystal structure. As evidenced by the aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image (Figure 2b), the ob-
tained CeO, sample has a nanorod morphology with a length of
~52 nm and diameter of ~5.5 nm with rich nano-sized pores
(Figure S1, Supporting Information). The selected area electron
diffraction (SAED) pattern demonstrates the polycrystalline na-
ture of the synthesized CeO, NRs (inset in Figure 2b). Then,
highly dispersed Pt species were deposited on the surface of CeO,
NRs by ALD technique to obtain the as-prepared Pt/CeO, sam-
ple. The XRD pattern of the Pt/CeO, matches well with that of
CeO, NRs since the deposited Pt species are too small to give ob-
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vious XRD peaks (Figure 2a). As shown in Figure 2¢c, the HAADEF-
STEM image of the as-prepared Pt/CeO, (1.13 wt% of Pt) shows
that the Pt nanoclusters (labeled by yellow squares) with an aver-
age particle size (APS) of 0.88 nm (inset in Figure 2¢) along with
Pt single atoms (SAs: labeled by yellow circles) are highly dis-
persed on the CeO, NRs. It was found that part of the nanoclus-
ters is composed of randomly assembled Pt atoms (nearly atomic
clusters), exhibiting atomically dispersed features. The measured
lattice spacings of CeO, are 0.31 and 0.27 nm (Figure 2c),
which correspond to the (111) and (200) planes of CeO, crystal,
respectively.®!l The N2 adsorption—desorption results show that
the deposition of Pt species results in the decrease of the specific
surface area from 124 to 103 m? g~! and pore volume from 0.5 to
0.4 cm3 of the CeO, NRs (Figure S2, Supporting Information),
suggesting that Pt species might be also deposited in the pores
of CeO, NRs. The Pt/CeO, sample is further reduced at different
temperatures by H2 gas to obtain a few Pt/CeO,_, samples and
those samples are denoted as Pt/CeO,_,-30R (reduced at 30 °C),
Pt/CeO,_,-250R (reduced at 250 °C), Pt/CeO,_,-350R (reduced
at 350 °C), Pt/CeO,_,-450R (reduced at 450 °C), and Pt/CeO,_-
650R (reduced at 650 °C) based on their reduction tempera-
tures. The XRD diffraction peaks of all reduced samples match

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Physicochemical properties of the materials. a) XPS Pt 4f spectra of Pt/CeO,, Pt/CeO,_,-350R, and Pt/CeO,_,-650R. b) Normalized Pt L3-edge
XANES spectra of Pt/CeO,, Pt/CeO,_,-250R, Pt/CeO,_,-350R, Pt/CeO,_,-450R, Pt/CeO,_,-650R, and Pt foil. In situ CO-DRIFTS spectra of c) Pt/CeO,
and d) Pt/CeO,_,-350R. ) Normalized Ce L3-edge XANES spectra of Pt/CeO,, Pt/CeO,_,-250R, Pt/CeO,_,-350R, Pt/CeO,_,-450R, Pt/CeO,_,-650R,
and Pt foil. f) XPS O 1s spectra of Pt/CeO,, Pt/CeO,_,-350R, and Pt/CeO,_,-650R. g) EPR spectra of CeO,, Pt/CeO,, Pt/CeO,_,-350R, and Pt/CeO,_,-
650R. h) Comparison of O, dissociation barrier over the two reduced nanozymes (IS, TS, and FS represent initial state, transition state, and final state,
respectively). i) Schematic illustration of the redox properties of CeO,, CeO,-R, Pt/CeO,, and Pt/CeO,_,-R.

well with that of the Pt/CeO, (Figure 2a). For Pt/CeO,_,-250R,
the APS of Pt nanoclusters only slightly increases (~0.95 nm,
Figure 2d; Figure S3, Supporting Information) compared with
that of the as-prepared Pt/CeO, sample. Similar result is also ob-
served for the Pt/CeO,_,-350R, whose APS of Pt nanoclusters
increases to 1.01 nm (Figure 2e,f). Further characterization by
energy-dispersive X-ray spectroscopy mapping (Figure 2g) con-
firms the uniform distribution of the Pt on the CeO, NRs. Al-
though the corresponding Pt APS increases to ~1.22 and 1.60 nm
for the Pt/CeO,_,-450R (Figure 2h; Figure S4, Supporting In-
formation) and Pt/CeO,_,-650R (Figure 2i; Figure S5, Support-
ing Information), respectively, there still exist some SAs on the

CeO,_, surface.

