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Introduction: Hepatic ischemia-reperfusion injury (HIRI) is the main reason for liver dysfunction or failure after liver resection and
liver transplantation. As excess accumulation of reactive oxygen species (ROS) is the leading factor, ceria nanoparticle, a cyclic
reversible antioxidant, is an excellent candidate for HIRI.

Methods: Manganese doped mesoporous hollow ceria nanoparticles (MnO,-CeO, NPs) were prepared, and the physicochemical
characteristics, such as particle size, morphology, microstructure, etc. were elucidated. The in vivo safety and liver targeting effect
were examined after i.v. injection. The anti-HIRI was determined by a mouse HIRI model.

Results: MnO,-CeO, NPs with 0.40% Mn doped exhibited the strongest ROS-scavenging capability, which may due to the increased
specific surface area and surface oxygen concentration. The nanoparticles accumulated in the liver after i.v. injection and exhibited
good biocompatibility. In the HIRI mice model, MnO,-CeO, NPs significantly reduced the serum ALT and AST level, decreased the
MDA level and increased the SOD level in the liver, prevent pathological damages in the liver.

Conclusion: MnO,-CeO, NPs were successfully prepared and it could significantly inhibit the HIRI after i.v. injection.
Keywords: hepatic ischemia reperfusion injury, Mn-doped mesoporous hollow cerium oxide nanoparticles, oxidative stress

Introduction

Hepatic ischemia reperfusion injury (HIRI) is one of the important complications of liver surgeries, such as liver
resection and liver transplantation and it is the main reason for liver dysfunction or failure. Pringle maneuver is
commonly used in liver surgeries to interrupt the hepatic blood flow so as to avoid massive bleeding. The ischemic
liver gets injured when the blood flow is restored after surgery.' Various factors and mechanisms, such as reactive oxygen
species (ROS) accumulation, cellular anaerobic metabolism, calcium overload, cytokines over-expression, etc., can lead
to hepatocyte injury and death. Among them, the massive accumulation of ROS is generally considered to be the most
important factor.>®> ROS such as H,0,, ‘O,  and ‘OH can severely damage the structure and function of the cell via
reacting with various cellular components, such as lipids, proteins and nucleic acids. It can also increase the cell
permeability via lipid peroxidation,” accelerate the cell apoptosis or necrosis.’

There is no pharmacological management for HIRI in the clinic. Since ROS is the primary factor for HIRI,
antioxidants, which can scavenge ROS has become one of the main research areas for HIRI. Small-molecule antioxidants
such as glutathione, vitamin E, resveratrol, edaravone et, al., were reported to attenuate the ischemia-reperfusion injury
by removing ROS."® However, due to the weak anti-oxidant capacity, these small-molecules are easy to be oxidized and
exhibit limited efficacy towards HIRI. Therefore, developing pharmacological treatments that can efficiently and
persistently scavenge ROS is crucial for the prevention and treatment of HIRI.

International Journal of Nanomedicine 2023:18 2225-2238 2225
Received: 15 December 2022 © 2023 i et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 4 April 2023
Published: 26 April 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Si et al Dove

Graphical Abstract

Ce(NO), * 6H,0 f’« . "‘@ NaOH etching f’ ""% \\
> % ¢

2° », r
MnCl, - 4H,0 (5 - e

iv.
Silica sphere MnO,-Ce0,@SiO, NP MnO,-CeO, NP u

Passively distributed in the HIRI

- v'\Ce‘*)i
MnCL, HOx 4

| mesoporous hollow MnO,-CeO, NPs “,
| | \ P !
| H
* Increased specific surface area y 40 ,+ 2H*
‘OH : + Increased lattice distortion '
CeNO),; H + Increased surface defects
ot Improved catalytic efficiency '
A— . —H,0, 4
02 N { Codt) o
—-&y ALT, AST, MDA |
\ . I%
0,- H,0 SOD 1

