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ARTICLE INFO ABSTRACT

Keywords: Severe acute pancreatitis (SAP), a life-threatening inflammatory disease of the pancreas, has a high mortality rate
Severe acute pancreatitis (~40 %). Current therapeutic approaches, including antibiotics, trypsin inhibitors, fasting, rehydration, and even
Nanoplatform

continuous renal replacement therapy, yield limited clinical management efficacy. Abnormally elevated calcium
levels and reactive oxygen species (ROS) overproduction by damaged mitochondria are key factors in the in-
flammatory cascade in SAP. The combination of calcium chelators and cerium-based nanozymes loaded with
catalase (MOF808@BA@CAT) was developed to bind intracellular calcium, eliminate excessive ROS, and
ameliorate the resulting mitochondrial dysfunction, thereby achieving multiple anti-inflammatory effects on
SAP. A single low dose of the nanoplatform (1.5 mg kg~?) significantly reduced pancreatic necrosis in SAP rats,
effectively ameliorated oxidative stress in the pancreas, improved mitochondrial dysfunction, reduced the pro-
portion of apoptotic cells, and blocked the systemic inflammatory amplification cascade, resulting in the alle-
viation of systemic inflammation. Moreover, the nanoplatform restored impaired autophagy and inhibited
endoplasmic reticulum stress in pancreatic tissue, preserving injured acinar cells. Mechanistically, the admin-
istration of the nanoplatform reversed metabolic abnormalities in pancreatic tissue and inhibited the signaling
pathways that promote inflammation progression in SAP. This nanoplatform provides a new strategy for SAP
treatment, with clinical translation prospects, through ion homeostasis regulation and pancreatic oxidative stress

Calcium
Oxidative stress
Mitochondrial dysfunction

inhibition.
1. Introduction hospital and has an increasing overall incidence. The disease is char-
acterized by pancreatic inflammation and considerable acinar cell
Acute pancreatitis is a complex and common gastrointestinal disease damage, accompanied by a fast and systemic inflammatory response [1].
with a varying clinical course that requires acute admission to the Approximately 20 % of patients with acute pancreatitis can develop to
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severe acute pancreatitis (SAP) with pancreatic or peripancreatic tissue
necrosis, persistent organ failure, or both, with a mortality rate of up to
40 % [2,3]. Additionally, patients suffer from pancreatic exocrine and
endocrine dysfunction after recovering from SAP [4,5]. Apart from
conservative therapy, such as fluid resuscitation, nutritional support, the
inhibition of pancreas secretion, and the prevention of infectious com-
plications, there are no approved drugs that can effectively enhance SAP
management, or improve patient prognosis. Thus, there is an urgent
need for the development of treatments for SAP to promote survival,
alleviate pancreatic damage and reduce the incidence of complications.

Pancreatic acinar cell (PAC) injury and the subsequent profound
inflammatory cascade are the primary pathophysiological processes of
SAP. Oxidative stress and reactive oxygen species (ROS) are closely
associated with PAC damage [6,7]. Oxidative stress will cause a massive
release of ROS, and activated ROS then triggers the nuclear factor kappa
B (NF-kB) signaling pathway, initiating an inflammatory response and
the release of inflammatory mediators. These events provoke an intense
inflammatory response and ROS accumulation, which significantly
amplify damage to the pancreas. Previous studies have shown that
oxidative stress and subsequent mitochondrial damage to PAC are the
main mechanisms of pancreas injury in SAP [8,9]. Thus, early and
prompt elimination of ROS and control of oxidative stress and inflam-
mation are crucial for inhibiting SAP progression.

PAC injury may be caused by multiple factors, such as abnormally
elevated levels of calcium (Ca®"™) [5]. The inappropriate release of
intracellular calcium can lead to cell necrosis and apoptosis, promote
cell death and mediate inflammatory pathways, the activation of NF-xB
and mitochondrial dysfunction [5,10,11]. We assume that the reduction
of the toxic level of intracellular calcium in the early stage of SAP is
effective in preventing the subsequent necrosis and apoptosis of PAC.
The Ca®" chelator, 1,2-bis (2-aminophenoxy) ethane-N,N,N,
N'-tetraacetic acid (BAPTA-AM) is a hydrophobic membrane permeable
calcium chelator with Ca?*-binding capacity [12], can reduce intracel-
lular Ca?" by directly binding with Ca®*. However, the hydrophobic
characteristics of BAPTA-AM limit its direct application in cellular
protection [13]. To address this issue, researchers have focused on the
development of innovative nanodrug delivery systems engineered to
increase the solubility of BAPTA-AM and prolong its biological half-life,
maximizing its therapeutic potential.

In addition, mitochondrial dysfunction and impaired autophagy also
contribute to PAC damage and pancreatic inflammation [8,11]. Our
previous studies confirmed that mesenchymal stem cells (MSCs) atten-
uate SAP-related inflammation by delivering hypoxia-treated functional
mitochondria to damaged PAC, confirming the critical role of mito-
chondrial dysfunction in SAP treatment [14]. Ca** overload or elevated
ROS levels can result in the opening of the mitochondrial permeability
transition pore (MPTP), which in turn leads to a reduction in the mito-
chondrial membrane potential (Aym) and even cell death [11].
Mukherjee et al. reported that MPTP opening is critical for all forms of
pancreatitis investigated [9]. Therefore, if both calcium levels and MPTP
opening are inhibited, mitochondrial dysfunction in SAP may be effec-
tively reversed, thus alleviating PAC necrosis.

Over the past few decades, progress in nanomedicine promoted the
development in treating ROS-related inflammatory diseases through the
use of functional nanoparticles (NPs) with free radical scavenging
abilities, including ceria, platinum, and redox polymers [15]. Metal-
organic frameworks (MOFs) are a class of porous hybrid nanomaterials
constructed by the coordination of metal ion centers and organic ligands
[16]. The meticulously crafted cavities and channels within their ar-
chitecture are capable of creating hydrophobic coordination environ-
ments that closely mimic those found in natural enzymes [17]. By
binding specific metal cations/clusters to organic ligands to establish
catalytically active sites, MOF-based nanozymes with comprehensive
ROS scavenging capabilities can be produced. Cerium (Ce) can be used
as an antioxidant therapeutic drug as cerium-based nanozymes harness
an exclusive redox oscillation between the Ce3* and Ce** valence states,
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adeptly targeting and neutralizing ROS [18,19]. The inherent catalase,
superoxide dismutase (SOD), oxidase, peroxidase and phosphatase
mimetic properties of Ce NPs provide them superiority over a number of
NPs [20]. Ce NPs have been found to be effective in treating conditions
such as inflammation, rheumatoid arthritis, hepatic ischemia-reperfu-
sion injury, and Alzheimer’s disease [21,22]. Amit Khurana et al., re-
ported that nanoceria with catalase and SOD can mitigate
pancreatitis-associated inflammation, in vitro and in vivo [23].
Further, the administration of nanoceria significantly reduce the in-
flammatory signaling, and attenuated the fibrogenesis and
epithelial-to-mesenchymal transition during chronic pancreatitis [24].
These existing evidences suggested that Ce NPs are a potential thera-
peutic option for pancreatitis. However, in dealing with intricate dis-
eases, such as SAP, where the internal ROS levels are abnormally high
and complex, the performance of individual nanozymes has several
limitations. Therefore, how to fully explore and enhance the antioxidant
potential of nanozymes to more effectively combat the ROS storm has
become an urgent scientific challenge.

Considering these findings, we developed a cerium-based nanoplat-
form, MOF808@BA@CAT, to achieve enhanced anti-inflammatory ef-
fects on SAP. MOF808 particles were synthesized via a hydrothermal
method and serve as antioxidant enzymes with remarkable ROS-
scavenging ability. Concurrently, MOF808 was utilized as the core of a
composite system to carry BAPTA-AM for Ca>" chelation. Considering
the cascade of amplified inflammatory effects caused by large amounts
of ROS in SAP, catalase (CAT) was anchored onto the MOF808 scaffold
by employing supramolecular assembly techniques (MOF808@BA@-
CAT), which afforded the system enhanced antioxidant therapeutic ef-
fects. In vitro, MOF808@BA@CAT effectively reduced the intracellular
calcium level and decreased mitochondrial dysfunction and cell
apoptosis, which alleviated the inflammatory response after excessive
oxidative stress stimulation. In a rat SAP model, MOF808@BA@CAT,
which has powerful enzymatic activity, effectively ameliorated oxida-
tive stress, decreased systemic inflammatory levels and alleviated
pancreatic tissue damage, exerting a protective effect on SAP. This
nanoplatform, MOF808@BA@CAT, can provide a potent strategy for
SAP treatment and has great potential for improving SAP outcomes (see
Scheme 1).