In addition to the particle size, the reduction process also re-
markably changes the electronic properties of the Pt. From the X-
ray photoelectron spectroscopy (XPS) survey spectra (Figure S6,
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Supporting Information), Pt, O, and Ce are all detected, again in-
dicating the successful Pt deposition on CeO,. As also can be seen
from the Pt 4f spectra, the Pt 4f binding energy monotonously
shifts to lower positions with the increased reduction temper-
ature (Figure 3a). Such result suggests that Pt is negatively
charged (electron-rich state) and changes to lower valence state
after the reduction process. This can be further verified by the
X-ray absorption fine structure spectroscopy characterization.
Figure 3b shows the Pt L, X-ray absorption near edge struc-
ture (XANES) spectra of Pt/CeO,, Pt/CeO,_,-250R, Pt/CeO,_,-
350R, Pt/CeO,_,-450R, Pt/CeO,_,-650R, and Pt foil, and the
white-line intensity decreases monotonously with increased re-

duction temperature, indicating the gradually decreased valence

states. To further determine the electronic structure changes of
Pt after reduction, the Pt/CeO,, and Pt/CeO,_,-350R samples
were tested by the diffuse reflectance infrared Fourier transform

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

spectroscopy of CO adsorption (CO-DRIFTS). As shown in the
curves of Pt/CeO, (Figure 3c), the bands at around 2173 and
2120 cm™! are the gas-phase CO molecule vibrations, and the
latter band gradually disappears with increased purge time.[6263]
There also exist three weak bands at around 2088, 2062, and
2032 cm™! in the spectrum of as-prepared Pt/CeO, (Figure 3c),
which should be assigned to CO molecules adsorbed at atomic
Pt**, edge and/or corner sites of low-coordination Pt clusters, and
electron-rich Pt nanoclusters.[**] Additionally, the broad band at
around 1875 cm™! assigned to bridge-bonded CO also indicates
the existence of partial Pt nanoparticles in Pt/Ce0,.[0%%%) Simi-
lar case is found from the spectrum of reduced Pt/CeO,__-350R
except that the bands become sharper and the bridge-bonded
band shifts to the lower wavenumber (Figure 3d), suggesting
that the Pt species are not obviously changed under the low re-
duction temperature, which are consistent with the aforemen-
tioned HAADF-STEM results (Figure 2e). Nevertheless, obvious
changes can be found from the spectrum of Pt/CeO,_,-650R
compared with the other two counterparts. The two bands of CO
molecule vibrations almost disappear with increased purge time,
and a new narrow band at around 2078 cm ™! accompanied with
a weak band at around 2021 cm™! (Figure S7, Supporting Infor-
mation), strongly proving the reconstruction of Pt species at the
higher reduction temperature.

Interestingly, the color of Pt/CeO, significantly changes dur-
ing the reduction process. As shown in Figure S8, Supporting
Information, the color of Pt/CeO, changes from light yellow to
brown even reduced at room temperature, and it gradually deep-
ens to dark brown as the reduction temperature increases from
30 to 650 °C. It is worth pointing out that the Pt/CeO,_,-350R
yields a much darker color than that of CeO,_,-350R under the
same conditions, that is, reduction at 350 °C (Figure S8, Support-
ing Information). Such result clearly suggests that the presence
of Pt species could promote the reduction of CeO, by H, gas.
Note that the Pt/CeO, can even be reduced by H, at room tem-
perature. As shown in Figure S9, Supporting Information, the
color of the sample gradually changes from brown to dark brown
after reduced around 25 min by H, at 30 °C. In contrast, the bare
CeO, NRs cannot be reduced at 30 °C under the same condition
(Figure S10, Supporting Information), further indicating the pro-
moted reduction of CeO, by Pt species. However, the color of the
reduced Pt/CeO,_,-30R will change back in few minutes in air
after taking out from the tube-furnace (Figure S10, Supporting
Information). Color changes normally indicate the absorption
changes of the samples. Therefore, all the samples were charac-
terized by the ultraviolet-visible (UV-vis) diffuse reflectance spec-
tra. As shown in Figure S11, Supporting Information, the pre-
pared CeO, NRs present a strong and broad absorption band in
the UV-vis region (from 200 to 500 nm), while showing almost
no absorption in the near-infrared region (beyond 800 nm). Af-
ter depositing Pt nanoclusters/SAs, the Pt/CeO, exhibits a decent
absorption in the near-infrared region as well as UV-vis region.
The relative absorption intensity of the Pt Pt/CeO,_, samples in
the near-infrared region continues to increase as the reduction
temperature increases. According to previous literature,>%7] the
reduction of CeO, by H, normally will generate rich oxygen va-
cancies and induce partial reduction of Ce** to lower valence
state. To explore the structural changes of the CeO, during the
reduction process, the samples were characterized by various
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techniques. As shown in Figure 3e, the normalized Ce L,-edge
XANES spectra of Pt/CeO,, Pt/CeO,_,-250R, Pt/CeO,_,-350R,
Pt/CeO,_,-450R, and Pt/CeO,_,-650R show that the intensity of
the line diminishes consistently with the increase of reduction
temperature, suggesting a gradual reduction in valence states
of the Ce element. Figure 3f presents that the O 1s binding
energy shifts to higher positions with the increased reduction
temperature, further proving the presence of oxygen vacancies
caused by reduction. As shown in the electron paramagnetic res-
onance (EPR) spectra (Figure 3g), the peak at around g = 2.004
can De readily assigned to the oxygen vacancy.[®® It was found
that the peak for oxygen vacancy is quite low for the CeO, and
Pt/CeO, samples and the Ce*+-O-Ce*+ defect peaks are both de-
tected from them.[®*7%] However, the peaks disappear after the
reduction treatment. As expected, both the Pt/CeO,_,-350R and
Pt/CeO,_,-650R show a much stronger peak for oxygen vacan-
cies. All the aforementioned results suggest that rich oxygen va-
cancies can be generated on the CeO, NRs by H, and the Pt
species can facilitate the generation of oxygen vacancies by serv-
ing as the catalyst.

