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In the field of contemporary medicine, inflammation has emerged as a significant concern in global
public health. Among the current anti-inflammatory strategies, nanozymes possess distinctive advantages
and demonstrate unexpected efficacy in combating inflammation. However, the indeterminate structures
and limited enzyme-like activity exhibited by most developed nanozymes impede their clinical translation
and therapeutic effectiveness. In this paper, we developed a nanozyme derived from a well-defined
metal-organic cage (MOC). The oxidized MOC (MOC-O), containing pyridine nitrogen oxide moieties,
exhibited effective cascade superoxide dismutase (SOD) and catalase (CAT)-like activities for scavenging
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reactive oxygen species (ROS). This ROS scavenging ability was confirmed through flow cytometry ana-
lysis using DCFH-DA in a hypoxia/reoxygenation (H/R) model, where MOC-O significantly alleviated oxi-
dative stress. Furthermore, the administration of MOC-O resulted in preserved renal function during renal

rsc.li/nanoscale ischemia-reperfusion (I/R) injury due to downregulated oxidative stress levels and reduced cell apoptosis.
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1. Introduction

The kidneys, as vital organs in our body, play a crucial role in
maintaining overall health. They are responsible for filtering
blood, regulating electrolyte levels, and producing hormones.
Nonetheless, these bean-shaped organs are quite susceptible
to various stressful conditions, particularly I/R injury, due to
their high oxygen demand."” I/R injury is a common cause of
kidney damage, often resulting from medical procedures such
as kidney transplantation. This injury occurs when the blood
supply to the kidneys is temporarily blocked, resulting in a
lack of oxygen and nutrients. Once blood flow is restored, ROS
levels increase in the kidneys and pool at the site of injury,
which can further damage the already damaged tissues and
lead to irreversible kidney failure or kidney fibrosis."”* Thus,
the regulation of ROS plays a crucial role in managing I/R

injury.
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Antioxidant enzymes with highly specific and efficient cata-
Iytic activity are the primary mediators for regulating ROS in a
biological system.* Antioxidant enzymes, such as peroxidase,
SOD, and CAT, play a pivotal role in mitigating oxidative stress
and safeguarding cellular integrity.>”” However, they are not
sufficient to provide optimal protection at high concentrations
of oxidants.® Natural enzymes also face some challenges such
as unstable structures, susceptibility to inactivation, complex
preparation, high cost, and difficulty in long-term preser-
vation. These limitations of natural enzymes restrict their
further development. To solve these problems, nanozymes are
promoted to replace natural enzymes.>*°'*> Nanozymes posses-
sing distinctive physical, chemical, and biological properties
inherent to nanomaterials along with enzyme-like catalytic
activity are a subject of continuous exploration and
research.”*'® Compared with natural enzymes, nanozymes have
the advantages of easy preparation, high stability and low cost,
which makes nanozymes continue to develop rapidly, and have
been widely used in biomedicine, environmental protection,
energy supply and other fields.”'® After over a decade of exten-
sive development, the repertoire of nanozymes has progressively
expanded to encompass key enzymes such as SOD, glutathione
peroxidase, CAT, and phosphatases, among others."® However,
nanozymes still encounter various limitations, including inde-
terminate structures, unvarying enzyme activity, and dimin-
ished biosafety.>®"" Therefore, it is imperative for researchers to
prioritize the development of structurally precise and low-toxic
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nanozymes with multiple activities, aiming to advance their
clinical applications in disease treatment.>">"”

MOCs are innovative porous nanomaterials featuring
precise and customizable nanostructures at the atomic level,
and are synthesized by coordinating metal clusters or ions
with organic ligands through coordination bonds. These
materials exhibit exceptional properties and functionalities,
making them highly versatile for a wide range of
applications.""**'%2° The stable, adjustable, and nanoscale
structures, porousness, and biocompatibility of MOCs confer
significant advantages and potential as nanozymes.”!
However, at this stage, limited research has been conducted
on the utilization of MOCs as nanozymes with antioxidant pro-
perties. We believe that the multifunctional nature of MOCs as
antioxidant nanozymes makes them highly advantageous and
poised to garner increased attention in the future.”>”>*

