NANO ETTERS
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/NanoLett

A Nanosystem Alleviates Severe Acute Pancreatitis via Reactive
Oxygen Species Scavenging and Enhancing Mitochondrial
Autophagy

Liying Wang,Jr Zerui Gao,T Mengxiang Tian,T Li Liy, Jinyan Xie, Muxiong Chen, Zihao Huang,

Bingzhi Dong, Weigi Li, Liang Shi, Yifan Tong, Hongxia Xu, Bo Shen, Dong Cen,* Hong Yu,*
and Xin Yu*

Cite This: Nano Lett. 2025, 25, 8644—8654 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Severe acute pancreatitis (SAP) is a life-threatening
condition characterized by excessive reactive oxygen species
(ROS) production and impaired mitochondrial function, resulting  erssinbuenes
from disrupted autophagic flux. Current clinical treatment for SAP : Targeton - ing of ROS
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fails to address the condition comprehensively, with the treatment g L ¥ A ‘ny'f-f-':?*'g”g‘__ 09l
targeting only a single pathogenesis. Herein, we report an i o o ® Hos 0 oy
innovative acid-responsive biomimetic nanozyme. This system ) L_J\ : ,—\* " o
features a hollow Prussian blue (PB) core, serving as an ROS ‘ yp ® 8 Bh=a -
scavenger encapsulated within a porous ZIF-8 shell, enabling the NS o N ~ = Enhancing Mitophagy =
efficient delivery of celastrol that activates autophagic flux. Encased e /e ; (’}Q:z; ) <\“>>‘,*

in a macrophage membrane, this system selectively targets oy ;anc'm‘” g,,,f:,g,:_ — :'?‘"’T
inflamed pancreatic tissues and is readily internalized by pancreatic mioshendr

acinar cells. This dual-scavenging mechanism effectively attenuates

inflammatory cytokine levels and restores mitochondrial homeostasis in three distinct SAP mouse models. Overall, this study
presents a promising synergistic strategy for the dual scavenging of damaged mitochondria and ROS, offering a novel therapeutic
approach to the treatment of SAP.
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S evere acute pancreatitis (SAP) is a life-threatening enhanced vascular leakage in the pancreatic tissues of SAP,
systemic inflammatory syndrome"” with a mortality rate impair the permeability and diffusion of antioxidants.'”"'" High
exceeding 30%.° Despite recent advancements in SAP doses of antioxidant treatment are required to achieve efficient
treatment, the underlying mechanisms of cell damage and therapy for deadly SAP.">~"* Recent studies have revealed that
organ dysfunction remain unclear,”’ and the disease’s combining therapies to eliminate ROS is a promising approach
complexity continues to pose significant treatment challenges. for treating SAP St

Clinically, SAP treatment relies heavily on broad-spectrum During SAP pathophysiology, autophagy of mitochondria,
antibiotics, surgical debridement, and fluid resuscitation, which also called mitophagy, plays a key role in maintaining
are insufficient to address the complex pathogenesis of this mitoglondrial quality and quantity in pancreatic acinar
lethal condition. Therefore, developing novel therapeutic cells.” By clearing damaged mitochondria, mitophagy prevents

excessive inflammatory responses. However, impaired
autophagic flux during SAP disrupts mitophagy, leading to
abnormal mitochondrial accumulation and worsening pancre-
atic necrosis and multiple organ dysfunction syndrome.'”*’
Recent studies have focused on reducing excess ROS to restore

approaches targeting multiple pathways is essential.”