Based on all the aforementioned analysis, it is concluded that
the reduction of Pt/CeO, by H, at mild temperature (e.g., 350 °C)
can induce structural changes both on Pt species and CeO,. As
for Pt, the reduction treatment not only can induce the APS in-
crease slightly, but also can lower its valence state. As for the
CeO,, the reduction treatment not only can generate rich oxy-
gen vacancies on CeO, to obtain CeO,_,, but also can partially
reduce Ce** to lower valence state. Importantly, the Pt species
on the CeO, surface can serve as the catalyst to facilitate the re-
duction of CeO, NRs. As we discussed above, the Pt/CeO, can
even be reduced at room temperature (30 °C) by H, because of
the catalytic capability of Pt (color change from light brown to
dark brown), while the bare CeO, NRs is unable to be reduced
at the same condition (no color change). Moreover, the Pt/CeO,
gives rise to a much darker color as compared to the bare CeO,
NRs when reduced at 350 °C, further proving the catalyzing func-
tion of Pt during the reduction process. More importantly, the Pt
nanoclusters can also stabilize the mild-temperature generated
oxygen vacancies on CeO,_, surface. Although previous studies
have explored the reduction of CeO, nanomaterials by H, under
annealing, the generated oxygen vacancies only can be stabilized
at high reduction temperature (e.g., #750 °C).[%] In our case, the
color of the Pt/CeO,_,-350R can well retain for long time with-
out obvious change, revealing the stabilization of oxygen vacan-
cies of CeO,_, by Pt species under mild reduction temperature
(e.g., 2350 °C). Our results prove that the presence of Pt species
allows for catalyzing generation and stabilization of rich oxygen
vacancies on the surface of CeO, NRs under mild reduction tem-
perature.

To explore the mechanism of Pt clusters catalyzing and sta-
bilizing oxygen vacancies on CeO,, the as-prepared CeO,, and
Pt/CeO, were further characterized by the H,-temperature pro-
grammed reduction (H,-TPR) profiles under different tempera-
tures (Figure S12, Supporting Information). From the profile of
bare CeO,, there are two main and one weak hydrogen consump-
tion peaks at around 405, 568, and 728 °C, respectively, which
could be assigned to the reduction of sub-/surface oxygen, sur-
face CeO, species, and bulk CeO,, respectively.®>*1 However,
the three former peaks disappear, a narrow peak at around 392 °C

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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and another weak peak at around 122 °C can be observed from
the profile of the Pt/CeO,. The latter low temperature peak can
be ascribed to the reduction of the Pt—O—Ce structure.[®>-”] The
H,-TPR result indicates that CeO, can be partially reduced in
the presence of Pt at a much lower temperature, which is due
to the strong hydrogen dissociation and spillover effect from Pt
to CeO, accompanied with the formation of more oxygen vacan-
cies (Ce**—Ce** + oxygen vacancy).”*73] Therefore, we believe
that the size of Pt deposited on the surface of CeO, increases
with temperature during the reduction process, and it is easier
to dissociate hydrogen gas under the action of hydrogen over-
flow, which catalyzes and stabilizes the oxygen vacancies of CeO,.
Therefore, the CeO, can be reduced at low-temperature to obtain
the high active and stable Pt/CeO,_,.

Note that the reduced CeO,_, species with abundant oxygen
vacancies are highly active and unstable, which is easy to be oxi-
dized again once it is exposed to air. The deposition of Pt species
can stabilize the formed oxygen vacancies on surface of CeO,_,
NRs. To further verify this, the antioxidant capacity of reduced
CeO,_,-Rand Pt/CeO,_,-R was also calculated based on the den-
sity functional theory (DFT) by comparing the O, dissociation
barrier over the two reduced nanozymes. The result show that
O, dissociation barrier over Pt/CeO,_,-R is 2.72 eV (Figure 3h),
which is much higher than that of over CeO,_,-R (1.71 eV), sug-
gesting that Pt/CeO,_,-R possesses stronger antioxidant capac-
ity. This result indicates that the decoration of Pt clusters on
CeO,_, can not only promote the formation of oxygen vacan-
cies by the strong hydrogen dissociation and spillover capability
(Figure 3i), but also can stabilize the formed oxygen vacancies by
resisting oxidation by air. Conversely, oxygen vacancies can also
stabilize the Pt by strong metal-support interactions preventing
their agglomerations.[”174)