Pathological damages |

As the Ce’ and Ce*" in nano ceria can reversibly converted to each other, ceria nanoparticles is a novel reversible
cyclic antioxidant that can efficiently scavenge various ROS.” Due to the excellent anti-oxidant properties of cerium
oxide nanoparticles, its inhibitory effect towards stroke,® neurodegenerative diseases,” acute kidney injury'® and other
ROS-related diseases has been confirmed by many studies.'' The catalytic efficiency of ceria nanoparticles is closely
related with the specific surface area and oxygen vacancy concentration.'> When the specific surface area gets larger, the
coordinated surface atoms are more unsaturated and the surface energy gets higher. Besides, the larger surface area leads
to expanded lattice and increased lattice defects, which results in more oxygen vacancies and enhanced catalytic activity.
In addition, when other metal elements are doped into nano ceria, the difference in radius and valence between the
doping metal ions and cerium leads to lattice distortion and surface defects, which results in a more concentrated oxygen
vacancy. Doping with other metal elements, such as Mn, Zr, and Pr, was confirmed to significantly enhance the catalytic
efficiency of nano ceria.'*"'” However, whether the improved catalytic efficiency of nano ceria will result in a better
in vivo anti-oxidant and anti-HIRI effect still needs to be assured.

In this study, manganese-doped mesoporous hollow ceria nanoparticles (MnO,-CeO, NPs) were synthesized and
physiochemically characterized; the relationship between the ROS scavenging efficiency and its structure and composi-
tion was clarified; the biodistribution of MnO,-CeO, NPs in mice after intravenous injection was analyzed by ICP-MS;
the in vivo anti-HIRI effect of the nanoparticles was evaluated via a mouse HIRI model. Our study represented the first
systematic study of applying mesoporous hollow MnO,-CeO, NPs to inhibit HIRI and it will set the stage for further
optimization of CeO, nanoparticles.
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Materials and Methods

Materials

Ce(NO3);-6H,0 and DMPO were purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Methyl
violet was bought from Beijing Chemical Industry Group Co., Ltd (Beijing, China). FeSO4-7H,O was bought from
Meryer Co., Ltd (Shanghai, China). TEOS and MnCl,.4H,0 were purchased from Macklin Biochemical Co., Ltd
(Shanghai, China). CheKine™ MDA quantitation kit was bought from Abbkine Scientific Co., Ltd (California, USA).
SOD quantitation kit was acquired from Nanjing Jiancheng Biotechnology Co. Ltd (Nanjing, China).

Synthesis of SiO, Nanoparticles

48 mL of ethanol, 8 mL of water and 2 mL of ammonia were mixed in a round bottom flask, to which, 5 mL of TEOS
and 50 mL of ethanol were subsequently added. After stirring at room temperature for 24 hours, the mixture was
centrifuged at 8000 rpm for 10 minutes and the precipitate was washed twice with water and ethanol. Next, the resulted
precipitate was dried at 65°C for 6 h to obtain SiO, nanoparticles.

Synthesis of SiO,@MnO,-CeO, Nanoparticles

300 mg of SiO, nanoparticles were dispersed in 43 mL of glycol with ultrasonication, to which, 2.25 mL of cerium
nitrate and manganese chloride mixed solution was added and stirred for 30 minutes. Next, the mixture was transferred
into a high-pressure reactor and incubated in 130°C for 15 hours. After cooling to room temperature, the sample was
centrifuged at 12,500 rpm for 10 minutes and the precipitate was washed with ethanol. Next, the resulted precipitate was
freeze dried and SiO,@MnO-CeO, nanoparticle was obtained. SiO,@CeO, nanoparticles was synthesis with a same
method without adding manganese chloride.

Preparation of Mesoporous MnOx-CeO, Nanoparticles

70 mg of SiO,@MnO,-CeO, nanoparticles were dispersed in 30 mL of H,0, to which, 1 mL of 2.5 M NaOH was added.
Next, the mixture was heated to 50°C and stirred for 2 hours before centrifugation at 3200 rpm for 10 minutes. The
precipitate was subsequently washed with water and ethanol before being freeze dried. Mesoporous CeO, nanoparticles
were prepared with a same method.

‘OH Scavenging Effect

The -OH scavenging effect of MnO4-CeO, nanoparticles with different Mn/Ce ratio was evaluated via a UV-Vis
method'® and an EPR method.” In the UV-Vis method, MnO,-CeO, NPs were first dispersed in a 0.1 M Tris-HCI
buffer (pH 4.7). Next, a mixed solution which contains 30 uM of methyl violet (MV), 0.15 mM of FeSQ,4, 100 mM of
H,0,, 2 pg'mL ™" or 20 pg'mL™" of MnO,-CeO, NP was prepared. The mixed solution was subsequently incubated in
37°C for 1 h before the spectrum at 400—700 nm was measured by a microplate reader (Shanpu, Shanghai, China). In the
EPR method, a mixed solution with 2 mM of H,0,, 100 mM of DMPO, 0.5 ug~mL71 of MnO,-CeO, NP and 1 mM of
FeSO, was prepared, which was immediately transferred into a capillary, and the EPR spectrum was measured and
recorded by Electron Paramagnetic Resonance Spectrometer (Bruker, Massachusetts, USA). The mixed solution without
MnO,-CeO, NP was considered as the control group.