2. Materials and methods
2.1. Materials

Cerium ammonium nitrate (NH4)3[Ce(NO3)g] (CAN), N,N-
dimethylformamide (DMF), 1,3,5-benzenetricarboxylic acid (H3BTC),
formic acid, were purchased from Aladdin (Shanghai, China). The SOD
assay kit and superoxide anion assay kits were obtained from Nanjing
Jiancheng Biological Engineering Institute (Nanjing, China). Catalase
(CAT) was purchased from Sigma-Aldrich, USA. BAPTA-AM (BA) was
purchased from MedChemExpress. [Ru(dpp)3]Cly was acquired from
Shanghai Maokang Biotechnology Co. Ltd (Shanghai, China). Xanthine
oxidase, xanthine, 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
FeSOy4, Ti(SO4)2, Hy02 and KyS;0g were acquired from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). All reagents were used as
purchased without further purification.

2.2. Synthesis of MOF808 nanoparticles (MOF808 NPs)

MOF808 was synthesized through a hydrothermal method according
to reported procedure [25,26], employing a reaction medium that
contained a cerium-based salt as the metal source, the protonated form
of an organic ligand to act as the linking component, and formic acid
utilized as a structure-directing modulator. Briefly, to a solution of
H3BTC (67.2 mg) in 1.6 mL of DMF, HCOOH (4.12 mL) and (NH4)2[Ce
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Scheme 1. Schematic illustration of the synthetic route of cerium-based nanoplatform MOF808@BA@CAT and its anti-oxidative and anti-inflammatory effects on

SAP (Created with Figdraw).

(NO3)6] (0.533 M, 1.2 mL) were added successively. After mild stirring
for 5 min, the solution was introduced into a Teflon lined hydrothermal
autoclave, followed by a heating reaction at 100 °C for 15 min to obtain
the precipitate. After cooling to room temperature, the precipitate was
centrifuged twice in DMF and twice in acetone. The resulting powder
was dried under vacuum at 60 °C and labeled MOF808. BAPTA-AM (BA,
0.5 mg) and MOF808 (0.5 mg) were fully dispersed in separate solutions
of DMSO (2 mL) and then mixed and stirred for 1 h. The mixture was
subjected to centrifugation and washed three times at 14,000 rpm for 8
min to eliminate the remaining DMSO. The resulting product was then
freeze-dried, yielding MOF808@BA. 1 mg of MOF808 or MOF808@BA
was dispersed in 1 mL of PBS and mixed with 0.2 mg of CAT dissolved in
2 mL of neutral PBS under stirring. After 6 h of stirring, the resulting
product was collected by centrifugation at 14,000 rpm for 8 min while
washing with PBS three times. The resulting product was then
freeze-dried and coded as MOF808@CAT or MOF808@BA@CAT,
respectively.

2.3. Characterization of MOF808 nanoparticles

Images from transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS) were obtained via a JEM-2100
microscope operated at 200 kV (manufactured by JEOL, Japan). Scan-
ning electron microscopy (SEM) observations were conducted with an S-
4800 instrument from Hitachi, Japan. A Magellan 400 L system (sup-
plied by FEI, USA) was used for scanning transmission electron micro-
scopy (STEM) and elemental mapping. Ultraviolet-visible (UV-vis)
absorption spectra were recorded on a UV-2700 spectrophotometer
(Shimadzu, Japan). Fourier-transform infrared (FT-IR) spectra were
measured with a Nicolet iS10 infrared spectrophotometer (Thermo

Fisher Scientific, USA). X-ray photoelectron spectroscopy (XPS) was
conducted via an ESCALab250Xi electron spectrometer with an Al Ka X-
ray radiation source (Thermo Fisher Scientific, USA). The Ny adsorp-
tion/desorption isotherms were determined via a Micromeritics Tristar
11 3020 apparatus. The crystalline phase of the synthesized products was
scrutinized through X-ray diffraction (XRD) analysis performed on a
Rigaku D/MAX RINT-2000 X-ray diffractometer. Electron paramagnetic
resonance (EPR) measurements were conducted using a 100G-18KG/
EMX-8/2.7 electron-spin resonance spectrometer.

In order to investigate the drug loading capacity, we conducted an
exploration of different ratios of MOF808 to BA (1:0.1, 1:0.25, 1:0.5,
1:0.75, 1:1). After reacting in DMSO for 1 h, the supernatant was
collected by centrifugation at 13,000 rpm for 8 min. The supernatant
obtained was employed for determining the concentration of the
unencapsulated drug via high-performance liquid chromatography
(HPLC, Agilent 1260). The chromatographic separation was achieved
using a mixture of acetonitrile and water in a ratio of 3:2 (volumetric),
supplemented with 0.1 % trifluoroacetic acid as mobile phases. The
loading capacity (LC%) and encapsulation efficiency (EE%) of BA were
ascertained using the following formulas, respectively.

__ weight of encapsulated BA

LC(%)= 100%
C(%) total weight of NPs x 100%

EE(%) (1 weight of free BA

- ° JJ 0,
total weight of BA) x 100%

2.4. Evaluation of 03 clearance ability

The ability to quench superoxide anion radicals (eOz) was
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investigated via a colorimetric SOD assay kit. After incubation for 30
min with the MOF808 at various concentrations (10, 15, 20, 50, 100,
200 pg mL™1), a chromogenic agent was added to test for changes in
absorbance at 550 nm. The capacity to neutralize ¢O; was assessed via
EPR spectroscopy. Superoxide anions were generated at room temper-
ature from a reaction involving xanthine and xanthine oxidase. Both
MOF808 and MOF808@CAT, each at a concentration of 200 pg mL ™},
were subsequently introduced into the superoxide radical solution and
allowed to incubate for an additional 30 min. DMPO was incorporated
into the mixture as a spin trapping agent, and the EPR technique was
utilized to evaluate the samples’ efficacy in scavenging the superoxide
anion radicals.

2.5. Evaluation of ¢OH and H20_ scavenging ability

The hydroxyl radical (eOH) scavenging ability was evaluated via the
salicylic acid (SA) method and a UV-visible spectrophotometer. The
hydroxyl radicals were generated via the Fenton reaction involving 10
mM FeSO4 and 100 mM H»0,. Various concentrations of MOF808 and
MOF808@CAT (2, 10, 20, 50, and 100 pg mL™!) were introduced into
the solution. The remaining hydroxyl radicals were quantified by
measuring the characteristic absorption peak of 2,3-dihydroxybenzoic
acid at 510 nm, which indicated the extent of the reaction between
the hydroxyl radicals and salicylic acid. The eOH scavenging abilities of
the synthesized MOF808 and MOF808@CAT were assessed via electron
spin resonance (ESR) spectroscopy at ambient temperature.

We determined the content of HyO5 via the titanium sulfate colori-
metric method, and thus calculated the material’s ability to clear HyO».
Different concentrations (2, 10, 20, 50, and 100 pg mL~1) of MOF808
and MOF808@CAT were co-incubated with HoO, (1 mM) for 5 min,
then mixed with a Ti(SO4)5 solution (80 mM, prepared by mixing 10 mL
of HoSO4 with 40 mL of deionized water). Using the blank control group
as a basis, the concentration and clearance rate of HyO, were deter-
mined by measuring the absorbance at 410 nm. When we independently
assessed the ability of different concentrations (5, 10, 20, 50, 100, and
200 pg mL 1) of MOF808 to decompose H,0, within 1 h, we employed
the same method as described above, with the only difference being the
incubation time.

2.6. Evaluation of DPPH and ABTS free radical scavenging activity

1 mM ethanolic solution of DPPH was blended with the sample so-
lutions at varying concentrations (10, 20, 50, 100, and 200 pg mL™ ).
The mixtures were then incubated in the dark for a duration of 30 min to
allow for the reaction to take place. After incubation, the absorbance of
each solution was measured spectrophotometrically at a wavelength of
517 nm. The procedure involved the generation of ABTS free radicals
(ABTSe) by reacting an ABTS stock solution (7.4 mM, 0.4 mL) with
potassium persulfate (K2S20g, 0.0025 g) in water (3.575 mL) for a
period of 12 h, following a well-established protocol. Various concen-
trations of MOF808 and MOF808@CAT were subsequently introduced
into the ABTSe radical solution. The mixtures were then subjected to
UV-vis-NIR spectroscopic analysis to monitor the absorption changes at
734 nm, which indicate the extent of ABTSe scavenging by the materials.