2.2. Catalytic Properties Pt/CeO, and Pt/CeO,_, for ROS
Generation and Enhancement Mechanisms

Since both the oxygen vacancy-rich CeO,_, and Pt nanoclus-
ters are highly active nanozymes, the Pt/CeO,_, is expected to
present excellent enzyme-like catalytic activity for ROS genera-
tion. To this end, the peroxidase-like activity of CeO,, Pt/CeO,,
and Pt/CeO,_, was first assayed in the typical H,0,-3,3",5,5"-
tetramethylbenzidine (TMB) catalytic systems, which can be ox-
idized by -OH to form oxidized-TMB (ox-TMB) with character-
istic absorbance at 652 nm.I”>’%l The -OH generation efficiency
mediated by the Fenton reaction determines the catalytic per-
formance. Therefore, we monitored the -OH generation effi-
ciency of the representative CeO,, Pt/CeO,, and Pt/CeO,_, us-
ing TMB (Figure 4a; Figure S13, Supporting Information). The
negligible absorbance was observed in CeO, group (Figure S13a,
Supporting Information), while the absorbance in Pt/CeO,_,-
350R group demonstrated the most significant enhancement
with time (Figure 4a; Figure S13, Supporting Information), ap-
proximately twice as that in Pt/CeO, group (inset of Figure 4a),
suggesting that the optimized Pt/CeO,_,-350R exhibits an amaz-
ing -OH production capacity. The generated -OH was further
detected using terephthalic acid (TA). Figure 4b indicated the
fluorescence intensity of TA in CeO,, Pt/CeO,, and Pt/CeO,_,-
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350R solutions, in which Pt/CeO,_,-350R produced the most
ROS, as evidenced by the higher fluorescence intensity of TAOH
at 432 nm. Moreover, EPR spectroscopy was employed to fur-
ther validate the generation of -OH using 5,5-dimethyl-1pyrroline
N-oxide (DMPO) as the specific spin trap reagent. Particularly,
stronger -OH signal can be detected at Pt/CeO,_,-350R group
compared with Pt/CeO, and CeO, groups (Figure 4c), which is
consistent with the TMB and TA results. The suitable oxygen va-
cancy concentration, Pt particle size, and physical parameters of
Pt/CeO,_,-350R lead to its optimized catalytic performance. Be-
sides, the kinetic parameters were also determined via TMB as-
say by changing the H, 0O, concentration at Pt/CeO,_,-350R con-
centration of 100 ug mL~! (Figure S14, Supporting Information).
The V,,, and K, of Pt/CeO,_,-350R are calculated to be 2.95 x
107¢ M s7! and 0.45 mwm (Figure 4d,e), respectively. Compared
with the other reported nanomaterials (Table S1, Supporting In-
formation), Pt/CeO,_,-350R presented higher V, . and lower
K., proving its excellent catalytic efficiency.

To further explore the high peroxidase-like catalytic mech-
anism of Pt/CeO,_,-350R and gain deep insights into the
synergistic catalytic mechanism between Pt nanoclusters and
oxygen vacancies, DFT calculations were used to calculate the
free energy of CeO,, Pt/CeO, and Pt/CeO,_,-R. Figure 4f is the
free-energy profiles for the peroxidase-like reactions and the
corresponding configuration can be found in Figure S15, Sup-
porting Information. The dissociation of H,O, entity into 20H*
intermediate on bare CeO, is an uphill process (also the rate
determining step, RDS, Figure 4f), indicating the poor activating
capability of bare CeO, toward H,0,. Even if H,0, dissociation
on bare CeO, is thermodynamically possible in whole, it is con-
fronted with a higher activation barrier (0.90 eV). By contrast, the
dissociations of H,0, on both Pt/CeO, and activated Pt/CeO,_,-
R are the dramatic downbhill processes, which is especially true
for Pt/CeO,_,-R. The free energies were calculated to be —3.99
and —4.90 eV for Pt/CeO, and Pt/CeO,_,-R nanozymes, respec-
tively, suggesting that H,0, molecule is readily adsorbed and
dissociated on the constructed Pt-CeO, interfacial sites, which
activate this reaction spontaneously from the thermodynamic
viewpoint. Note that the dissociation of H,0, on Pt/CeO,_,-R is
the most favorable in thermodynamics. The distinct dissociation
processes strongly demonstrate the indispensable role of Pt,
and favorable effects of the constructed nearby oxygen vacancies
by hydrogen treatment. The corresponding configurations at
various stages catalyzed by Pt/CeO,_,-R are also shown in
Figure 4g, involving the electron transfer from TMB substrates
to the nanozymes, the formation of oxTMB, and the proton
transfer from the acidic reaction medium.[””! The remarkably
enhanced catalytic efficiency can also be verified by the d-band
center results. The calculated d-band center of Pt/CeO,_,-R is
—2.59 eV (Figure 4i), which is closer to the Fermi level than that
of Pt/CeO, counterparts (Figure 4h), indicating the stronger ad-
sorption interaction of H,O, on the Pt/CeO,_,-R surfaces. These
theoretical and experimental results clearly demonstrate that
Pt/CeO,_,-R with rich and stable oxygen vacancies exhibit higher
peroxidase-like performance due to the remarkable synergistic
effect between Pt and oxygen vacancy, which can be poten-
tially used as an effective catalytic therapy reagent for cancer
therapy.