Physicochemical Characterization

The contents of Ce and Mn in MnO,-CeO, NP was measured by an Inductively Coupled Plasma Mass Spectrometer
(NexIONTM 350D, PerkinElmer, Massachusetts, USA). The functional groups on SiO, NP, CeO, NP and MnO,-CeO,
NP were determined by a Fourier transform infrared spectrometer (8400S, Shimadzu, Kyoto, Japan). The crystal
structure of SiO, NP, CeO, NP and MnO,-CeO, NP were tested by an X-ray powder diffractometer (Shimadzu,
Kyoto, Japan) after the instrument was calibrated by the monocrystalline silicon powder. The morphology of SiO, NP,
CeO, NP and MnOy-CeO, NP were captured by a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan).
The micromorphology and element distribution of CeO, NP and MnO4-CeO, NP were observed by a Lorentz
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transmission electron microscope (Talos f200x, Thermo Fisher, Massachusetts, USA). The nitrogen adsorption/deso-
rption isotherms of CeO, NP and MnO4-CeO, NP were measured by an automatic adsorption instrument (ASAP 2020,
micromeritics, Georgia, USA), after which, the specific surface area and pore size distribution were calculated. The
molecular structure of CeO, NP and MnO,-CeO, NP was analyzed by a Raman spectrometer (DXR2xi, Thermo Fisher,
Massachusetts, USA).

Animals
BALB/C mice (male, 20 + 2 g) were purchased from the Laboratory Animal Service Center of Xi’an Jiaotong University.
All animal experiment procedures adhered strictly to the Laboratory animal-Guideline for ethical review of animal

welfare and were approved by the Animal Ethical Committee of the Xi’an Jiaotong University (approval number: SCXK
(Shaanxi) 2021-341).

Hemolysis Study

5 mL of fresh anticoagulated blood of rat was put in a test tube, which was subsequently centrifuged at 2000 rpm for 10
minutes. The plasma in the upper layer was withdrawn and normal saline was added into the tube to wash the blood cells
until the upper layer solution is clear. The red blood cells were obtained after the supernatant was discarded. Next, 1 mL
of packed red blood cells were added into 49 mL of normal saline to obtain a 2% (v/v) red blood cell suspension.
Different concentrations of MnO,-CeO, NPs (100, 200, 400, 800 pg/mL) in normal saline were added to the 2% red
blood cell suspension and incubated at 37°C for 3 h before being centrifuged at 2000 rpm for 10 minutes. The image of
the supernatant was taken and the absorbance at 545 nm was measured. The one incubated in normal saline was
considered as the negative control and the one incubated in the deionized water was considered as the positive control.
The hemolysis rate of the blood cells was calculated according to the following formula:

Ai—Aq
Hemolysis ratio(%) = t—A x100%

P n

In which, At, An and Ap were the absorbance of the MnO,-CeO, NPs, negative control and positive control.

In vivo Safety Study

Normal saline or different concentrations of MnO,-CeO, NPs (1.25, 2.50, 5.00 mg-kg ') were intravenously injected into
the healthy BALB/C mice once a day for two days. The mice were sacrificed 1 day and 28 days after injection before the
blood, heart, liver, spleen, lung and kidney were collected. BC-2800vet automatic animal blood cell analyzer (Minray,
Shanghai, China) was used to conduct the routine blood analysis. Next, the blood samples were centrifuged at 3000 rpm
for 10 minutes before the serum was collected. The level of alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) in serum was determined by a biochemical automatic analyzer (Rayto Life Technology, Shenzhen, China).
The organs were immersed into 4% paraformaldehyde solution overnight before being embedded in to the paraffin. Next,
the organs were sectioned, stained with hematoxylin and eosin for histopathological analysis.

Biodistribution

MnO,-CeO, NPs were injected into the tail vein of BALB/C mice (1 mg-kg ') and the mice were sacrificed 1 hours, 3
hours, 6 hours, and 12 hours later, respectively, before the blood, heart, liver, spleen, kidney and lung were collected.
Next, the blood and organs were digested with a mixed solution of nitric acid and hydrogen peroxide (3:1) before the Ce
content was detected by ICP-MS (PerkinElmer, Massachusetts, USA).