2.7. Evaluation of the oxygen-generating capability

First, to each well containing a solution with 10 pL of 250 mM Hs0,
and 100 pL of 10 pM [Ru(dpp)3]Cly luminescent oxygen sensor, we
added 40 pL of MOF808 or MOF808@CAT, each at a concentration of
50 pg mL L. The fluorescence spectrum was immediately detected via a
multifunctional microplate reader with an excitation wavelength (Ex)
set at 455 nm. The excitation wavelength was subsequently set to 455
nm, and the changes in fluorescence intensity over time at an emission
wavelength of 633 nm were continuously monitored. Finally, to each
well, we added varying final concentrations of MOF808@CAT (10, 20,
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50, 100, 200 pg mL™!) and a fixed concentration of MOF808 (200 jg
mL™Y). With the excitation wavelength maintained at 455 nm, we
examined the differences in fluorescence intensity at an emission
wavelength of 633 nm.

2.8. Isolation and characterization of rat primary pancreatic acinar cell

Methods for isolation of primary pancreatic acinar cell have been
described in detail previously [27,28]. In brief, 4 weeks old healthy SD
rats were euthanized and disinfected by immersion in 75 % ethanol for
15 min. The abdomen was opened to collect fresh pancreas. The
pancreatic lobes were dissected into small pieces and transferred to
HBSS media (H1025, Solarbio, China) containing 2 mg mL ! of type IV
collagenase (17104019, Gibco, USA). The tissue was vigorously shaken
for 25 min at 37 °C to maximize homogeneous digestion of the
pancreatic tissue. The digestion was terminated using HBSS containing
5 % FBS (A5669701, Gibco, USA), and filtered through a 100 pm sieve.
Then, the supernatant was removed by centrifugation and the cell pellet
was resuspended in Waymouths medium (PM151215, Pricella, China)
containing 1 % FBS, 0.1 mg mL ! of soybean trypsin inhibitor (T9003,
Sigma-Aldrich, Germany) and 1 % penicillin/streptomycin (15140122,
Gibco, USA). The nonadherent PAC were transferred into a T25 cell
culture flask for 24 h for subsequent analyses.

2.9. Cellular uptake and cell viability evaluation

PAC were stimulated with HyO5 (200 pM) to simulate inflammatory
injury. FITC-labeled MOF808 (10 pg mL™Y) and MOF808@BA@CAT
(10 pg mL~1) were respectively added to each well for a 24 h incubation.
PAC nuclei were stained with Hoechst 33342 (C1028, Beyotime, China)
for 10 min, while the cell membrane was stained with Dil (C1036,
Beyotime, China). Finally, after washing with PBS, the fluorescence
images were acquired via a confocal fluorescence microscopy
(CLSM780, Carl Zeiss, Germany).

PAC were incubated with HoO5 (200 pM), MOF808 (10 pg mL ) or
MOF808@BA@CAT (10 pg mL™') + Hy0, (200 pM) for 24h. The
cytoprotective effects of the formulations were measured via CCK-8 kits.
To evaluate the cell survival status, the cells were subjected to Calcein/
PI (C20158S, Beyotime, China) staining. After a 30 min incubation, the
cells were washed with PBS. Fluorescence images were captured via an
inverted fluorescence microscope.

2.10. Detection of intracellular calcium levels and ROS levels

To evaluate the Ca?*-scavenging ability of MOF808 NPs, PAC were
stimulated following the procedures outlined previously. After 24 h of
incubation with MOF808 (10 pg mL™!) and MOF808@BA@CAT (10 pg
mL™Y), the cells were incubated with a Fluo-4 AM probe (S1060,
Beyotime, China) for 30 min. Then, the cells were collected after being
washed with PBS, and the relative calcium levels were evaluated via
flow cytometry.

The intracellular levels of ROS were assessed by using DCFH-DA
(50101ES01, Yeasen, China) as an indicator. DCFH-DA (100 pM) was
added, and the cells were incubated for 30 min. After the cells were
washed with PBS, images of each well were obtained via fluorescence
microscopy. The mean fluorescence intensity in random vision fields
was quantified via ImageJ software. Moreover, flow cytometry was also
used to quantify the intracellular ROS level. The cells were seeded in a 6-
well plate (5 x 10° cells/well). The same treatment was performed for
fluorescence imaging. Then, the cells were collected and centrifuged,
and the cell suspensions were collected for further flow cytometry
analysis.

2.11. Quantitative real-time PCR (qQRT-PCR)

qRT-PCR was used to detect the relative mRNA expression levels of
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inflammatory cytokines (IL-1f, IL-6, IL-10 and TNF-«) in PAC. The total
RNA of the PAC in each group was extracted via an RNA-Quick
extraction kit (RN0O1, Yishan Biotechnology, China) according to the
manufacturer’s instructions, and reverse transcription of the mRNAs
was performed via the PrimeScript RT Reagent Kit (RR037A, Takara,
Japan). The primers (Table S1) were designed and synthesized by San-
gon Biotech (Shanghai, China). Through the application of SYBR Green
reagent (11202ES08, Yeasen, China), the gene expression levels were
detected via the QuantStudio Dx PCR system. Gene expression levels in
all samples were normalized via the 2722t method with Actin used as
an internal control for comparison.

2.12. Cell apoptosis analysis

PAC were digested with EDTA-free trypsin to prepare single-cell
suspensions. Then, PI solution and Annexin-V FITC dye were added to
the binding buffer (0.4 mL) for cell staining, and the mixture was
incubated for 15 min in the dark. Apoptosis analysis was performed via
flow cytometry. Quantitative analysis of the flow cytometry data was
conducted on the average fluorescence of selected cell populations via
Flow Jo software.

2.13. Mitochondrial superoxide (mito SOX) and mitochondrial
membrane potential assay

The cells were collected by centrifugation and then resuspended in a
preconfigured Mito SOX (S0061S, Beyotime, China) working solution
(1.0 mL, 5 pM) for 30 min at 37 °C. The nuclei were stained with Hoechst
for 10 min. Then, the cells were observed and photographed via confocal
fluorescence microscopy. The mean fluorescence intensity in random
vision fields was quantified via ImageJ software.

PAC were incubated with JC-1 (C2006, Beyotime, China) staining
working solution in the dark for 30 min at 37 °C and washed three times
with staining buffer. The fluorescence images were captured via
confocal microscopy. The relative fluorescence intensity of JC-1-Red/
Green was quantified via ImageJ software. Moreover, flow cytometry
was also used to detect cells with low mitochondrial membrane
potential.

2.14. Animal experimental SAP and follow-up treatment

All animal experiments were performed in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Ethics Committee of
Shanghai Tenth People’s Hospital (approval number: SHDSYY-2023-
2330). Male SD/SPF rats (6 weeks-of-age) were provided by Charles
River Laboratory (Beijing, China) and were acclimatized at the Animal
Center of the Shanghai Tenth People’s Hospital for 7 days prior to the
experiment and fasted for 12 h prior to surgery. The SAP model was
constructed by retrograde biliopancreatic duct injection of 3 % NaT.
MOF808 (1.5 mg kg™ ') and MOF808@BA@CAT (1.5 mg kg™!) were
injected via the tail vein at 6 h following the induction of 3 % NaT. The
control group was injected with an equal volume of solvent vehicle.
Then, 48 h after the induction of SAP, the rats were euthanized and the
pancreatic tissue, blood and other organs were harvested for subsequent
experiments.

Cyanine5.5-labeled MOF808@BA@CAT was constructed according
to the instructions of Cyanine5.5 (210892-23-2, MedChemExpress,
USA). The rats were photographed vis a multimodal animal live imaging
system (AniView100, China) at various time intervals.

2.15. Histopathology
Rat pancreatic and lung tissue was collected and fixed in 4 % para-

formaldehyde for 48 h, gradient dehydrated, and embedded in paraffin
for sectioning. Slices were stained with hematoxylin and eosin. Two
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experienced pathologists scored the degree of pancreatic damage ac-
cording to a previous scale in a double-blinded manner (Table S2).