Among the various SAP pathologies, oxidative stress from
excessive reactive oxygen species (ROS) generated by
malfunctioning mitochondria plays a central role.”® Necrotic
pancreatic acinar cells trigger local inflammation and oxidative
stress by releasing proinflammatory mediators and ROS,’

leading to complex pathological processes, including systemic Received: March 7, 2025
inflammatory response syndrome and multiple organ dysfunc- Revised: ~ May 9, 2025
tion syndrome.® Therefore, eliminating ROS is crucial in the Accepted: May 9, 2025

treatment of SAP. ROS scavenging alone has shown preventive Published: May 15, 2025

therapeutic effects in mild pancreatitis.9 However, increased
intercellular gaps between endothelial cells, leading to
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Figure 1. Synthesis, modification, and preparation of hierarchically porous a metal—organic framework biomimetic nanozyme and the synergistic
strategy that dual-scavenged damaged mitochondria and ROS for the treatment of SAP. (A) Schematic diagram for the synthesis of MPBZC. The
preparation of the acid-responsive hierarchically porous a metal—organic framework biomimetic nanozyme capable of carrying celastrol (CEL),
extraction of macrophage membrane, and the preparation of MPBZC. The acidity-induced ZIF-8 degradation gradually released loaded celastrol to
promote mitophagy and the exposed PB core to reduce ROS. (B) Scheme targeting pancreatic tissue in an inflammatory state of pancreatitis and
alleviating the SAP by restoring impaired autophagic flux and eliminating excessive ROS. Macrophage-membrane-coated core—shell-structured
MPBZC binds to P-selectin highly expressed at the inflammatory site of SAP because of the interaction between chemokine receptors and adhesion
molecules. This process provides specific targeting for MPBZC. The macrophage-membrane-coated MPBZC initiates endocytosis, allowing the
core—shell structure MPBZC to enter the acinous cells. The exposed PB core scavenges the cell’s existing ROS, reduces serum amylase and
inflammatory cytokine levels, and improves the antioxidant enzyme activity. Because autophagic flux was activated by celastrol loaded in MPBZC,
mitophagy was improved and the mitochondrial membrane potential (Ay,,) was recovered.

mitochondrial function, but this approach cannot eliminate
damaged mitochondria.”'~** Reducing ROS and restoring
mitochondrial homeostasis are essential to improving SAP
survival rates. However, no effective combination therapy
currently exists to eliminate damaged mitochondria and ROS
simultaneously in the treatment of SAP.

A natural compound from Tripterygium wilfordii, called
celastrol (CEL), is widely studied for restoring autophagic
flux.”* However, its clinical appllcatlon is hindered by poor
water solubility and low oral absorption,” complicating its use
in SAP treatment.”®”” To overcome these issues, specialized
drug-delivery systems, such as nanoparticles and liposomes, are
required to enhance solubility and absorption efficiency.
Macrophage-membrane-coated nanoparticles offer significant
advantages over traditional delivery systems to accomplish
combination therapy,”*”” leading to long blood circulation and
higher biocompatibility.*> Biomimetic macrophage-membrane-
coated nanocarriers specifically target the inflammatory
environment of SAP through interactions between chemokine
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receptors and adhesion molecules.” It is a promising strategy
to deliver celastrol with biomimetic macrophage-membrane-
coated nanocarriers in the combination therapy of SAP.

On the basis of these findings, we propose a combination
strategy to simultaneously scavenge ROS and damaged
mitochondria for treating SAP. Macrophage membranes are
utilized to provide targeting capabilities and enhanced
accumulation in the inflammation environment of SAP.
Prussian blue (PB) serves as the core with outstanding ROS-
scavenging capabilities, while the ZIF-8 agglomeration layer on
its surface enables efficient celastrol loading. In acidic
inflammatory microenvironments, ZIF-8 degradation releases
celastrol to promote mitophagy, while the exposed PB core
reduces ROS. The resulting macrophage-membrane-coated
and ZIF-8-modified PB-nanoparticles-loaded celastrol
(MPBZC) is readily taken up by acinar cells, demonstrating
strong anti-inflammatory, antioxidant, and antiapoptotic
effects. Additionally, by delivery of celastrol to acinar cells,
MPBZC restores the autophagic flux inhibited during SAP. In
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Figure 2. Characterization of MPBZC biomimetic nanoparticles. (A) TEM images of PB, PBZ, PBZC, and MPBZC (scale bar = 100 nm). (B)
TEM-based elements (scale bar = 100 nm). (C) XRD patterns of PBZ, PB, and ZIF-8. (D) Full XPS of MPBZC. (E) UV—vis absorption spectra of
PBZ, PB, CEL, and MPBZC. (F) Protein profiles of PB and CR (lysis solution of RAW264.7 cells), MR (lysis solution of a RAW264.7 membrane),
and MPBZC. (G) Western blot analysis performed to detect the expression of CD44, ATPase, and GAPDH in RAW264.7, CR, and MPBZC. (H)
Size distribution of PB, PBZ, PBZC, and MPBZC nanoparticles. (I) { potential of PB, PBZ, PBZC, and MPBZC.