In vivo Anti-HIRI Study
Mouse HIRI| Model Establishment

Fifty BALB/C mice were randomly divided into the following 5 groups (10 mice/group): sham group, HIRI + saline
group, HIRI + MnO4-CeO, NP treatment group (0.25, 0.50, 1.00 mg~kg71). MnO,-CeO, NPs or normal saline were
intravenously injected into the mice one day and 1 hour before the surgery, respectively. Next, a mouse HIRI model was
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built based on a method reported before.?’ Briefly, the mouse was anesthetized with intraperitoneal injection of 1.5%
sodium pentobarbital (30 mg-kg ') before the abdomen was open via cutting a 1.5 cm incision along the midline of the
abdomen to make the liver exposed. The left hepatic artery, left hepatic duct and portal vein were subsequently occluded
with an atraumatic hemostatic clamp. The pale left and middle liver lobes indicate partial liver ischemia. 1 hour later, the
left and middle liver lobes turned red after the atraumatic hemostatic clamp was removed, which indicated the blood
reperfusion. The abdominal incision was sutured layer by layer and the mouse was kept at 37°C on a heating blanket. 6
hours later, the mouse was sacrificed before the blood and liver were collected. In the sham group, only abdominal
incision and suture were performed without blocking the blood flow of the liver.

ALT and AST Level in the Serum
The liver function was assessed by detecting the ALT and AST levels in the serum by a biochemical automatic analyzer
(Rayto Life Technology, Shenzhen, China).

Oxidative Stress Levels in Liver
The MDA and SOD levels in the liver were detected by using a lipid peroxidation (malondialdehyde) assay kit and
a superoxide dismutase (SOD) assay kit based on the manufacturer’s instructions.

Histopathological Analysis
The liver was fixed in 4% paraformaldehyde solution overnight before being embedded in to the paraffin. Next, the
organs were sectioned, stained with hematoxylin and eosin for histopathological analysis.*'

Statistical Analysis

All experiments were conducted in at least triplicate and results were presented as mean + standard deviations (SD).
Two-tailed Student’s t tests and ANOVA were used to compare differences among different groups and p < 0.05 was
considered to be statistically significant.

Results and Discussion
The Influence of Mn Doping Ratio on the ‘OH Scavenging Ability of MnO,-CeO, NPs

The MnO,-CeO, NPs was synthesized via depositing MnO, and CeO, on the surface of the Si nanoparticle, in which the
Si nanoparticle served as a mesoporous frame. As the oxygen vacancy concentration was reported to be increased when
Mn was doped into nano ceria with a doping ratio within 40%,>* therefore, MnO,-CeO, NPs with different Mn doping
ratios were prepared and the actual Mn% in the nanoparticles were investigated via ICP-MS. As shown in Table S1, the
Mn% increased as the amount of Mn added increased. However, the actual Mn% was only 4.4% when 40% MnCl, were
added in the synthesis process. The effect of doping ratio on the anti-oxidant properties was investigated with an anti-
methyl violet fading test and an EPR measurement so as to optimize the MnO,-CeO, NPs. In the anti-methyl violet
fading test, Fe*" catalyzed H,O, to generate hydroxyl radicals, which attacked the double bond of methyl violet (MV)
and made it fade. Therefore, the low absorbance indicated the existence of large amounts of hydroxyl radicals in the
system, which correlated well with our result (Figures 1 and S1). After being incubated for 1 h, the absorbance of H,0,
group was much lower than that of the H,O group. When MnO,-CeO, NPs were added, the absorbance was significantly
increased, which indicated the MnO,-CeO, NPs could scavenge hydroxyl radicals and thereby protect MVs from fading.
Next, the hydroxyl radical scavenging effect of CeO, NPs and MnO,-CeO, NPs with different doping ratio were
compared. As exhibited in Figure 1A, MnO,-CeO, NPs with a Mn doping ratio of 4.00% exhibited the highest
absorbance, which indicated that MnO,-CeO, NPs with a Mn doping ratio of 4.00% exhibited the highest hydroxyl
radical-scavenging effect.