2.16. Detection of biochemical indicators in serum and cerium content in
tissues

The serum amylase level of the rats was analyzed via commercial kits
(C033, Changchun Huili, China) in accordance with the manufacturer’s
instructions. The levels of MDA in pancreatic tissue were detected by via
a lipid peroxidation MDA assay kit (G4300, Servicebio, China). The
SOD-like activity, CAT-like activity and the levels of reduced GSH in
pancreatic tissue were detected by using the manufacturer’s assay kit
(G4306, G4307, G4305, Servicebio, China). The serum levels of IL-1§
(EK301B, MULTI SCIENCES, China), IL-6 (EK306, MULTI SCIENCES,
China) and TNF-a (EK382, MULTI SCIENCES, China) in each group were
measured via ELISA kits according to the manufacturers’ instructions.
The cerium metal in pancreas tissue was analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS). The pancreas from the
MOF NPs-treated groups were collected, and digested in nitric acid (1
mL) and hydrogen peroxide (0.5 mL), and then the samples were heated
and digested at 120° in an oven for 30 min. After cooling, the volume
was fixed. According to the operating procedures, the content of the
standard samples and the samples to be tested were detected by Perkin
Elmer NexION 300D ICP-MS (Perkin Elmer, USA).

2.17. Transmission electron microscopy (TEM)

Pancreatic tissue was fixed in 2.5 % glutaraldehyde at 4 °C for 2 h.
After being washed three times with 0.1 M phosphate buffer and fixed in
1 % osmic acid at 4 °C for 2 h, the pancreatic tissue was gradient
dehydrated in a graded series of ethanol. Next, the samples were
embedded in Epon-Araldite resin for penetration and placed in a mold
for polymerization. After the semithin sections were used for posi-
tioning, ultrathin sections were made and collected for microstructure
analysis. The sections were counterstained with 3 % uranyl acetate and
2.7 % lead citrate. The samples were then observed via a JEM1400
transmission electron microscope.

2.18. Immunohistochemical staining and immunofluorescence assay

Paraffin-embedded tissue samples were cut into 4 pm-thick sections,
which were dewaxed and dehydrated. Following antigen repair, the
sections were blocked with goat serum for 1 h and incubated with an-
tibodies against MPO (1:500 dilution, 22225-1-AP, Proteintech, China),
followed by incubation with a goat-anti-rabbit secondary antibody
(G1213, Servicebio, China). The tissue sections were subsequently
stained with 3,3-diaminobenzidine and hematoxylin. Images were ac-
quired via optical microscopy.

The cells or tissues were permeabilized with 0.1 % Triton X-100 for
10 min, blocked with goat serum for 1 h, and incubated with anti-
HMGBI1 (1:100 dilution, T55060, Abmart, China), anti-TOM20 (1:500
dilution, 11802-1-AP, Proteintech, China) or anti-CypD (1:100, 18466-
1-AP, Proteintech, China) antibodies overnight at 4 °C. The next
morning, the sections were incubated for 2 h at room temperature with
an AF488-conjugated secondary antibody. The cell nuclei were
restained with DAPI. Fluorescence images were acquired via confocal
fluorescence microscopy.

2.19. Western blotting

Pancreatic tissue or cells were lysed in radio immunoprecipitation
assay lysis buffer (RIPA, PC101, Epizyme, China) containing 1 % pro-
tease inhibitor (GRF101, Epizyme, China) at 4 °C. The same amount of
each protein sample was separated via electrophoresis and transferred to
nitrocellulose filter membranes. The membranes were blocked with 5 %
milk in TBST for 1 h at room temperature and then incubated with
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primary antibodies (Table S3) overnight at 4 °C. Afterward, the mem-
branes were washed and incubated with the secondary antibody for 1 h
at room temperature. Immunoreactive protein bands were visualized
with an enhanced chemiluminescence system (Amersham Imager 600;
GE Healthcare Bio-Sciences Corp., USA), and the bands were analyzed
for grayscale values via ImageJ software.

2.20. Metabolomics analysis and RNA sequencing

The pancreatic tissue (100 mg) was ground with liquid nitrogen and
transferred to a microcentrifuge tube with 500 pL of cold methanol,
vortexed and shaken, left to stand in an ice bath for 5 min, and centri-
fuged at 15,000xg for 20 min at 4 °C. Next, 300 pL of the supernatant
was diluted with mass spectrometry grade water to 53 % methanol,
centrifuged at 15,000xg for 20 min at 4 °C, and the supernatant was
collected for analysis via ultrahigh-performance liquid chromatography
coupled with mass spectrometry (UHPLC/MS). The UHPLC-MS/MS
assay was performed via a Vanquish UHPLC system (Thermo Fisher,
Germany) coupled with an Orbitrap Q Exactive™ HF mass spectrometer
or Orbitrap Q Exactive™ HF-X mass spectrometer (Thermo Fisher,
Germany) at Novogene Co., Ltd. (Beijing, China). Raw data (.raw) files
were imported into Compound Discoverer 3.3 (CD 3.3, Thermo Fisher)
software for processing. To further characterize the metabolic changes
and pathways involved, individual metabolites were processed and
analyzed via the NovoMagic cloud platform (https://magic-plus.
novogene.com/#/). Pathway analysis and enrichment analysis were
based on the KEGG pathway database.

The preparation and sequencing of the RNA-seq libraries were per-
formed by Novogene Co., Ltd. (Beijing, China). Total RNA was extracted
from PAC via TRIzol reagent, and cDNA libraries for RNA-seq analysis
were then prepared via an Illumina NEBNext UltraTM RNA Library Prep
Kit. Universal bridging substrates were ligated to cDNA fragments, and
the quality of the sequencing libraries was tested via the Bioanalyzer
2100 system (Agilent Technologies, CA, USA). The constructed cDNA
libraries were sequenced on the HiSeq 2000 platform (TruSeq SBS KIT-
HS V3, lllumina), with paired ends sequenced to 150 bp. Gene expres-
sion levels were determined, and differentially expressed genes (DEGs)
were further identified.

2.21. Statistical analysis

Statistical analyses were performed via GraphPad Prism (V 10.0, San
Diego, CA) and R (v4.1.1, New Zealand). The data are expressed as the
means + standard deviations (SDs). Two-tailed t_tests and one-way
analysis of variance (ANOVA) followed by Tukey’s test were used for
comparisons. The results were considered significant when p < 0.05.

3. Results
3.1. Preparation and characterization of MOF808 NPs

MOF808 was successfully synthesized through a solvothermal
method using ammonium cerium (IV) nitrate as the metal ion source,
1,3,5-benzyleric acid (H3BTC) as the organic linker, and formic acid as a
structure-directing modulator. The complete synthesis process of the
MOF808 NPs is shown in Fig. 1A.

After BA loading and CAT conjugation, the resulting particles
(MOF808@BA@CAT) retained their spherical morphology, in accor-
dance with the morphology of the as-synthesized native MOF808 NPs
(Fig. 1B and C), which were slightly smaller than the hydration radius
(Fig. 1D). Moreover, MOF808 was predominantly composed of spherical
nanoparticles with a uniform size of 50-100 nm and homogeneously
distributed C, O, and Ce (Fig. 1E). The zeta potentials of MOF808,
MOF808@BA and MOF808@BA@CAT suspended in water were
~-26.9, —9.1 and —18.7 mV, respectively (Fig. 1F), confirming the
successful modification of the nanomaterial.
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The surface composition of the MOF808 NPs was further investigated
via X-ray photoelectron spectroscopy (XPS). The survey scan spectra
revealed the presence of C, O, and Ce in the obtained MOF808 (Fig. 1G).
The Ce 3d XPS spectrum of MOF808 exhibited five peaks corresponding
to the spin—orbit splitting of the Ce Iv)3ds /2 and 3dg 2 orbitals and three
peaks corresponding to the spin—orbit splitting of the Ce (III)®ds,» and
3d3,, orbitals (Fig. 1H), which implied the simultaneous presence of
both Ce*t and Ce3" oxidation states within the fabricated nano-
structures. The binding energies of ce*t (red anchor) were 916.86 eV,
908.40 eV, 900.80 eV, 887.65 eV, and 883.71 eV, and those of Ce>*
(blue anchor) were 904.70 eV, 885.92 eV, and 882.32 eV. The C1s XPS
spectra exhibited a distinct peak at 288.2 eV and sp?-bonded carbon
C=C peak at 284.8 eV. The Cls peak at 288.2 eV was attributed to the
O—C=0 groups (Fig. 1I). The Ols XPS signature of MOF808 revealed
three discrete peaks, as illustrated in Fig. 1J. These peaks corresponded
to distinct oxygen environments within the Ce6 clusters and the H3BTC
ligands: the first peak was associated with oxygen atoms in the free
carboxyl groups of H3BTC (O-C=0) at a binding energy of 533.35 eV,
and the second peak corresponded to the oxygen atoms in the carbox-
ylate groups coordinated to the Ce6 cluster (Ce-O-C) at 530.48 eV [29,
30]. Additionally, the O1s XPS spectrum indicated a significant peak at
531.78 eV, which was attributed to unsaturated Ce-OH groups. The
higher intensity of this peak among the three O1s signal peaks suggested
the presence of many Ce-OH reactive sites on the MOF808 surface. The
specific surface area of MOF808 was determined to be ~ 49.8829 m?g ™!
and the pore sizes were calculated to be ~5.3 nm based on Bru-
nauer—Emmett—Teller (BET) (Fig. 1K-Table S4, Fig. S1). The powder
X-ray diffraction (XRD) pattern of MOF808 revealed a high degree of
crystallinity, which was consistent with the reported PXRD pattern
(Fig. 1L), verifying that MOF808 was successfully prepared.