the SAP mouse model, MPBZC shows excellent pancreatic
accumulation and retention, significantly reducing serum
amylase, lipase, and inflammatory cytokine levels. Moreover,
the dual strategy of scavenging ROS and damaged mitochon-
dria increases the survival rate from 12.5% to 62.5% in a fatal
SAP model. This well-designed MPBZC, through targeted
drug delivery, not only eliminates excessive ROS but also
restores autophagic flux, achieving a synergistic effect that
markedly improves pancreatic tissue recovery and function.
Thus, the proposed dual strategy of scavenging ROS and
damaged mitochondria offers new insights and directions for
treating life-threatening SAP.
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The synthetic procedure employed to obtain the macro-
phage-membrane-coated MPBZC nanoparticles is outlined in
Figure 1. First, PB nanoparticles were synthesized via a
reported solvothermal reaction,®” and they exhibited a sphere
morphology (Figure 2A). Then, the direct growth of ZIF-8 was
observed with the transmission electron microscopy (TEM)
images, and the size of PB nanoparticles increased with
formation of the ZIF-8 agglomeration layer. Elemental
mapping images of the MPBZC specimens revealed the
presence of Fe and Zn in the MPBZC nanoparticles (Figure
2B). From the X-ray diffraction (XRD) patterns in Figure 2C
and the X-ray photoelectron spectroscopy (XPS) results in

https://doi.org/10.1021/acs.nanolett.5c01495
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Figure 3. pH-responsive ability and free-radical scavenging capacity of MPBZC. (A) TEM images of MPBZC incubated in solutions with a pH of
5.5 at different times (scale bar = 100 nm). (B) Size distribution of MPBZC incubated with solutions of different pH. (C) SOD-like activities of PB,
CEL, PBZ, PBZC, and MPBZC. (D) CAT-like activities of PB, CEL, PBZ, PBZC, and MPBZC. (E) Images of the H,0, reaction after the addition
of PB, CEL, PBZ, PBZC, and MPBZC. (F) POD:-like activity of PB, CEL, PBZ, PBZC, and MPBZC. (G) DPPH as a substrate to detect nitrogen
radical inhibition by PB, CEL, PBZ, PBZC, and MPBZC. (H) Schematic representation of the ROS/RNS scavenging capacity of MPBZC.

Figure 2D, PBZC presented several characteristic peaks that
corresponded to PB nanoparticles and ZIF-8, confirming the
successful formation of a hierarchical ZIF-8 layer on the
surface of PB nanoparticles. As the heterostructure shell, ZIF-8
has abundant large pores, and the hydrophobic drug was
loaded effectively through n—sa-stacking and hydrogen-
bonding interactions. As present in Figure 2E, the celastrol-
loaded PBZC had typical celastrol characteristic absorbance
peaks at 425 and 695 nm, indicating that celastrol was loaded
into the PBZ successfully. To improve the targeting ability of
PBZC, the macrophage cell membrane was harvested. As
shown in the TEM image, the shell structure on the surface of
nanoparticles and the increased size indicated that the coating
of the cell membrane on PBZC was successful. Moreover, the
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
assay showed that both the macrophage cell membrane and
MPBZC contained proteins from RAW264.7, indicating that
membrane proteins still existed in the MPBZC after extrusion
(Figure 2F). CD44, the key marker of the macrophage cell
surface involved in targeting, was verified by Western blot
analysis (Figure 2G). As shown in Figure 2H, dynamic light
scattering (DLS) analysis indicated that the hydrodynamic
diameter of MPBZC was 220 nm. Compared with uncoated
PBZC, the { potential of MPBZC decreased from —8.99 to
—16.73 mV, indicating the successful encapsulation of MPBZC
(Figure 2I). Furthermore, the stability of MPBZC was
evaluated in various physiological media (Figure S1), and the
DLS results and corresponding scanning electron microscopy
(SEM) images indicated that MPBZC maintained their
structure over 7 days, validating the stability of MPBZC.
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Constructing an inflammatory microenvironment responsive
nanosystem to deliver drugs can effectively imgrove the
therapeutic effect of severe inflammatory diseases.”> > The
inflammatory microenvironment is characterized by weakly
acidic conditions. ZIF-8 possesses acidity-triggered degrad-
ability, a key feature for its potential applications in drug-
delivery systems.’®*” The MPBZC consisted of a ZIF-8-coated
PB core, which could serve as a highly effective “turn-on” tool
for precisely treating SAP. The TEM images indicated that the
structure of MPBZC was degraded over time in acidic
conditions (Figure 3A). DLS further confirmed that the
distribution of MPBZC, in terms of the hydrodynamic size,
was divided into two peaks in a weakly acidic solution (pH
5.5) over time (Figure 3B).