An EPR measurement was also used to verify the hydroxyl radical scavenging ability of different MnO4-CeO, NPs.
As shown in Figure 1B, the multiple peaks with a height ratio of 1:2:2:1 are typical hydroxyl radical signals, whose
intensity are highly sensitive to the amount of hydroxyl radicals. In the group with only H,O, and FeSO,, strong EPR
signals could be observed. However, when 0.5 ug~mL71 CeO;, NP or MnO,-CeO, NP were added, the EPR signals were
significantly weakened and the EPR signals in MnO,-CeO, NP (4.00%) group exhibited the lowest amplitude. This result
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Figure | The influence of Mn doping ratio on the hydroxyl radical scavenging ability of MnO,-CeO, NPs. (A) anti-methyl violet fading test, (B) EPR test.

indicated that both CeO, NPs or MnO,-CeO, NPs exhibited good antioxidant capacity, among them, MnO,-CeO, NP
with a 4.00% Mn doping ratio exhibited the strongest hydroxyl radical-scavenging capability. This result correlated well
with the anti-methyl violet fading test. Therefore, in this study, MnO,-CeO, NP with a 4.00% Mn doping ratio was
selected, its physicochemical characteristics and therapeutic effect on HIRI was further investigated.

Physicochemical Characterization of MnO,-CeO, NPs
The particle size and morphology of MnO,-CeO, NPs were investigated via TEM and HRTEM. As shown in Figures 2
and S2, SiO, NPs were solid spherical nanoparticles with smooth surfaces and the diameter was about 160 nm. While
Si0,@MnO,-CeO, NPs and SiO,@CeO, NPs are solid spheres with rough surfaces, MnO4-CeO, NPs and CeO, NPs are
mesoporous hollow spheres with rough surfaces. The particle size of MnO,-CeO, NPs and CeO, NPs was about 220 nm,
and the deposit layer of both nanoparticles were about 20 nm. Lattice fringes were observed on the surface of
SiO,@MnO,-CeO, NPs, MnO,-CeO, NPs and CeO, NPs, the lattice spacing in these nanoparticles was 0.310 nm,
0.310 nm and 0.313 nm, respectively, which represent the standard lattice spacing of the (111) crystal plane of the cubic
Ce0,.2 The smaller lattice spacing in SiO,@MnO,-CeO, NP and MnO,-CeO, NP may be related to the decreased
crystallinity resulted from Mn doping. In addition, the intensity of diffraction rings in the SAED (selected area electron
diffraction) pattern of MnO,-CeO, NPs was much lower than that of SiO,@MnO,-CeO, NP, the (111), (220) and (311)
crystal planes corresponded to the cubic CeO,. In the EDX (energy dispersive X-ray spectroscopy) image of
Si0,@MnO,-CeO, NP, Si was observed to be distributed evenly in the center, Ce and Mn mainly distributed on the
surface, O was distributed in both center and surface. Therefore, Ce and Mn were deposited on the surface of SiO, in the
form of MnO, and CeO,. No obvious two-phase separation (separated cerium oxide or manganese oxide) could be
observed, which indicated the formation of a solid solution of manganese doped-cerium oxide. In the EDX diagram of
MnO,-CeO, NPs, Ce, Mn, O and Si were observed in the hollow spheres, which implied the combination of Si and Ce/
Mn or the SiO, wat not fully eroded by NaOH. In the EDX image of CeO, NPs, Ce, O and Si could be observed.
The crystalline structure of the nanoparticles was detected by XRD. The 2 Theta angle of the SiO, NP diffraction
peak is 21.8°, corresponding to the (111) crystal plane of SiO,, and the 2 Theta angle of the CeO, NP diffraction peak
was 28.5°, 33.1°, 47.5°, 56.4°, and 76.6°, respectively, corresponding to the (111), (200), (220), (311) and (331) crystal
planes of cubic CeO,. No Mn,O, related crystal planes were detected in MnO,-CeO, NPs, indicating that Mn*" may
entered the CeO, lattice and formed a stable solid solution. Besides, the (111) crystal plane of SiO, with weak diffraction
intensity could also be observed, implying the presence of SiO,, which was consistent with the EDX results.
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Figure 2 Physicochemical characterization of different nanoparticles. (A) The micromorphology of SiO,@MnO,-CeO, NPs, al and a2: HRTEM image, upper right was
a further enlarged image of the Orange rectangle part, a3: SAED mode image, a4: energy dispersive X-ray energy spectrum image. (B) The micromorphology of MnO,-CeO,
NPs, bl and b2: HRTEM image, upper right was a further enlarged image of the Orange rectangle part, b3: SAED mode image, b4: energy dispersive X-ray energy spectrum
image. (C) The micromorphology of CeO, NPs, c| and c2: HRTEM image, upper right was a further enlarged image of the Orange rectangle part, c3: SAED mode image, c4:
energy dispersive X-ray energy spectrum image. (D) Infrared spectrum. (E) X-ray diffraction spectrum.