ax
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Figure 4. |dentification of -OH generation and DFT calculation results. a)

UV-vis absorption spectra of TMB solution in tris-HCl buffer solution (pH

5.4) treated with Pt/CeO,_,-350R in the presence of H,0,. (Inset is the relative UV—vis absorption intensity at 650 nm treated with CeO,, Pt/CeO,, and
Pt/CeO,_,-350R). b) Fluorescence spectra of TA in tris-HCl buffer solution (pH 5.4) oxidized by -OH generated from the reactions between Pt/CeO,_,-
350R and H,0, (inset is the relative fluorescence intensity at 422 nm treated with CeO,, Pt/CeO,, and Pt/CeO,_,-350R). c) EPR spectra of CeO,,
Pt/CeO,, and Pt/CeO,_,-350R in coexistence with H,O, (H,0, alone is shown as control) in tris-HCl buffer solution (pH 5.4). d) Michaelis—Menten
kinetics and e) Lineweaver—Burk plots of Pt/CeO,_,-350R in coexistence with H,O, in tris-HCl buffer solution (pH 5.4). f) The free-energy diagrams for
the peroxidase (POD)-like catalysis mechanism on CeO,, Pt/CeO,, and Pt/CeO,_,-R. g) The catalytic mechanism along the POD-like reaction path over
the Pt/CeO,_,-R. The density of state (DOS) of the h) Pt/CeO, and i) Pt/CeO,_,-R and the corresponding d band centers of the elements.

2.3. PEG Modification

To enhance the stability and biocompatibility of Pt/CeO,_,-350R
under physiological environment, polyethylene glycol (PEG) was
utilized to modify its surface. The confirmation of the modi-
fication of Pt/CeO,_,-350R by PEG was achieved through the
utilization of Fourier transform infrared (FTIR) spectroscopy.
As shown in Figure S16a, Supporting Information, the spectra
of Pt/Ce0,_,-350R-PEG showed three characteristic absorption
peaks at 3411, 1384, and 1242 cm™!, which is attributed to the
vibration of —OH, C—0—C, and Ce—O, respectively, demonstrat-
ing the successful PEG modification on the surface of Pt/CeO,_,-
350R. The loading rate of PEG was calculated to be 42.13%
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according to the thermogravimetric analysis (TGA) measure-
ment (Figure S16b, Supporting Information). Using the dy-
namic light scattering (DLS) technique, the hydrodynamic sizes
of Pt/CeO,_,-350R and Pt/CeO,_,-350R-PEG were determined
to be around 190.1 + 5.7 and 220.1 + 5.9 nm (Figure S17a,
Supporting Information), respectively. Importantly, the size of
Pt/CeO,_,-350R-PEG in different media (water, PBS, and high
glucose Dulbecco’'s modified Eagles medium (DMEM)) was
found to remain the same over a period of 2 weeks (Figure S17b,
Supporting Information), thereby signifying their dispersion sta-
bility in the long term. In addition, the zeta potential value
was also used to evaluate the stability of Pt/CeO,_,-350R before
and after the modification of PEG. As shown in Figure S17c,
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Figure 5. In vitro catalytic therapy effects on 4T1 cells. a) Cell viability of 4T1 cells incubated with various concentrations of CeO,-PEG, Pt/CeO,-PEG,
and Pt/CeO,_,-350R-PEG. Data are presented as mean values + s.d. (n = 3). b) The absorption spectra of the RBCs supernatant after being treated
with H20, PBS, and different concentrations of the Pt/CeO,_,-350R-PEG. c) Hemolysis rate of Pt/CeO,_,-350R-PEG at different concentrations. Inset:
The photographs of the samples of H20, Pt/CeO,_,-350R-PEG (12.5, 25, 50, 100, and 200 ug mL—1), and PBS from left to right. Data are presented as
mean values + s.d. (n = 3). d) Cell viability of 4T1 cells after different treatments. Data are presented as mean values + s.d. (n = 3). e) The quantitative
apoptosis analysis of 4T1 cells handled with different formulations. f) Fluorescence intensity ratio of JC-1 red and green fluorescence of 4T1 cells after
various treatments. Data are presented as mean values + s.d. (n = 3). g) Fluorescence intensity ratio of AO red and AO green fluorescence of 4T1 cells
after various treatments. Data are presented as mean values + s.d. (n = 3). h) Western blot images and i) corresponding intensity of the expression of

Bcl-2, Bax, and Caspase 3 proteins after different treatments.