Fig. 1M provides visual confirmation of the presence of CAT in the
MOF808 composite through the identifiable amide I peak in the
1700-1600 cm ™! spectral region. The second derivative spectra shown
in Fig. 1N suggested a substantial alteration in the spectral bands related
to the protein content, indicating a deviation from the pure CAT enzyme
spectrum. The ATR-FTIR spectrum of CAT was characterized by the
vibrational peaks of the amide I bands at 1687, 1654, and 1636 em ™Y,
and the amide II bands at 1545 and 1618 cm ™, which are marked by
gray dashed lines [31]. A bicinchoninic acid (BCA) assay of the super-
natant was used to determine the concentration of CAT that had been
conjugated to the particles (Figs. S2-4). It can be clearly observed that
after reacting different ratios of MOF808 with CAT and analyzing the
supernatant, the content of CAT in the supernatant is almost negligible.
Additionally, the UV absorption spectrum of the MOF808@BA nano-
particles in DMSO displayed a peak at approximately 289 nm (Fig. S5), a
feature that closely resembles the characteristic absorption peak of BA.
The absence of this feature in the blank MOF808 NPs indicated that the
drug was effectively encapsulated within the carrier system. In addition,
the mass ratio of MOF808 to BA decreases from 1:0.1 to 1:1 (Fig. S3), the
loading capacity (LC%) of BA increases accordingly, reaching a loading
capacity of up to 47 % (Fig. S7). These results indicated the method we
proposed to construct MOF808@BA@CAT is effective.

3.2. Free radical scavenging ability in vitro

Cerium can switch between two oxidation states, Ce(III) and Ce(IV),
which enables cerium to neutralize ROS, thereby mimicking the func-
tion of natural antioxidant enzymes. Given that BA loading does not
affect the enzyme activity of MOF808, we evaluated the ROS scavenging
activity of MOF808. The ability of MOF808 to scavenge ¢03, HoO», and
eOH, which are representative ROS involved in SAP, was then investi-
gated. The results suggested that MOF808 presented concentration-
dependent elimination of HyO2 and O3 (Fig. 2A, Fig. S8). The ability
to neutralize DPPH radicals indicates the presence of antioxidants that
can donate electrons or hydrogen atoms to stabilize free radicals.
MOF808 had a dose-dependent effect on the DPPH scavenging capacity
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Fig. 1. Preparation and characterization of MOF808 NPs

A) Schematic diagram of MOF808@BA@CAT synthesis progression. B) The scanning electron microscopy and C) the transmission electron microscopy images of
MOF808 NPs. Scale bar = 100, 50 nm. D) Hydrodynamic diameter and F) zeta potential of MOF808 NPs. E) EDS elemental mapping images of MOF808. Scale bar =
50 nm. G-J) X-ray photoelectron spectroscopy spectra of MOF808 G) and high-resolution XPS patterns of H) Ce 3d, I) C 1s and J) O 1s peaks of MOF808. K) The N2
sorption isotherm of MOF808. L) The powder X-ray diffraction (XRD) patterns of simulated MOF808 and as-synthesized MOF808. M, N) Attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectra and the corresponding second derivative ATR-FTIR spectra of MOF808 NPs.
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and achieved a 64.2 % clearance rate within 30 min (Fig. 2B).

Catalase (CAT) was integrated into MOF808 through a process that
capitalizes on supramolecular interactions, resulting in a sophisticated
MOF808@CAT composition. This synergistic assembly significantly
bolsters our approach to ROS management, optimizing the clearance of
ROS and thereby fortifying the system’s antioxidant defenses. As
depicted in Fig. 2C, there was a positive correlation between the con-
centration of MOF808@CAT and the increase in the clearance rate of
OH. In contrast, when MOF808 was applied alone, an inverse effect was
observed, highlighting the synergistic contribution of CAT integration to
the antioxidant capacity of the composite. Compared with MOF808 at
the same concentration, MOF808@CAT demonstrated a significantly
greater clearance effect on HyO2. Notably, when both were present at a
concentration of 2 pg mL™!, the Hy0, clearance efficiency of
MOF808@CAT was 11.3 times greater than that of MOF808, with per-
centages of 25 % and 2.1 %, respectively (Fig. 2D). This substantial
difference was largely attributed to the CAT-mediated consumption of
H30s.

The ESR spectroscopy results revealed that the incorporation of
MOF808 and MOF808@CAT, each at a concentration of 200 pg mL},
significantly attenuated these spectral signals, confirming their ability to
scavenge eOH (Fig. 2E). Furthermore, we assessed the #05 quenching
potential of these materials via ESR. The addition of MOF808 and
MOF808@CAT at a concentration of 200 pg mL ! resulted in a reduction
in peak intensity, indicative of their capacity to mitigate ¢O5 (Fig. 2F).
We assessed the Os-generating capabilities of MOF808 and
MOF808@CAT via the use of a [Ru(dpp)3]Cly oxygen-sensitive fluo-
rescent probe. MOF808@CAT showed exceptional O,-generation abil-
ity, whereas MOF808 at the same concentration was slightly less
effective (Fig. S9). After continuously incubating the probe with the
material for 300 s and monitoring its fluorescence intensity, no signifi-
cant changes in fluorescence intensity were observed over time
(Fig. S10). This could be attributed to the fact that MOF808@CAT
essentially quenched the fluorescence completely at the initial stage of
the reaction by generating Os. As shown in Fig. 2G, the efficacy of

MOF808@CAT in generating Oy increased with increasing dosage,
indicating a dose-dependent effect. Fig. 2H shows a marked reduction in
the characteristic absorbance peak of ABTSe cation radicals at 734 nm,
which is correlated with increasing concentrations of MOF808@CAT.
Fig. S11 presents a quantitative assessment of the ABTSe radical scav-
enging efficiency. These findings strongly substantiated the superior
capacity for anoxic free radical neutralization. These attributes are
anticipated to enhance the subsequent antioxidant mechanisms of the
material.

3.3. Cytoprotective effects of MOF808 NPs and their cellular uptake by
PAC

3.3.1. Cellular uptake and biocompatibility studies in vitro

Primary PAC were isolated according to our previously described
experimental methods [14]. The immunofluorescence results confirmed
the high expression level of amylases in the acinar cells isolated, which is
consistent with the characteristics of PAC (Fig. S12). An Hy09-induced
oxidative stress cell model was used to simulate acute inflammatory
cellular damage. As suggested by the results of the HoO, concentration
gradient screening, 200 pM was chosen as the moderate HoO5 concen-
tration to establish the oxidative stress model (Fig. S13). After 24 h of
coincubation with HOs-induced PAC, FITC-labeled MOF808 and
MOF808@BA@CAT were respectively localized with Dil-labeled PAC,
indicating the internalization of MOF808 NPs by PAC (Fig. 3A). The
CCK-8 assay results indicated no cytotoxicity in PAC exposed to MOF808
NPs at various dosages, with over 80 % of the cells surviving at dosages
up to 20 pg mL~! for 24 h (Fig. 3B). Similarly, the biocompatibility of
MOF808 NPs was also verified in AR42J cells (Fig. S14). AR42J cells are
immortalized pancreatic adenocarcinoma cells that share similarities
with normal PAC and are widely used to study the function of the
exocrine pancreas. Compared with that of cells damaged by H,0o, the
viability of inflammatory PAC significantly improved from 40 % to 60 %
with coincubation with 10 pg mL~! MOF808 (Fig. 3C). Compared with
MOF808 alone, MOF808@BA@CAT demonstrated enhanced
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Fig. 3. Cellular uptake and protection effects of MOF808 NPs through calcium elimination and ROS scavenging in PACs.