Next, FTIR spectroscopy was used to determine the functional groups on the surface of nanoparticles. In SiO, NPs,
the broad absorption of hydroxyl and H-bonded silanol groups from 3600 cm ™' to 2650 cm ™', the absorption of hydroxyl
group at 1630 cm ™, the absorption of Si-O-Si at 1050 cm ' and 790 cm ™' and the characteristic absorption of Si-O- at
950 cm™ ' were observed. In SiO,@MnO,-CeO, NPs, the intensity of characteristic absorption peak of hydroxyl and
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H-bonded silanol groups from 3600 cm ™' to 2650 cm™ ' were weakened and absorption peaks of Si-O-Si and Si-O- still
exist, which proved the existence of SiO,. In MnO,-CeO, NPs and CeO, NPs, the Si-O-Si absorption peaks were greatly
weakened and the Si-O- characteristic absorption peak still could be observed, which indicated that SiO, was greatly
corroded by NaOH.

XPS was used to analyze the element composition of the nanoparticles and the valence state of different elements was
analyzed, in which C 1s orbital binding energy (284.8 eV) was used as a reference to correct the binding energy of other
elements. As shown in Figure 3A and B, the 3d 5/2 and 3d 3/2 spin orbits in Ce 3d were marked as v and u, 2
respectively. Among them, v, v'’, v'"’", u, u’’, u’"” were characteristic peaks of Ce4+; Vo, V', Ug and u” were characteristic
peaks of Ce**. This confirmed the coexistence of Ce*" and Ce®" in CeO, NPs and MnO,-CeO, NPs. By integrating the
peak areas of Ce®" and Ce*", the proportion of the two cations were obtained and the percentage of Ce®* in MnO4-CeO,
NPs and CeO, NPs was 21.4% and 23.7%, respectively, which did not decrease significantly after CeO, NPs were doped
with Mn. There was a broad peak containing two shoulder peaks (526.0~534.0 e¢V) in O 1s spectrum. Through peak-
differentiating and imitating, lattice oxygen species (528.9~529.5 eV, Op) and surface oxygen species (531.0~531.5 eV,
Oa) were obtained.”® The proportions of Oa and Op in MnO,-CeO, NPs and CeO, NPs were shown in Table 1. The
surface oxygen species (Oa) were reported to be more active than the lattice oxygen species (Of), owing to the higher
mobility. The proportions of Oa increased significantly after Mn were doped. Compared with CeO, NPs, the binding
energy of Oa and O peaks of MnO,-CeO, NPs shifted to lower values, which was a result of the chemical atmosphere
change of O after Mn doping. There were mainly 2p 3/2 and 2p 1/2 orbits in Mn spectrogram, however, the peak
intensity was too low to acquire an accurate result after peak-differentiating and imitating.

Both the CeO, NPs and MnO,-CeO, NPs exhibited a type IV isotherm with H1-type hysteresis (Figure 3C), which
indicated the existence of mesoporous structure in the nanoparticles.”® Bimodal pore size distribution was found in
MnO,-CeO, NPs (Figure 3D). As shown in Table 1, the specific surface area of MnO,-CeO, NPs was about
245.42 m*-g ', which was significantly higher than that of CeO, NPs (117.68 m?-g '). Therefore, after doping with
Mn, the specific surface area and the pore volume of the CeO, NPs was significantly increased and this result correlated
well with the improved ROS-scavenging effect of MnO,-CeO, NPs.