Herein, we aim to fabricate an antioxidant nanozyme based
on a well-defined MOC. It is worth noting that pyridine nitro-
gen oxides have been proven effective as reducing agents for
scavenging ROS.>>*® Initially, MOCs constructed directly from
ligands containing pyridine nitrogen oxide moieties were con-
sidered. However, our attempts to obtain the desired MOC
using the related ligand were unsuccessful. Therefore, we pre-
pared an MOC with bipyridyl ligands and subsequently oxi-
dized them to form MOC-O containing pyridine nitrogen
oxides through post-synthetic modification using m-chloroper-
benzoic acid, as depicted in Scheme 1A. After the structural
characterization of MOC-O, we analyzed the performance of
the antioxidant nanozyme. Surprisingly, MOC-O exhibits both
SOD-like activity, by converting "O,~ to H,O, and O,, and CAT-
like activity, by converting H,0, to H,O and O, (Scheme 1B).
This ROS scavenging ability was further confirmed through
flow cytometry analysis using DCFH-DA in an H/R model,
where MOC-O significantly mitigated oxidative stress.
Moreover, the administration of MOC-O resulted in preserved
renal function during renal I/R injury due to downregulated
oxidative stress levels and reduced cell apoptosis (Scheme 1C).
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Scheme 1 Fabrication, cascade enzyme-like activities, and therapeutic
efficacy of the MOC-O cascade nanozyme for renal I/R injury.
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2. Results and discussion
2.1 Structural characterization of the MOC-O nanozyme

A zirconium-based tetrahedral MOC was prepared through a
solvothermal method from 2,2-bipyridine-5,5"-dicarboxylic
acid (H,BPyDC) and bis(cyclopentadienyl)zirconium dichlor-
ide (Cp,ZrCl,, Cp = n’-CsH;), according to the previous
reports.””?® Then the MOC was oxidized to MOC-O utilizing
m-chloroperbenzoic acid (ESIt).>>?° The structural confir-
mation of the obtained MOC-O was accomplished through
nuclear magnetic resonance (NMR), mass spectrometry, and
Fourier transform infrared (FT-IR) spectroscopy.

The "H-NMR spectra of the MOC and MOC-O in DMOS-d,
were compared, revealing nearly identical peak profiles. The
peaks of MOC-O, however, exhibited a shift towards a higher
field attributed to the electronic effect arising from the pres-
ence of the pyridine nitrogen oxide moiety. Specifically, the
characteristic bipyridine peaks at 9.02, 8.26, and 8.10 ppm in
the MOC were shifted to 8.95, 8.15, and 8.05 ppm in MOC-O,
respectively. Additionally, the Cp peak also experienced a shift
from 6.72 to 6.55 ppm (Fig. 1A, Fig. S1 and S2 in the ESIf).
This result represents the preliminary verification of the suc-
cessful synthesis of MOC-O. The structure of MOC-O was
further confirmed through matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry. The
three peaks observed at approximately 3643, 3691, and 3771
correspond to the oxidation of the MOC at 3, 6, and 11 sites,
respectively (Fig. 1B, Fig. S3 in the ESIT), indicating that both
pyridinyl moieties within one ligand in H,BPyDC can be oxi-
dized. Additionally, FT-IR spectroscopy was employed to
confirm the structure of MOC-O. The spectra of both the MOC
and MOC-O shared remarkable similarities, with all character-
istic peaks of the MOC also observed in the spectrum of
MOC-O. Moreover, a distinct peak corresponding to N-O
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Fig. 1 The structural characterization of MOC and MOC-O nanozymes.
(A) The *H-NMR spectra of the MOC and MOC-O in DMSO-dg. (B) The
MALDI-TOF mass spectrum of MOC-O. (C) The FT-IR spectra of the
MOC and MOC-O. (D) The EPR curves of the MOC and MOC-O.
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appeared at 1300 cm ' in the spectrum of MOC-O
(Fig. 1C).>"** All aforementioned tests provide evidence for the
successful synthesis of well-designed MOC-O.