Supporting Information, the zeta potential of Pt/CeO,_,-350R
in water was measured to be —23.5 + 1.6 mV, which is similar
with that of Pt/CeO,_,-350R-PEG (—24.3 + 1.4 mV). The zeta po-
tentials of Pt/CeO,_,-350R-PEG in PBS and DMEM were close
to those in water (Figure S17c, Supporting Information), sug-
gesting that PEG can enhance the stability and biocompatibility
of Pt/CeO,_,-350R under the physiological environment, which
will be beneficial for the subsequent SDT treatment.

2.4. In Vitro Catalytic Therapy Studies Performed on 4T1 Cells
Encouraged by the above exciting results, we further evalu-

ated the -OH production performance of Pt/CeO,_,-350R-PEG
in vitro. First, the cytotoxicity of CeO,-PEG, Pt/Ce0O,-PEG and

Adv. Healthcare Mater. 2023, 12, 2302056 2302056 (8 of 13)

Pt/CeO,_,-350R-PEG was assessed with 4T1 cells by the clas-
sical methyl thiazolyl tetrazolium (MTT) assay. As shown in
Figure 5a, the cell survival rates were all above 95%, even at
concentration up to 100 pg mL~', demonstrating that all ma-
terials exhibited excellent biocompatibility. In Figure S18, Sup-
porting Information, H,O, alone displayed negligible cytotox-
icity even at the concentration of 1 mm. The hemolysis rate
of Pt/CeO,_,-350R-PEG was detected to verify its biocompat-
ibility. It was found that the hemolysis rates of Pt/CeO,_,-
350R-PEG with different concentrations are all less than 2%
(Figure 5b,c), indicating that Pt/CeO,_,-350R-PEG are safe to
be used in vivo. Since sufficient intracellular accumulation
of nanomaterials is a prerequisite for effective treatment, the
cellular uptake of Pt/CeO,_,-350R-PEG was studied on 4T1
cells. In Figure S19, Supporting Information, the intense red
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fluorescence signal from Rhodamine B (RhB)-labeled Pt/CeO,_ -
350R-PEG was found in the cells at 8 h, indicating the effec-
tive cellular uptake of Pt/CeO,_,-350R-PEG. After confirming
the biocompatibility and effective cell uptake of Pt/CeO,_,-350R-
PEG, the in vitro therapeutic effects were assessed by MTT as-
say. As shown in Figure 5d, CeO,-PEG group did not display
any cytotoxicity, while Pt/CeO,-PEG and Pt/CeO,_,-350R-PEG
groups exhibited significant dose-dependent cytotoxicity. Com-
pared with Pt/CeO,-PEG, the cell killing effect of Pt/CeO,_,-
350R-PEG was remarkably enhanced, and the cell survival rate
was only 15% at 50 ug mL™', which was attributed to the ex-
cellent catalytic performance of Pt/CeO,_,-350R-PEG. Subse-
quently, the effectiveness of catalytic therapy was verified with cal-
cein acetoxymethyl ester and propidium iodide (Calcein-AM/PI,
Figure S20, Supporting Information). Clearly, the cells in the
DMEM or CeO,-PEG group showed intense green fluorescence,
implying ignorable cell damage. Comparatively, there were obvi-
ous dead cells in Pt/CeO,-PEG and Pt/CeO,_,-350R-PEG groups
as red fluorescence could be observed. Particularly, the num-
ber of dead cells in Pt/CeO,_,-350R-PEG group was significantly
higher than that in Pt/CeO,-PEG group, which was consistent
with the results of MTT assay. To further explore the mechanism
of Pt/CeO,_,-350R-PEG-induced cell death, a fluorescent probe
2',7’-dichlorofluorescein diacetate (DCFH-DA) was chosen to as-
sess the intracellular -OH production. In Figure S21, Supporting
Information, the strong green fluorescence signal was observed
in cells treated with Pt/CeO,_,-350R-PEG, while the weak fluo-
rescence was emitted in the control, CeO,-PEG, and Pt/CeO,-
PEG groups, suggesting that Pt/CeO,_,-350R-PEG could induce
cell death by generating -OH. Additionally, apoptosis assay was
conducted by flow cytometry with Annexin V-fluorescein isoth-
iocyanate (Annexin V-FITC)/PI fluorescence probe. The results
demonstrated that Pt/CeO,_,-350R-PEG induced the most sig-
nificantly catalytic therapy-related cell apoptosis, and the apop-
tosis rate was up to 90.63% (Figure 5e; Figure S22, Supporting
Information).