As the outer ZIF-8 shell degraded and the drug was released,
the inner PB core was exposed, which acts as an artificial
nanoenzyme to catalyze the detrimental ROS enriched in the
inflammatory microenvironment into harmless H,O and
0,.*7*" As exhibited in Figure 3C, the superoxide dismutase
(SOD)-like activity of PB, PBZ, PBZC, and MPBZC was
measured, and all showed excellent SOD-like catalytic activity.
Because the half-life of O, and °*OH are short, the
concentration of H,0, is highest among the biologically
relevant ROS.*” Because catalase (CAT) is responsible for the
catalytic reaction of H,O, to generate 0,,* the CAT mimetic
activity was measured. Figure 3D showed that the concen-
tration of O, increased significantly with the addition of
MPBZC, which is due to the CAT mimetic activity of PB.
Furthermore, plenty of O, bubbles were observed by adding
H,0, to the MPBZC solution (Figure 3E). A classical
chromogenic reaction has been implemented to detect

https://doi.org/10.1021/acs.nanolett.5c01495
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Figure 4. MPBZC alleviate inflammation and cell apoptosis by restoring impaired mitochondrial autophagic flux and scavenging ROS in vitro. (A)
Evaluation of ROS generation and fluorescence semiquantification under treatments of PB (25 ug/mL), CEL (10 pg/mL), and MPBZC (e.g., [PB]
= 25 pg/mL and [CEL] = 10 pg/mL) by dichlorofluorescein (DCF) measurement using confocal microscopy (scale bar = 100 ym). (B)
Evaluation of mitochondrial autophagy under treatments of PB (25 ug/mL), CEL (10 ug/mL), and MPBZC (e.g., [PB] = 25 pg/mL and [CEL] =
10 pg/mL) using confocal microscopy. Mitochondrial autophagy is indicated by the red probe, and lysosomes are indicated by the green probe
(scale bar = 25 ym). Fluorescence semiquantification of the mitochondrial autophagy levels under different treatments using confocal microscopy.
ATP production under different treatments. (C) Schematic diagram of the in vitro experiments. mRNA expression levels of IL-6 (D) and CD163
(E) under different treatments (n = 3). (F) Apoptosis of cerulein + LPS-induced AR42J cells after different treatments. The cells were stained using
an Annexin V-FITC/PI kit and analyzed by flow cytometry (n = 3). (G) Quantitative analysis and Western blot images of P62 and LC3 II/I in
AR42J cells under different treatments. The results are presented as mean + SD, n = 3. ¥p < 0.05, **p < 0.01, and ***p < 0.001.