Electron paramagnetic resonance (EPR) is a technique used
to detect unpaired electrons in atoms or molecules and investi-
gate the structural properties of their environment.** Pyridine
nitrogen oxides can be oxidized using oxidizing agents to gene-
rate an intermediate oxidation state, which may further
decompose or isomerize into free radicals. Therefore, we per-
formed an EPR test on the MOC and MOC-O. As pyridine
nitrogen oxides are absent in the MOC, no EPR signal was
detected; however, a strong signal of free radicals was observed
in MOC-O, providing further evidence for the synthesis of the
desired MOC-O (Fig. 1D).

2.2 Invitro SOD- and CAT-like activities of the cascade
nanozyme

Due to the intriguing EPR effect exhibited by MOC-O, we
further investigated its enzyme-like activities such as those of
SOD and CAT. We used the nitrotetrazolium blue chloride
(NBT) method for determining SOD-like activity (ESIT).**?°
Upon exposure to UV irradiation, riboflavin and methionine
generate O, , which selectively reduces NBT to form a blue-
colored methylhydrazone compound exhibiting maximum
absorbance at 560 nm. Nevertheless, the inclusion of either
SOD or SOD-mimicking nanozymes led to efficient quenching
of "0, radicals, thereby impeding the formation of methyl-
hydrazone. To elucidate the origin of enzyme activity, we
employed a commercially available pyridine nitrogen oxide
analogue, namely 2,2"-bipyridine-1,1'-dioxide (2,2"-BPDO), as a
control group. In comparison with the control group, minimal
SOD-like activity was observed in the MOC, whereas both 2,2-
BPDO and MOC-O exhibited remarkable SOD enzyme activity
with MOC-O demonstrating superior performance (Fig. 2A).
The concentration-dependent SOD-like activity demonstrates
an augmented SOD-like activity as the MOC-O concentration
increases. Consequently, it can be inferred that the primary
origin of SOD-like activity in MOC-O is attributed to pyridine
nitrogen oxide moieties (Fig. 2B).

The CAT-like activity of MOC-O was determined at room
temperature by quantifying the oxygen generated using a
specialized oxygen electrode on a Speedwell Split Dissolved
Oxygen Meter (SW9403). It was observed that both the blank
and MOC groups exhibited relatively low CAT-like activities;
however, in contrast, 2,2-BPDO and MOC-O groups demon-
strated efficient CAT-like activities. Notably, among these
groups, the MOC-O group exhibited superior performance,
thereby confirming its excellent CAT-like activity (Fig. 2C).
Furthermore, the CAT-like activity exhibited a positive corre-
lation with increasing concentrations of MOC-O (Fig. 2D).

2.3 Invitro ROS-scavenging ability of MOC-O to protect HK-2
cells

To further investigate the ROS-scavenging activity of MOC-O at
the cellular level, a series of tests were conducted. First, 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
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Fig. 2 The antioxidant enzyme-Llike activities of the MOC-O nanozyme.
(A) Temporal variation in the SOD-like activities of the MOC, 2,2'-BPDO,
and MOC-O. (B) The relationship between the amount of MOC-O and
its SOD-like activity. (C) A comparison of CAT-like activities among the
MOC, 2,2'-BPDO, and MOC-O. (D) The impact of the amount of MOC-O
on its CAT-like activity.