Mitochondria are important organelles related to cellular en-
ergy conversion and apoptosis, which are susceptible to damage
by ROS, resulting in the change of mitochondrial membrane
potential (MMP). Therefore, the 5,5’,6,6'-tetrachloro-1,1"-3,3’-
tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) probe was
applied to directly reflect ROS-induced mitochondrial dysfunc-
tion. Compared with control and CeO,-PEG groups, Pt/CeO,-
PEG or Pt/CeO,_,-350R-PEG treated cells exhibited the higher
ratio of Red/Green (R/G) fluorescence intensity. Particularly,
Pt/CeO,_,-350R-PEG led to the greatest R/G increase for 4T1
cells, owing to the production of -OH and significant mitochon-
drial dysfunction (Figure 5f; Figure S23, Supporting Informa-
tion). Then, acridine orange (AO) probe was further used to mon-
itor the lysosome destruction of 4T1 cells. As shown in Figure 5g
and Figure S24, Supporting Information, the Pt/CeO,_,-350R-
PEG group displayed strong green fluorescence signal in the
whole cytoplasm, and the red fluorescence signal nearly disap-
peared, indicating severe oxidative injury to 4T1 cells. Based on
the above results, we further investigated the cytotoxicity mecha-
nism by Western blot. As shown in Figure 5h,i, Bax and Caspase
3 proteins were significantly increased and Bcl-2 protein was de-
creased in cells treated with Pt/CeO,-PEG and Pt/CeO,_,-350R-
PEG compared with cells treated with CeO,-PEG. Noticeably, the

Adv. Healthcare Mater. 2023, 12, 2302056 2302056 (9 of 13)

www.advhealthmat.de

expression of Bax and Caspase 3 proteins was the highest, while
the Bcl-2 protein was the lowest when cells were treated with
Pt/CeO,_,-350R-PEG, which is ascribed to the superior enzyme-
like catalytic therapeutic efficacy.

2.5. In Vivo Catalytic Therapy Treatment

Inspired by the excellent in vitro catalytic therapy results, we
were encouraged to carry out a series of animal experiments
to further evaluate the therapeutic efficiency in vivo. First, the
biodistribution of Pt/CeO,_,-350R-PEG was studied in vivo. Af-
ter intravenous injection of Pt/CeO,_,-350R-PEG, the main or-
gans and tumors of mice were collected at different time points
and the Ce level was tested by inductively coupled plasma-atomic
emission spectrometry (ICP-AES). As expected, the Pt/CeO,_,-
350R-PEG was significantly accumulated at tumor and reached
the maximum accumulation at 8 h post-injection (Figure 6a).
Moreover, the pharmacokinetics analysis of the Pt/CeO,_,-350R-
PEG was conducted by measuring the concentration of Ce in
blood at different time points post-injection, and the blood cir-
culation half-life is 0.22 h (t; ) and 7.52 h (t,, ), presenting
a two-compartment model. The long blood circulation time con-
firmed that Pt/CeO,_,-350R-PEG could effectively accumulate at
the tumor site (Figure 6b). The clearance rate of Pt/CeO,_,-350R-
PEG was calculated to be 0.0129 L/h.l”¥) When the tumor volume
reached 80 mm?, the mice were divided randomly and treated
with PBS, CeO,-PEG, Pt/CeO,-PEG, and Pt/CeO,_,-350R-PEG,
respectively. The tumor volume of each mouse was monitored ev-
ery 2 days. As shown in Figure 6¢,d, rapid tumor growth appeared
in mice treated with PBS and CeO,-PEG, while the tumor growth
of mice treated with Pt/CeO,-PEG was moderately inhibited. Ex-
citingly, the tumors in Pt/CeO,_,-350R-PEG group were signif-
icantly ablated without recurrence during the treatment period,
suggesting the excellent anti-tumor efficacy of Pt/CeO,_,-350R-
PEG. The representative photos of corresponding mice also con-
firmed the above results (Figure 6e; Figure S25, Supporting Infor-
mation). After 16 days of treatment, all the mice were sacrificed,
and tumor tissues were collected. Average tumor weight and the
representative photos of corresponding tumors confirmed the
excellent therapeutic effect of Pt/CeO,_,-350R-PEG (Figure 6f;
Figure S26, Supporting Information). To quantitatively verify the
nanozyme-catalyzed therapeutic efficiency responsible for anti-
neoplastic performance, the tumor growth inhibition (TGI) rate
was calculated (Figure 6g). Interestingly, Pt/CeO,_,-350R-PEG
caused the highest tumor inhibition ratios of 94.49% on 4T1
tumor-bearing mice, which was evidently higher than that of the
Pt/CeO,-PEG (53.88%) and CeO,-PEG groups (3.86%).