MPBZC’s peroxidase (POD)-like activity. With the addition of fonic acid) oxidized quickly and absorbance increased
MPBZC, colorless 2,2'-azinobis(3-ethylbenzothiazoline-6-sul- significantly (Figure 3F). Moreover, *DPPH is a highly stable
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Figure S. Treatment of MPBZC alleviating inflammation in the cerulein + LPS-induced SAP animal model by restoring impaired mitochondrial
autophagic flux and scavenging of ROS. (A) Representative ex vivo images of major organs at different time points after tail vein injection of various
reagents in SAP mice, n = 3. (B) Semiquantitative analysis of total fluorescence signals detected ex vivo in major organs after tail vein injection of
various reagents in SAP mice (ARE = average radiation efficiency). Data are mean = SD, n = 3. (C) Experimental flowchart of the treatment
process. Serum levels of lipase (D) and amylase (E) after tail vein injection of various reagents in SAP mice, including Control (CT), cerulein +
LPS (model), cerulein + LPS + PB (PB, 2.5 mg/kg), cerulein + LPS + CEL (CEL, 1 mg/kg), cerulein + LPS + drug mixture of PB and CEL (drug
mixture of, e.g, [PB] = 2.5 mg/kg and [CEL] = 1 mg/kg), and cerulein + LPS + MPBZC (MPBZC, e.g, [PB] = 2.5 mg/kg and [CEL] = 1 mg/
kg), n = S. (F) Representative images of H&E-stained pancreatic and lung tissue samples after tail vein injection of various reagents in SAP mice
(scale bar = 100 m) and confocal microscopy images of TUNEL-stained pancreatic tissue after tail vein injection of various reagents in SAP mice.
Scale bar: 200 ym. (G) Evaluation of ROS generation and fluorescence semiquantification in pancreatic samples of SAP mice under different
treatments by DCF measurement using confocal microscopy (n = 3). (H) Quantitative analysis and Western blot images of Beclin-1, P62, and LC3
I/11 in pancreatic tissues from cerulein + LPS-induced SAP models under different treatments, with S-tubulin as the loading control (n = 3). The
results are presented as mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001.

and most commonly used free radical for evaluating the ability 3G). The results indicated that MPBZC is a promising
to capture reactive nitrogen species.”* After incubation with candidate for scavenging ROS in the treatment of SAP (Figure
MPBZC, *DPPH radicals were inhibited remarkably (Figure 3H).
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The toxicity and uptake efficiency of PB and MPBZC in the
acinar cells were measured. As shown in Figure S2A,B, minimal
cytotoxicity was observed in AR42J cells. Then, the AR42J cell
uptake efficiency of MPBZC was measured by using flow
cytometry and laser confocal microscopy. The value increased
to 63.7% at 1 h and exceeded 90% at 4 h (Figure S2C).
Moreover, the overlap between the lysosome and fluorescein
isothiocyanate (FITC)-labeled MPBZC increased, indicating
that nearly all acinar cells had completed the uptake of
MPBZC via the endolysosomal pathway within 4 h (Figure
S2D,E). Significant ROS accumulation was detected in the
SAP cell model by the ROS probe. The fluorescence intensity
of ROS decreased by 43% after the addition of MPBZC
(Figure S3A). Results from confocal laser scanning microscopy
confirmed the scavenging of ROS in the MPBZC group
(Figure 4A). Furthermore, after treatment with MPBZC, the
concentration of glutathione, SOD, and malondialdehyde
increased significantly (Figure S3B,D).

Depolarization of the mitochondrial membrane potential
(Ay,,) leads to impaired adenosine triphosphate (ATP)
synthesis and cellular energy depletion, while decreased
mitochondrial autophagy exacerbates the accumulation of
mitochondrial damage.” Acinar cells were exposed to cerulein
and lipopolysaccharide (LPS) to simulate the inflammatory
microenvironment of SAP. A significant reduction in the
fluorescence intensity of tetramethylrhodamine ethyl ester
(TMRE) was observed as the fluorescence decreased by
approximately 74%. However, the treatment of PB alone could
not reverse the depolarization of Ay, indicating substantial
mitochondrial membrane potential damage accumulating in
acinar cells around the inflammatory environment of SAP,
which could not be restored by simply eliminating ROS. By
loading of CEL, MPBZC showed a great ability to regulate
Awy,,. Similar trends were observed by using the JC-1
mitochondrial membrane potential probe (Figure S5).