was employed to assess the cytotoxicity of MOC-O on HK-2
cells (human renal proximal tubule cells) (Fig. 3A). The viabi-
lity of HK-2 cells remained above 90% across different concen-
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Fig. 3 In vitro cytoprotective and ROS-scavenging efficacy of MOC-O.
(A) The impact of MOC-O on HK-2 cell viability assessed using the MTT
assay. (B) Cellular uptake of MOC-O in HK-2 cells. (C) Flow cytometry
analysis and (D) fluorescence intensity measurements performed to
evaluate the effects of different treatments on HK-2 cells following H/R.
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trations of MOC-O solution, indicating its minimal toxic
effects and excellent biocompatibility with HK-2 cells.
Furthermore, even at a high concentration of MOC-O solution
(2 mg ml™"), the hemolysis rate was found to be less than 2%,
confirming that MOC-O exhibited no toxicity towards erythro-
cytes as well (Fig. S4, ESIT).

Inductively coupled plasma mass spectrometry (ICP-MS)
was employed to quantify zirconium levels within the cells,
enabling investigation of the cellular uptake of MOC-O. The
rate of cellular uptake exhibited a linear increase over time
until reaching 12 hours, indicating that the uptake process
reached saturation and remained stable at this concentration
(Fig. 3B). Following the withdrawal of MOC-O, its concen-
tration rapidly declined within the initial 4 hours and sub-
sequently decreased gradually. To investigate intracellular oxi-
dative stress, we employed DCFH-DA, a fluorescent probe that
emits a green fluorescence signal upon encountering free rad-
icals. As shown in Fig. 3C and D, H/R treatment significantly
augmented the level of free radicals in HK-2 cells, while MOC
lacking pyridine N-oxides exhibited no discernible impact on
reducing free radicals. Conversely, MOC-O demonstrated
remarkable efficacy in diminishing the levels of free radicals in
HK-2 cells, thereby showcasing its exceptional capacity for
scavenging free radicals.

2.4 MOC-O protected against renal I/R injury

To investigate the biocompatibility of MOC-O in major organs
including the heart, liver, lungs and kidneys in mice, tissue
samples were collected after two days of treatment and sub-
jected to histological analysis using hematoxylin and eosin
(H&E) staining.>*® As shown in Fig. 44, all organs from the
three groups exhibited uniform organization with no apparent
signs of damage. Blood biochemical markers for liver and
kidney injury such as alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), blood urea nitrogen (BUN) and
creatinine were measured (Fig. 4B-E). The results indicated
that there were no statistically significant differences observed
among the three groups with respect to these injury bio-
markers, suggesting the absence of any deleterious effects on
the mice.

To investigate the protective effect of MOC-O against renal
I/R injury, mice in each group were subjected to 30 minutes of
ischemia. The kidney tissues of mice in the sham operation
group (Sham) exhibited no abnormalities, indicating the
absence of evident damage. In contrast, the kidney tissues of
mice in both the I/R group and the I/R + MOC group showed
noticeable tubular necrosis and significant damage following
I/R injury. In contrast, MOC-O-treated mice exhibited a con-
spicuous absence of tubular fragments following I/R injury
and minimal observed kidney damage (Fig. 5A and C).
Considering the pivotal roles of cytokines, such as TNF-a,
IL-1B, and IL-6, in I/R-induced renal injury, we conducted a
comparative analysis of their expression levels among different
groups. Intriguingly, mRNA levels for TNF-a, IL-1f, and IL-6
were significantly elevated in both I/R control mice and MOC-
treated mice compared to those observed in MOC-O-treated
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Fig. 4 The evaluation of the biocompatibility of MOC-O. (A) H&E stain-
ing of major organs. (B—E) The serum levels of ALT, AST, BUN, and
creatinine.
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Fig. 5 The renal protection effect and biodistribution of MOC-O. (A)
H&E staining of the kidneys at 12 hours post reperfusion (20x and 40x
original magnification). (B) The mRNA levels of IL-1f, TNF-a, and IL-6 in
renal tissue. (C) Kidney injury measured according to tubular injury
scores. (D) Biodistribution of MOC-O in different tissues at various time
points.
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mice (Fig. 5B). These findings provide compelling evidence for
the beneficial protective effect exerted by MOC-O against renal
I/R-induced damage.