In addition, the survival time of each 4T1 tumor-bearing nude
mouse in all groups was also recorded to evaluate the ther-
apeutic effect in vivo. Benefiting from the outstanding ther-
apeutic performance, the survival rate of mice administrated
with Pt/CeO,_,-350R-PEG was much longer than those treated
with PBS, CeO,-PEG, and Pt/CeO,-PEG (Figure 6h). As shown
in Figure S27, Supporting Information, there was no obvious
body weight change in all mice during the experiment period,
which indicates the negligible side effects of materials. Fur-
thermore, H&E staining experiments were performed to assess
the cellular damage degree and necrosis level. In Figure S28,
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Figure 6. In vivo catalytic therapy effects of Pt/CeO,_,-350R-PEG conducted on 4T1 tumor-bearing mice. a) Biodistribution of Pt/CeO,_,-350R-PEG in
main organs and tumors after intravenous injection for 4, 8, 12, 24, 36, and 48 h. Data are presented as mean values + s.d. (n = 3). b) Blood circulation
curve of Pt/CeO,_,-350R-PEG determined by Ce concentration in the blood of mice at different time points post-injection. Data are presented as mean
values + s.d. (n = 3). c) Relative tumor volumes and d) individual tumor growth curves of 4T1 tumor-bearing mice after various treatments. Data are
presented as mean values + s.d. (n = 6). e) Representative photos and f) average tumor weight of 4T1 tumor-bearing mice with different treatments
for 16 days. Data are presented as mean values = s.d. (n = 6). g) Tumor inhibition rates of 4T1 tumor-bearing mice after different treatments. Data are
presented as mean values + s.d. (n = 6). h) Survival rates of 4T1 tumor-bearing mice after different treatments. One-way ANOVA was used to analyze

statistical differences: *p < 0.05, **p < 0.01, ***p < 0.001.

Supporting Information, compared with PBS, CeO,-PEG, and
Pt/CeO,-PEG, Pt/Ce0,-350R-PEG induced nuclear shrinkage
and fragmentation to the largest extent. Similar results were
also observed in the Ki-67 (Figure S29a, Supporting Informa-
tion) and terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL)
staining images (Figures S29b and S30a, Supporting Informa-
tion). Pt/CeO,_,-350R-PEG treatment also resulted in higher
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level of apoptotic protein Caspase 3, and a large apoptosis
area was seen in tumor section (Figures S29c and S30b, Sup-
porting Information). Moreover, the excellent antitumor effi-
cacy of Pt/CeO,_,-350R-PEG-mediated catalytic therapy is fur-
ther validated by dihydroethidium (DHE) staining. As shown
in Figures S29d and S30c, Supporting Information, remarkable
red fluorescence of DHE could be found in Pt/CeO,-350R-PEG
group, confirming a high level of ROS generation.
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Furthermore, a series of biosafety experiments were per-
formed. After intravenous injection of Pt/CeO,_,-350R-PEG, no
apparent tissue damage was observed in major organs includ-
ing the heart, liver, lung, spleen, and kidney (Figure S31, Sup-
porting Information), demonstrating its excellent biosecurity.
To further evaluate the biocompatibility and immune response
of Pt/CeO,_,-350R-PEG, the blood routine examinations were
carried out to measure the levels of the relative indexes after
1 and 16 days post-injection. Figure S32, Supporting Informa-
tion, exhibits that the levels of the relative indexes (such as ala-
nine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea (UREA), creatinine (CREA), white blood cell count
(WBC), hemoglobin (HGB), platelet count (PLT)) in mice treated
with Pt/CeO,_,.-350R-PEG were as similar as those in control
group, suggesting that there was no evident infection or inflam-
mation caused by Pt/CeO,_,-350R-PEG. We also investigated the
excretion of Pt/CeO,_,-350R-PEG in mice. In Figure S33, Sup-
porting Information, Pt/CeO,_,-350R-PEG could be excreted via
feces and urine, strengthening its application as nanozyme for
catalytic therapy.

3. Conclusion

In summary, we have successfully realized the regulation of oxy-
gen vacancies and electronic structure of Pt via reduction of CeO,
NRs supported Pt nanoclusters/SAs by H, gas under mild tem-
perature (350 C) to prepare Pt/CeO,_,-350R as a highly active
nanozyme for catalytic therapy. The ALD-deposited Pt nanoclus-
ters/SAs onto CeO, not only facilitate the production of oxygen
vacancies through the hydrogen spillover effect during the re-
duction process but also stabilize the resulting oxygen vacancies.
Simultaneously, the oxygen vacancies provide binding sites for
Pt nanoclusters to establish strong metal-support interactions,
thereby preventing their coalescence and enhancing their cat-
alytic activity. Importantly, the Pt/CeO,_,-350R exhibited supe-
rior catalytic activity for ROS generation, outperforming the as
prepared CeO, NRs (~27.4 times) and Pt/CeO, (~2.3 times). The
remarkable enzyme-mimic catalytic performance of Pt/CeO,_,-
350R can be attributed to the superior catalytic properties of
defect-rich CeO,_, and Pt nanoclusters. After PEG modification,
the Pt/CeO,_,-350R presented the excellent performance to pro-
duce toxic ROS in the TEM, thereby triggering cell death in vitro
and tumor ablation in vivo. Our study provides a promising ap-
proach for design of nanozymes with exceptional performance
based on metal oxide/noble metal nanocomposites. We believe
that the strategy of stable and synergistic interaction between
metal and oxygen vacancies is also suitable for tuning metal ox-
ides for other cancer therapeutic strategies, such as sonodynamic
therapy, photothermal therapy, and radiation therapy.

Supporting Information
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