The depolarization of Ay, is the most critical initiation
event among the several triggers of mitophagy.”' Subsequently,
we explored whether depolarization of Ay, facilitates
mitophagy in the inflammatory microenvironment of SAP.
Laser confocal microscopy scanning revealed a significant
decrease in the mitochondrial autophagy levels in the model
group, with the fluorescence intensity decreasing to 13.91%
compared with the control group. The addition of PB has no
influence on the mitophagy of AR42]J cells, with a fluorescence
intensity of mitophagy dye of only 14.93%. However, the
fluorescence intensity of the mitophagy dye increased by 4.3-
and 3.7-fold with the treatment of CEL and MPBZC (Figure
4B). The ATP production under SAP conditions was
measured further. The results showed that, after the treatment
of MPBZC, the production efficiency of ATP in acinar cells
increased from 28% to 42% compared with the control group.
Ineffective clearance of damaged mitochondria caused by
impaired autophagy in the SAP inflammatory microenviron-
ment leads to pancreatic tissue necrosis and localized
inflammation.*> As a ligand of nuclear receptor Nur77,
celastrol promotes Nur77 migration from the nucleus to
mitochondria, improving mitophagy and promoting the
cellular repair of damaged mitochondria.*® By loading celastrol,
MPBZC recovered the normal mitochondrial membrane
potential and restored mitochondrial autophagy function,
serving as an effective therapeutic strategy to alleviate SAP.

AR42J cells were exposed to cerulein and LPS to simulate
the SAP environment (Figure 4C). The results showed that
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the amylase level in acinar cells increased 1.69-fold and the
apoptosis rate increased from 9.3% to 22.6% compared with
the control group. With the treatment of MPBZC, the amylase
level in the culture medium decreased by 70% (Figure S6).
Furthermore, the mRNA expression of inflammatory cytokines
TNEF-a, IL-6, IL-1$, and iNOS and anti-inflammatory factor
CD163 was measured (Figures 4D,E and $6). Treatment with
MPBZC exhibited excellent anti-inflammatory effects. The cell
apoptosis was detected by Annexin V/PE assay. The result
showed that the apoptosis rate in the model group increased to
22.6%. With the addition of MPBZC, the apoptosis rate
decreased to 14.2% (Figure 4F). Impaired autophagic flux
leads to the accumulation of damaged mitochondria, which is
one of SAP’s most crucial pathological progression.”” LC3,
P62, Pinkl, and Parkin8 are key molecules in the mitophagy.**
The expression of Pinkl and Parkin8 in AR42] cells was
reduced by 28% and 46%, respectivel, in the SAP cell model.
The addition of PB showed little influence on the expression of
Pinkl and Parkin8, indicating that mitophagy dysfunction in
SAP cannot be reversed by simply alleviating ROS (Figure S7).
The protein expression levels of P62 and LC3 II/I increased by
2.8-fold and 1.9-fold in the model group, confirming that while
the initiation stage of autophagy is activated in acinar cells
under the SAP inflammatory microenvironment, the com-
pletion stage is inhibited, leading to the impaired autophagic
flux. The addition of MPBZC reduced the expression of P62
and LC3 II/I significantly, indicating that MPBZC restored
mitophagy inhibition and autophagic flux damage (Figure 4G).

With the coating of the macrophage membrane, the celastrol
delivery system has the potential ability to target the
inflammation of SAP tissues. The distribution of MPBZC in
vivo was evaluated by intravenous injection of FITC-labeled
MPBZC in the SAP mouse model. The fluorescence intensity
of MPBZC in the pancreas was significantly higher (1.5-fold) 2
h after the injection. Interestingly, in the mice without the
treatment of cerulein and LPS, there was no difference in the
accumulation of MPBZC and free FITC in various organs
(Figures SAB and S8), indicating that MPBZC accumulates
and is retained in pancreatic tissue by targeting the inflamed
areas of the pancreas under the inflammatory condition of
SAP. Celastrol is acknowledged as one of the natural extracts
with the highest therapeutic potential for clinical treatment.”’
However, severe systemic toxicity impedes its clinical
utility.*>" A variety of MPBZC solutions loaded with different
concentrations of celastrol were injected into the mice. Blood
routine and blood biochemistry examination indicated that the
optimal dose of celastrol was 1 mg/kg (Figure S9).