A) Confocal laser scanning microscopy (CLSM) images showed cellular uptake of FITC-labeled MOF808/MOF808@BA@CAT by PACs. Scale bar = 20 pm. B) Viability
of PACs treated with different concentrations of MOF808/MOF808@BA@CAT (n = 3). C) Viability of PACs treated with MOF808 NPs followed by H,0, stimulation
(n = 3). D) Intracellular calcium levels evaluated in control and HyO»-induced PACs with different treatments followed by incubation of the fluo-4 AM probe ac-
cording to flow cytometry analysis (n = 3). E) Representative fluorescence images of PACs dyed with DCFH-DA under different treatment conditions. Scale bar = 100
pm. F) Representative fluorescence images of PACs dyed with Calcein/AM (green, live cells) and PI (red, dead cells). Scale bar = 100 pm. G) Flow cytometry analysis
for ROS production in PACs following different treatments. H) Relative mRNA expression of IL-1f, IL-6, TNF-a and IL-10 in PACs determined by quantitative PCR (n
= 3). I, J) Annexin V-fluorescein isothiocyanate (FITC)/PI double staining evaluation of PACs apoptosis and corresponding apoptosis statistics (n = 3). Significant

differences between two groups were indicated at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

cytoprotective effects, increasing cell viability to approximately 80 %.

3.3.2. Calcium overload elimination in inflammatory PAC

A continuous increase in free cytoplasmic Ca%" ([Ca ) and cal-
cium overload are the primary initial events of PAC injury in almost all
types of acute pancreatitis [5]. As shown in Fig. 3D, aberrant calcium
overload was detected by flow cytometry in HyOs-induced PAC. The
MOFB808 treatment partially decreased the level of calcium. A superior
calcium overload elimination effect was observed in PAC treated with
MOF808@BA@CAT, an effect that was partially attributable to the
loading of the calcium chelator, which directly binds with intracellular
calcium.

2+]

3.3.3. ROS scavenging and anti-inflammation ability evaluation

After HyO, stimulation, PAC exhibited intense green fluorescence.
MOF808 partially reduced the ROS levels, and MOF808@BA@CAT
exhibited better ROS scavenging abilities with faint green fluorescence,
which was attributable to the loading of the CAT, which optimized the
clearance of ROS (Fig. 3E~ S15). The results of flow cytometry indicated
that MOF808 reduced the ROS level from 42.5 % to 35.5 %, while
MOF808@BA@CAT exhibited enhanced ROS scavenging capacity,
reducing the ROS level to 26.4 % (Fig. 3G).

Moreover, the live/dead staining of PAC confirmed the cytopro-
tective effects of MOF808 NPs (Fig. 3F). In HyO-induced PAC, the ratio
of dead/live cells significantly decreased with MOF808 NPs treatment,
confirming the excellent cytoprotective effect of MOF808 NPs against
oxidative stress damage. After loading with BA and CAT, the cytopro-
tective effect of MOF808@BA@CAT was significantly enhanced.

The RNA levels of relevant inflammatory cytokine were quantified
via real-time quantitative polymerase chain reaction (RT-qPCR). Upon
H»0; treatment, PAC presented a significant increase in the RNA levels
of proinflammatory cytokines, including IL-1p, IL-6 and TNF-a, with a
decrease in the mRNA level of the anti-inflammatory cytokine IL-10. The
presence of MOF808 NPs inhibited the secretion of proinflammatory
cytokines while increasing the secretion of the anti-inflammatory cyto-
kine IL-10, indicating the ability of MOF808 NPs to reduce the degree of
cellular inflammation. MOF808@BA@CAT exhibited better anti-
inflammatory effects than did MOF808 (Fig. 3H). Moreover, the secre-
tion levels of IL-1f, IL-6, IL-10 and TNF-a from PAC under different
treatment were detected via Elisa assay, and the results also confirmed
the enhanced anti-inflammatory effect of MOF808@BA@CAT
(Fig. S16).

Excessive ROS generation can lead to cell apoptosis. The introduc-
tion of MOF808 NPs noticeably decreased the proportion of apoptotic
cells induced by Hy0,, providing evidence of their cytoprotective
properties. After loading with BA and CAT, MOF808@BA@CAT
exhibited stronger antiapoptotic properties and reduced the proportion
of apoptotic cells to close to that of the control group (Fig. 3I and J).

3.4. Restoration of mitochondrial dysfunction

Mitochondria serve as cellular power sources and are the primary
intracellular producers of ROS [32]. Excess superoxide will lead to
mitochondrial oxidative stress damage and dysfunction, which in turn
leads to pathologies such as cell death. The Mito Sox Red fluorescent
probe was used to assess mitochondrial superoxide levels. The

10

mitochondria subjected to HypO»-induced damage presented a robust red
fluorescent signal (Fig. 4A and B). MOF808@BA@CAT treatment led to
an obvious reduction in the fluorescent signal, which indicated the
protective effect of MOF808 NPs on mitochondria under inflammation.

The mitochondria in healthy cells exhibit a filamentous mitochon-
drial network. CypD (Cyclophilin D) can lead to the formation and
opening of a tunable MPTP through Ca* signaling [33,34]. The mito-
chondria of HyOs-induced PAC presented a fragmented structural
appearance, with increased expression levels of CypD (Fig. 4C). MOF808
treatment led to a reduction in the CypD fluorescence signal and partial
restoration of the mitochondrial structure. In contrast, treatment with
MOF808@BA@CAT resulted in an obvious tendency toward the resto-
ration of the typical filamentous mitochondrial structure and simulta-
neously lower expression of CypD. Western blot results also confirmed
that MOF808@BA@CAT treatment reduced the high expression level of
CypD in Hy05-induced PAC (Fig. 4D- S17). Moreover, after incubation
with MOF808@BA@CAT, the impaired mitochondrial autophagy in
H205-induced PAC was ameliorated, which was confirmed by western
blot analysis of components of the Beclinl/p62/LC3A/B pathway
(Fig. 4D- S17).

The opening of the MPTP can further cause a decrease in the mito-
chondrial membrane potential (Aym), a hallmark of apoptotic cell
death, with a consequent reduction in mitochondrial ATP production.
The addition of MOF808 NPs increased the production of ATP, as shown
by ATP assay kit detection (Fig. 4E). To assess the effect of MOF808 NPs
on the mitochondrial membrane potential, PAC in each experimental
group were stained with JC-1. JC-1 accumulates and forms aggregates in
the mitochondrial matrix of cells with a high mitochondrial membrane
potential, resulting in intense red fluorescence. CLSM revealed that
following H,0, stimulation, the red fluorescence decreased, whereas the
green fluorescence increased, indicating a decrease in the mitochondrial
membrane potential. The addition of MOF808 NPs significantly atten-
uated the decrease in the mitochondrial membrane potential, while the
changes in the MOF808@BA@CAT group were remarkably more pro-
nounced than those in the MOF808 group (Fig. 4F and G). Furthermore,
flow cytometry analysis confirmed the maintenance effect of
MOF808@BA@CAT on the mitochondrial membrane potential (Fig. 4H
and I).

3.5. Anti-inflammatory and antioxidant effects of MOF808 NPs in vivo

First, to assess the long-term biosafety of MOF808 NPs, we measured
the changes in serum biochemical indicators and main organs in healthy
rats after one month of high-dose treatment (2 mg kg™!). Serum
biochemistry indices and histopathology of the main organs after
MOF808 NPs administration revealed no observable impairments
(Figs. S18 and 19). These results preliminarily indicated that MOF808
NPs have reliable biosafety.