To further elucidate the protective mechanism underlying
MOC-O-mediated attenuation of renal I/R injury, we employed
ICP-MS to investigate the biodistribution of MOC-O at various
time points post-injection. The blood concentration of MOC-O
decreased over time at 6 h, 12 h, and 24 h (Fig. 5D). Notably,
among the organs examined, the spleen and kidneys exhibited
the highest accumulation of MOC-O, while the liver, lungs,
and heart showed relatively low levels. Moreover, within the
kidney tissue samples collected from both I/R and sham-oper-
ated groups, a higher concentration of MOC-O was observed in
the kidneys of the I/R group compared to the kidneys of the
sham group, demonstrating remarkable ease in traversing the
fenestrated endothelium, the glomerular basement membrane
junction, and the podocyte slit of the damaged kidneys, show-
casing its potency in facilitating the repair and regeneration of
renal tissues.

We next investigated whether the observed ROS scavenging
capacity in vitro could account for the protective effects of
MOC-O on assaulted kidneys. Dihydroethidium (DHE) is
widely employed as a fluorescence detection probe for ROS,
specifically targeting superoxide anions, making it one of the
most frequently utilized probes in research studies. As shown
in Fig. 6A, the level of ROS induced after reperfusion among
different groups was assessed using DHE staining. Compared
to the sham group, an increase in ROS levels was observed in
the I/R group, strongly suggesting a pivotal role of oxidative
stress in the early stage of I/R injury. As expected, treatment
with MOC-O effectively scavenged tissue ROS, while MOC
exhibited limited capacity for ROS scavenging.

Generally, ROS can function as signaling molecules that
initiate the activation of pro-apoptotic pathways in response to
various cellular stresses such as I/R injury. However, if the cel-
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Fig. 6 The ROS-scavenging and anti-apoptosis capabilities of MOC-O.
(A) The levels of ROS evaluated using DHE staining. (B) Representative
immunofluorescence images of kidney sections stained with TUNEL. (C)
The percentage of TUNEL-positive cells.
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lular stress is too severe or persists for a prolonged period, the
pro-apoptotic pathways activated by ROS become irreversible,
leading to cell death and tissue damage. In this study, TUNEL
assay was employed to quantify the level of cellular apoptosis
in I/R-induced renal damage. Our findings demonstrate a sig-
nificant reduction in the percentage of TUNEL-positive cells in
MOC-O-treated groups compared to the I/R group, indicating a
pronounced attenuation of renal apoptosis by MOC-O under
assault from I/R (Fig. 6B and C).

3. Conclusions

In conclusion, a nanozyme derived from an MOC was con-
structed with precise structures and exhibited cascade anti-
oxidant activities. Through post-synthesis modification,
MOC-O with pyridine nitrogen oxide moieties was obtained
and characterized. The presence of pyridine nitrogen oxides
enabled effective scavenging of ROS and demonstrated excel-
lent antioxidant capacity. Notably, MOC-O showed cascade
nanozyme performance resembling SOD and CAT, primarily
attributed to the pyridine nitrogen oxide moieties.
Furthermore, MOC-O exhibited favorable biocompatibility and
remarkable ROS scavenging capabilities at both cellular and
in vivo levels. In vivo experiments further confirmed the ability
of MOC-O to effectively protect against kidney I/R damage and
cell apoptosis. Overall, MOC-O represents a novel and efficient
cascade antioxidant nanozyme that holds promising prospects
for future clinical applications in medicine. Moreover, the
simple yet effective method employed for modifying the MOC
with redox properties may cater to diverse needs in biomedical
research as well as energy and environmental sectors.
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