Raman spectroscopy was used to detect the change of oxygen species on the surface of the MnO4-CeO, NPs when it
was reacted with H,O, and the results are shown in Figure 3E. The Raman shift of MnO,-CeO, NPs was directly related
to the aggregation of oxygen species adsorbed on the surface and the defects in adsorption sites.”” The characteristic

! was observed in the Raman

vibrational peak (F2g) of cubic fluorite structure typical of ceria-based materials at 465 cm
spectrum of MnO,-CeO, NPs. The F2g peak was related to the symmetrical breathing vibration of the O atom around Ce.
The higher F2g peak intensity indicated more ordered lattice structure. After the addition of H,O,, the intensity of F2g
peak decreased, implying that the symmetrical breathing vibration of the O atom around Ce at the beginning of the
reaction was weakened and the arrangement of oxygen lattice structure was disordered. In addition, there were two new
peaks (0 minute) at 860 cm ' and 880 cm™' in the Raman spectra of MnO,-CeO, NPs, which was attributed to the
surface-adsorbed peroxide species®® (0,%) right after the addition of H,O,. Later, the peak at 880 cm ' gradually
disappeared and the peak at 860 cm™' was progressively weakened, which indicated the dissociation of O,* during the
reaction between MnO,-CeO, NPs and H,O,. The adsorption and dissociation of 0,> was considered as an antioxidant
cycle and H,O, was added again after one cycle to observe the cyclic catalytic property of the nanoparticles. As shown in
Figure 3F, the adsorption and dissociation of O,> were also observed in the second and third antioxidant cycles.

Therefore, MnO,-CeO, NPs could cyclically catalyze the decomposition of H,O,.

The Biocompatibility of the MnO,-CeO, NPs
In the hemolysis study, hemolysis could be observed in the positive control group, but there was no hemolysis in the
negative control group and the MnO,-CeO, NPs group (Figure 4A and B). The hemolysis rate of the MnO,-CeO, NPs
group was within 5%, indicating that MnO,-CeO, NP was quite safe for injection.

As MnO,-CeO, NPs with a maximum concentration of 500 pg/mL showed no cytotoxicity effect in the LDH assay,
the maximum dose in the in vivo toxicity study was calculated by the following formula: 500 pg/mL*0.1 mL/
10g=5.0 mg/kg, in which 0.1mL/10g means 0.1 mL nanoparticles was injected in mice with a weight of 10 g. ALT
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Figure 3 The valence state, specific surface area and oxygen vacancy of CeO, NPs and MnO,-CeO, NPs. (A) XPS spectra of CeO, NPs, (B) XPS spectra of MnO,-CeO,
NPs, (C) The nitrogen adsorption/desorption isotherm of CeO, NPs and MnO,-CeO, NPs, (D) BJH pore size distribution of CeO, NPs and MnO,-CeO, NPs, (E) In situ
Raman spectra of MnO,-CeO, NPs when it was reacted with H,O,, (F) In situ Raman spectra of the cyclic reaction of MnO,-CeO, NPs with H,O,.

and AST mainly exist in hepatocytes and they can be detected in the peripheral blood only in the circumstances of the
hepatocytes are damaged and ruptured. The higher level of ALT and AST indicates more severe hepatocytes damage. As
shown in Figures 4C and S3, the serum AST and ALT level in the MnO,-CeO, NP groups was within the normal range
and not significant different from the control. The result of the routine blood analysis was shown in Figure 4D. The
relevant data of leukocytes, lymphocytes, monocytes, and neutrophils (WBC, Lymph#, Lymph%, Mon#, Mon%, Gran#,
Gran%), erythrocyte-related data (RBC, HGB, HCT, MCV, MCH, MCHC and RDW) and platelet-related data (PLT,
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Table | The Parameters of Valence State and Mesoporous Structure in CeO, NPs and MnO,-CeO, NPs

[Oa] [OB] [Ce*'] SgeT Total Pore Pore Radius
(%) (%) (%) (m?g) Volume (nm)
(cm®lg)
CeO; NP 54.3 45.7 23.7 117.68 0.115 38.89
MnO,-CeO, NP 62.5 375 214 245.42 0.363 36.78

MPYV, PDW, PCT) in the blood of the MnO,-CeO, NPs group were not significantly different from the control group (P>
0.05), which indicated that the i.v. injection of MnO,-CeO, NPs did not cause any inflammatory response or significantly
affect the cells in the blood. There were also no acute or chronic pathological changes in the organ sections of mice
(Figure 4E). Therefore, MnO,-CeO, NPs exhibited good biocompatibility after being intravenously injected in the mice.

Biodistribution of the MnO,-CeO, NPs

As Mn is widely and naturally distributed in the body, especially liver, kidney and muscle, the biodistribution of MnOy-
CeO, NPs in mice after intravenous injection was evaluated by detecting the Ce levels in each organ via ICP-MS. As
shown in Figure S4, the nanoparticles mainly distributed in the spleen and liver, in which the concentration of Ce was
about 1 mg-kg ', which was much higher than that in the lung, kidney, blood and heart. Therefore, MnO,-CeO, NPs
exhibited a passive liver-targeting effect after intravenous injection.