An SAP model was constructed by retrograde biliopancreatic duct
injection of 3 % NaT as previously described in our study (Fig. 5A) [14,
35,36]. MOF808 NPs were injected into SAP rats via the tail vein 6 h
after the induction of SAP. Pancreas, lung, and serum samples were
extracted 48 h after treatment for subsequent detection (Fig. 5B).
Compared with those in the sham group, the pancreatic tissue in the SAP
group showed massive necrosis and edema. After MOF808 (1.5 mg kg ™)
and MOF808@BA@CAT (1.5 mg kg’l) treatment, the pancreatic tissue
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staining was analyzed by confocal microscopy. Scale bar = 50 pm. H, I) Flow cytometry analysis of mitochondrial membrane potential using JC-1 fluorescence. *p <
0.05, **p < 0.01,

O

*p < 0.001, and ****p < 0.0001.
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Fig. 5. Anti-inflammatory and antioxidant effects of MOF808 NPs in vivo.
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A) Retrograde biliopancreatic duct injection of 3 % NaT to established the SAP model. B) Schematic diagram of vivo experiments (Created by Figdraw). C)
Representative images of pancreatic tissue and D) pancreas wet/dry weight ratio of each group (n = 6). E) Pancreas slices stained with Hematoxylin and eosin (H&E).
Scale bar = 200 pm. F) Pathological scores for H&E staining in the pancreas. G, H) Immunohistochemical staining of pancreatic tissue for the neutrophil marker
myeloperoxidase (MPO). Scale bar = 100 pm. I) The level of amylase, IL-1p, IL-6 and TNF-« in the serum. J, K) Representative images of dihydroethidium (DHE)
staining in pancreatic tissue. Scale bar = 50 pm. L) In vivo fluorescence imaging of Cy5.5-labeled MOF808 @BA@CAT showed an accumulation in main organs (liver,
lung, spleen, pancreas, kidney and heart) 12 h after intravenous injection. M) The level of SOD, MDA, CAT and GSH in the pancreas. *p < 0.05, **p < 0.01, ***

0.001, and ****p < 0.0001.

histomorphology significantly improved, with reduced areas of necrosis
and edema and lower wet/dry weight ratios (Fig. 5C and D). Corre-
spondingly, hematoxylin and eosin (H&E) staining of pancreatic tissues
revealed that MOF808 injection decreased the pathological score, an
effect that was more obvious in the MOF808@BA@CAT group (Fig. 5E
and F). Moreover, SAP-related acute lung injury was effectively allevi-
ated after treatment with MOF808@BA@CAT, as shown by H&E
staining (Fig. S20). The pancreatic tissue of the SAP rats treated with
MOF808@BA@CAT exhibited less neutrophil infiltration (Fig. 5G and
H) and cytoplasmic release of HMGB1 (Fig. S21), a prototype
damage-associated molecular pattern (DAMP) released by injured cells.
Furthermore, compared with MOF808, MOF808@BA@CAT inhibited
the level of systemic inflammation more significantly, with decreased
levels of serum amylase and proinflammatory cytokines (IL-1p, IL-6, and
TNF-a) (Fig. 5I). These results provide evidence for the effective miti-
gation of systemic inflammation in SAP rats through the administration
of MOF808@BA@CAT.

During SAP progression, large quantities of oxygen free radicals are
produced, accompanied by oxidative stress injury. After MOF808
treatment, the ROS level in pancreatic tissue significantly decreased,
while MOF808@BA@CAT exhibited greater ROS scavenging capacity
(Fig. 5J and K). As a consequence of lipid peroxidation, products of lipid
peroxidation (MDA) are released. SOD, the primary enzyme in the
antioxidant enzyme defense system, can halt the free radical chain re-
action, leading to lipid peroxidation and protecting cells and tissues
from ROS damage. The administration of MOF808 significantly
decreased the level of MDA while promoting SOD, CAT and GSH ac-
tivity. Moreover, the enhanced antioxidative ability was observed in rats
treated with MOF808@BA@CAT (Fig. 5M).

To investigate the potential migration of MOF808@CAT@BA to the
pancreas via the blood circulation for therapeutic purposes, we labeled it
with Cy5.5 dye and administered it intravenously through the tail vein.
The fluorescence signal distribution in rats was subsequently monitored
at various time intervals. MOF808 @BA@CAT was detected in the main
organs 12 h after injection and was still detected in the pancreatic tissue
after 48 h (Fig. 5L— S22). In addition, the detectable levels of cerium in
the pancreatic tissue were confirmed by ICP-MS elemental analysis
(Fig. S23). These results demonstrated that MOF808@BA@CAT clearly
suppressed inflammation and oxidative stress in the pancreatic tissues of
SAP rats.

3.6. Restoration of mitochondrial dysfunction in SAP rats

Severe inflammation impacts the mitochondrial antioxidant system
of PAC and increases their susceptibility to oxidative damage. Trans-
mission electron microscopy (TEM) was used to observe the mitochon-
drial morphology of acinar cells in pancreatic tissues (Fig. 6A).
Mitochondrial ridge shrinkage, mitochondrial swelling and vacuoliza-
tion were observed in SAP model rats. After MOF808 treatment, the
mitochondria partially recovered their oval shape, whereas
MOF808@BA@CAT enhanced their ability to restore mitochondria.

TOM20, a mitochondrial protein, is readily degraded in response to
oxidative stress [37], which is consistent with our immunofluorescence
results in the SAP group (Fig. 6B). The pancreas of SAP rats treated with
MOF808@BA@CAT exhibited significant recovery of TOM20 expres-
sion, indicating the high protective efficacy of MOF808@BA@CAT for
mitochondria (Fig. 6B). Similarly, both western blot and
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immunofluorescence confirmed that CypD was highly expressed under
oxidative stress, and was effectively reduced after MOF808 @BA@CAT
administration (Fig. 6C, D, S24). Western blot analyses were performed
to determine the protein expression of autophagy pathway markers
(Beclinl/p62/LC3A/B). Compare with SAP, MOF808@BA@CAT
significantly decreased the expression of markers in autophagy path-
ways (Fig. 6D- S24). Moreover, given that endoplasmic reticulum stress
(ER stress) is also a key pathogenic process affecting acinar cell functions
[8], the expression of associated proteins (ATF6, GRP78 and CHOP) in
pancreatic tissues was assessed. MOF808@BA@CAT clearly reversed
the overexpression of ER stress-related proteins (Fig. 6E- S24).

3.7. Therapeutic mechanism of MOF808@BA@CAT on SAP

3.7.1. Metabolomic analysis

To elucidate the therapeutic mechanism of MOF808@BA@CAT in
SAP, untargeted metabolomic analysis of the pancreatic tissues of rats
was performed (Fig. 7A). A total of 1105 metabolites were identified via
LC-MS analytical techniques and data processing methods. Principal
component analysis (PCA) of the data revealed significant variations in
the distribution of metabolites among the sham group, SAP group, and
MOF808@BA@CAT groups (Fig. S25). Volcano plots revealed that 106
metabolites were increased and 25 metabolites were decreased in SAP
rats compared with sham rats, whereas 36 metabolites were increased
and 44 metabolites were decreased after MOF808 @BA@CAT treatment
(Fig. 7B); among the increased and decreased metabolites, 29 metabo-
lites and 3 metabolites overlapped between those two sets of compari-
sons, respectively, which could be related to the MOF808@BA@CAT
treatment (Fig. 7C). The metabolites whose abundance decreased before
and after MOF808@BA@CAT treatment were then selected to construct
a heatmap (Fig. 7D). After MOF808@BA@CAT treatment, the metabo-
lites whose abundance was altered in SAP mostly returned to an abun-
dance similar to that of the control group, which suggested that
MOF808@BA@CAT may alleviate inflammation by reversing abnormal
metabolism in SAP. These differentially abundant metabolites were
further analyzed via enrichment and pathway analyses via the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. Pathway anal-
ysis revealed that the most differentially abundant metabolites before
and after MOFS808@BA@CAT treatment were related to alanine,
aspartate and glutamate metabolism; vitamin B6 metabolism; purine
metabolism; and glutathione metabolism (Fig. 7E). Gene set enrichment
analysis (GSEA) revealed that most of the metabolites were negatively
correlated with bile secretion in SAP but were positively correlated after
MOF808@BA@CAT treatment, with enrichment scores of —0.64 and
0.65, respectively (Fig. 7F). The altered correlation of metabolites
indicated that pancreatic duct function tended to normalize after
MOF808@BA@CAT treatment, thus allowing smooth drainage of bile
and pancreatic fluid into the intestine and preventing the aggravation of
SAP due to obstruction by pancreatic duct injury.

3.7.2. RNA sequencing analysis of MOF808@BA@CAT in PAC

RNA sequencing analysis of primary PAC was performed to elucidate
the molecular mechanisms of MOF808@BA@CAT treatment. PCA
revealed significant variations in the distribution (Fig. S26). Differen-
tially expressed gene (DEG) analysis revealed that a total of 1581 genes
were upregulated and 1613 genes were downregulated in the HyO5-
induced group compared with the control group, whereas 720 DEGs
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Fig. 6. Restoration of mitochondrial damage in pancreatic tissue by MOF808 NPs.