Anti-HIRI Effect of MnO,-CeO, NPs

As the MnO,-CeO, NPs showed much better anti-oxidant effect in the in vitro studies, the anti-HIRI effect of MnO,-CeO,
NPs was further evaluated in a mice HIRI model. As shown in Figure 5, the ALT and AST level in the serum of the HIRI group
was significantly higher than that in the sham group (P<0.05), indicating the liver cells were damaged during the operation and
the mouse HIRI model was successfully established. The ALT level in the MnO,-CeO, NP group (0.50 mgkg ' and
1.00 mg-kg ") was significantly lower than that in the HIRI group (P<0.05) and the AST level in the 1.00 mg-kg ' MnO,-
CeO, NP group was significantly lower than that in the HIRI group (£<0.05), which indicated that MnO-CeO, NPs could
significantly alleviate the liver damage caused by ischemia-reperfusion. MDA is the final product of lipid metabolism and the
marker for lipid peroxidation, while SOD is a major intracellular antioxidant enzyme that catalyzes the conversion of
superoxide into hydrogen peroxide and oxygen. The MDA level in liver tissue of the HIRI group was significantly higher
than that of the sham group, the SOD level in the HIRI group was significantly lower than that of the sham group (P<0.05),
which was consistent with the ALT/AST results. When pretreated with 1 mg-kg™' MnO,-CeO, NPs, MDA level was
significantly decreased, SOD level was significantly increased, and they were not significantly different from the Sham
group. While, 0.50 mg-kg™' MnO,-CeO, NPs could only significantly reduce the MDA level. Therefore, MnO,-CeO, NPs
could alleviate the cell damage caused by oxidative stresses. In the H&E staining of the liver tissue sections, small and
irregular hepatocyte nuclei, disintegrated hepatic cord, obvious vacuolar degeneration and local hemorrhage areas were
observed in the HIRI group. In the Sham group, no congestion, tissue necrosis, vacuoles degeneration or other pathological
changes were found. In the 0.50 mg-kg ' MnO,-CeO, NP group, only mild vacuolar degeneration was observed in the
hepatocytes, the nuclei of hepatocytes and hepatic cords remained to be normal. While in the 1.00 mg-kg ' MnO,-CeO, NP
group, no irregular hepatocyte nuclei, disintegrated hepatic cord, vacuolar degeneration or local hemorrhage areas could be
observed. Therefore, MnO,-CeO, NPs could significantly reduce the liver damage caused by HIRI. Manne et al found that
intravenous administration of CeO, NPs (0.5 mg/kg) one hour before HIRI could significantly decrease the levels of ALT and
LDH (markers of liver cell damage), macrophage inflammatory protein-2, myoglobin and plasminogen activator inhibitor-1
(inflammatory markers) in the serum and inhibit the necrosis of liver cells.”” More and more evidence proved that CeO, NPs
can rapidly remove excess ROS, reduce the necrosis of hepatocytes, inhibit the activation of Kupffer cells and monocyte
macrophages, decrease the of pro-inflammatory cytokines, and thus reduce the adhesion, recruitment and infiltration of
neutrophils, repolarize macrophages from M1 to M2 and ultimately inhibit the liver injury. Our results correlated well with the

. s 112 1
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Conclusion

In this study, we assessed the application of MnO,-CeO, NPs in the management of HIRI. The MnO,-CeO, NPs with 4%
Mn doping ratio exhibited the best anti-oxidant capability and the size of the nanoparticles was approximately 220 nm.
After doping with Mn, the oxygen vacancy concentration and specific surface area were significantly increased, which
was directly related to the elevated anti-oxidant effect in the EPR measurement. Besides, MnO,-CeO, NPs exhibited no
toxicity to BALB/C mice and it was enriched in the liver after intravenous injection. In the in vivo HIRI mice model,
1.00 mg-kg ' MnO,-CeO, NPs significantly reduced the ALT and AST level in the serum, decreased the MDA level,
increased the SOD level in the liver and attenuated the pathological changes caused by the HIRI. As a result, MnO,-
CeO, NPs exhibits great potential as a novel pharmacotherapy in the management of HIRI.
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