A) TEM images of mitochondrial morphology in pancreatic tissue. (Representative mitochondrial images were shown in red boxes). B) Immunofluorescence assay of
TOM20 and C) CypD expression levels in pancreatic tissues. Scale bar = 50 ym. D) CypD, markers in autophagy pathways and E) endoplasmic reticulum (ER) stress in
pancreatic tissue were analyzed by Western blot.
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(352 upregulated and 370 downregulated) were identified between the
MOF808@BA@CAT group and the HoO5-induced PAC (Fig. 8A); among
the upregulated and downregulated DEGs, 280 and 290 DEGs over-
lapped between those two sets of comparisons, respectively (Fig. 8B).
KEGG enrichment analysis revealed that MOF808@BA@CAT down-
regulated genes enriched in various regulatory pathways, including the
“pancreatic secretion”, “TNF signaling”, “IL-17 signaling”, and “NF-
kappa B signaling” pathways (Fig. 8C). These results suggested that
MOF808@BA@CAT treatment suppressed inflammation-related path-
ways, which are closely related to the progression of SAP, particularly
the NF-kappa B signaling pathway. Moreover, Gene Ontology (GO)
enrichment analysis was performed to identify the biological process,
cellular component and molecular function associated with the down-
regulated DEGs (Fig. 8D). In particular, the main enriched GO terms of
the biological process category included “intrinsic apoptotic signaling
pathway”, “response to reactive oxygen species”, “acute inflammation
response” and “apoptotic mitochondrial changes”. Moreover, a total of 7
modules were revealed via weighted gene coexpression network anal-
ysis (WGCNA), which revealed significant changes in gene associations
after MOF808@BA@CAT treatment (Fig. 8E). For example, the MEblue
module and the MEyellow module were positively correlated with the
H0; group but not with the MOF808@BA@CAT treatment group. The
genes involved in the MEblue module were selected for further GO and
KEGG analysis via Cytoscape (version 3.7.0) to construct an enrichment
network (Fig. 8F). The results revealed that the majority of the gene
clusters were enriched in mitochondria, the endomembrane system, the
apoptotic process, the proteasome, and cellular component assembly,
which indicated that MOF808@BA@CAT may alleviate inflammation
by affecting these related genes.

The sequencing results provide insights into the molecular mecha-
nisms underlying the anti-inflammatory effects of MOF808@BA@CAT
from the perspective of altered signaling pathways and provide further
evidence for the therapeutic effects of this nanoplatform against SAP.

4. Discussion

SAP is characterized by severe pancreatic inflammation and
considerable acinar cell damage, accompanied by a fast and systemic
inflammatory response, resulting in organ dysfunction lasting more than
48 h [1]. Owing to the rapid changes and complex progress during SAP,
conventional treatment has limited efficacy and a poor prognosis. Our
group has extensively explored new strategies for treating SAP, such as
mesenchymal stem cell (MSC) therapy [14,38,39] and MSC-derived
extracellular vesicle therapy [35,36]. Despite the sufficient explora-
tion performed by our group, relevant clinical research on the treatment
of SAP has not yet been effectively conducted due to the risk of potential
immunogenicity. Therefore, there is an urgent need to explore new
strategies or potential drugs for treating SAP to prevent progression
efficiently and relieve pancreatic damage.

The initial critical events in pancreatic injury involve abnormally
high levels of intracellular calcium and the premature and massive
activation of digestive enzymes in acinar cells, resulting in the patho-
logical autodigestion of acinar cells. The excessive generation of ROS,
caused by the stimulation of various pathological factors, leads to
oxidative stress. Mitochondria, a prominent source of ROS, are also
susceptible to calcium overload. These pathological signals cause
abnormal opening of the MPTP, resulting in mitochondrial dysfunction.
The impairment of mitochondrial function due to abnormal MPTP
opening is a critical event in all studied types of acute pancreatitis [9,
40]. The resulting amplified cascade of events, including reduced ATP
production, impaired autophagy, and cytokine release, culminates in an
increasingly intense inflammatory response that ultimately leads to
pancreatic necrosis. Most previous studies have focused on therapeutic
targets for inhibiting the abnormal opening of MPTPs [41]. Despite
impressive results in animal studies, improving severe pancreatic ne-
crosis via this treatment alone is difficult because the progression of
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SAP-related inflammation is exacerbated not only by the abnormal
opening of MPTPs but also by calcium overload and excessive ROS
production.

In recent years, biomedicine has gained extensive attention as a
strategy for treating and managing various inflammatory diseases, as
well as monitoring during treatment [23,24,42,43]. In pancreatic
related diseases, the previous study reported that excipient-free self--
assembled nanotheranostics exerted significant anticancer effects in a
mouse model of pancreatic cancer [44]. In diabetes-related studies, the
antioxidative nanozymes properties could scavenge diabetes-induced
ROS, resulting in macrophage polarization towards the
anti-inflammatory phenotype [45]. Hosseini et al. demonstrated anti-
apoptotic activity of cerium nanoparticles in oxidative stress induced
apoptosis of pancreatic islets in response to HyO5, this cerium nano-
particles may protect p-cell apoptosis by improving the oxidative
stress-mediated apoptotic pathway [20]. Therefore, cerium nanoparticle
is a promising strategy with multiple possibilities for pancreatic related
diseases.

In our study, we constructed a unique anti-inflammatory nanoplat-
form, MOF808@BA@CAT, by binding BAPTA-AM to achieve calcium
elimination and loading of CAT to achieve enhanced ROS scavenging
capacity. As a proof of concept, in a classical and clinically relevant
biliary SAP rat model, we revealed that the constructed nanoplatform
(MOF808@BA@CAT) efficiently inhibited oxidative stress and system-
atic inflammation, alleviating pancreatic lesions. The pharmacodynamic
results revealed that a single dose of the as-prepared formulation (1.5
mg kg™ 1) alleviated pancreatic injury and significantly decreased the
serum amylase and proinflammatory cytokine levels. The results of in
vitro experiments revealed that MOF808@BA@CAT demonstrated a
significant Ca?" reduction ability after encapsulating the hydrophobic
drug BAPTA-AM. After incubation with MOF808@BA@CAT, mito-
chondrial dysfunction in damaged PAC was improved, and the CypD-
mediated opening of MPTPs was alleviated. Moreover, enhanced ROS
scavenging ability was also demonstrated in injured PAC. MOF808@-
BA@CAT exerts a key therapeutic effect by eliminating calcium and
alleviating oxidative stress and mitochondrial dysfunction.

Moreover, MOF808@BA@CAT administration reversed the
abnormal metabolite levels in SAP pancreatic tissue. Consistent with
previous studies, amino acid metabolism pathways such as alanine,
aspartate and glutamate metabolism, and arginine and proline meta-
bolism are abnormally active in SAP rats, which is attributed to the fact
that when pancreatic acinar cells are stimulated by damage, the stimulus
could cause metabolic disequilibrium through activation of calcium and
generation of excess reactive oxygen species leading to mitochondrial
injury and thus metabolic disorders, and the disrupted metabolites
might in turn further induce oxidative stress [46,47]. In addition,
MOF808@BA@CAT administration enhanced bile secretion to prevent
the aggravation of SAP due to obstruction by pancreatic duct injury.
These abnormal metabolism pathways were partially reversed after
MOF808@BA@CAT treatment, and we propose that MOF808 and CAT
are able to rescue the metabolic disequilibrium by directly inhibiting
oxidative stress and possibly the activity of related metabolic enzymes.
Meanwhile, BA is able to chelate Ca?" directly and block the related
metabolic disorders by inhibiting calcium over-activation to prevent
mitochondrial injury. Transcriptome sequencing of PAC also confirmed
that MOF808 @BA@CAT administration inhibited inflammation-related
signaling pathways, such as the TNF signaling pathway, the NF-xB
signaling pathway, and the apoptotic signaling pathway.

5. Conclusion

In conclusion, we successfully developed an effective strategy for the
treatment of SAP based on nanoparticles. The powerful anti-
inflammatory and antioxidative stress effects of MOF808@BA@CAT
significantly alleviated severe damage of the pancreas. However, it re-
mains to be clarified whether MOF NPs can improve systemic
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complications caused by SAP. It is also well worth investigating whether
MOF can improve the pancreatic endocrine and exocrine dysfunction
left after recovery from SAP. While the present study offers promising
outcomes, the applicability of this nanoplatform to clinical settings still
requires further exploration. Future studies will focus on assessing the
long-term biocompatibility of this nanoplatform to confirm its safety
and efficacy in SAP patients. In short, this research demonstrated that
MOF808@BA@CAT has great potential for improving SAP outcomes,
thus providing a foundation for the development of new strategies for
SAP treatment based on nanozymes.
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