As shown in Figure SC, serum analysis revealed that the
amylase and lipase levels in the model group were remarkedly
increased. The levels of the inflammatory cytokines TNF-a, IL-
6, and IL-1f were also significantly upregulated. Histological
examination of the pancreas and lungs showed a pronounced
infiltration of inflammatory cells and pancreatic cell necrosis.
The levels of amylase and lipase decreased by 52% and 47%
after the treatment of MPBZC (Figure SD,E). Additionally, the
levels of the inflammatory cytokines TNF-a, IL-6, and IL-1f
were reduced (Figure S10). Histological examination of
pancreatic and lung tissues from MPBZC-treated mice showed
that pancreatic edema was reduced, infiltration of inflammatory
cells gradually decreased, and the area of the inflammatory
region was smaller in the MPBZC-treated group. Additionally,
the alveolar walls showed a more regular structure, and the
cells were restored to their normal morphology. After

https://doi.org/10.1021/acs.nanolett.5c01495
Nano Lett. 2025, 25, 8644—8654


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01495/suppl_file/nl5c01495_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

treatment with MPBZC, the proportion of apoptotic cells
decreased by 81% (Figures SF and S11). To more rigorously
assess proliferation, the tissues were stained with Ki-67. The
relative fluorescence intensity of Ki-67 increased significantly
(4.2-fold), indicating that the damaged acinar cells were
replaced by newly proliferated acinar cells due to the treatment
of MPBZC (Figure S12). Furthermore, MPBZC was labeled
with FITC, and colocalization analysis was conducted; the
overlap of fluorescence demonstrated that the therapeutic
effect was achieved with the treatment of MPBZC. The
alcoholic SAP model and the CDE-induced (choline-deficient
and supplemented with ethionine diet) SAP model were
further employed to investigate the therapeutic effects of
MPBZC on different types of SAP. As shown in Figures S13
and S14, the treatment of MPBZC enhanced the therapeutic
effect, with the amylase and lipase decreased and decreased
pancreatic damage sites and apoptosis rate. In addition, the
mice exhibited a near 100% mortality rate within 7 days in the
CDE-induced SAP model group. The treatment of MPBZC
significantly improved the 7-day survival rate from approx-
imately 10% to 60%. Notably, CDE mice treated with MPBZC
maintained a 50% survival rate for 20 days.

Subsequently, ROS was detected in the pancreatic tissue of
mice, and the results showed that the fluorescence intensity in
the pancreatic tissue of the model group was 13.7 times higher
than that in the control group. The treatment of MPBZC
significantly eliminated the ROS by 74% (Figure SG).
Furthermore, CEL loading in MPBZC was introduced to
restore the impaired autophagic flux. As shown in Figure SH,
the expression of autophagy-related proteins in the pancreatic
tissue was significantly increased in the SAP mouse model,
with the protein expression levels of Beclin-1, LC3II/I, and
P62 were 1.86, 3.27, and 3.43 times higher than those in the
control group. The treatment of MPBZC reduced the protein
expression of Beclin-1, LC3II/I, and P62, which decreased
significantly to 39%, 52%, and 20%. In the alcoholic
pancreatitis model, these levels decreased by 30%, 64%, and
53% (Figure S1S5). To further verify this mechanism,
mitochondria were isolated from the pancreas of mice to
detect the expression of autophagic-flux-related proteins. The
results exhibited that the addition of MPBZC activated the
translocation of Nur77 to the mitochondria and promoted
mitophagy (Figure S16). These results further confirmed that
an excellent therapeutic effect on SAP was obtained by the
combination treatment of scavenging excessive ROS and
restoring impaired autophagic flux.

Assessing the biosafety of MPBZC is a critical step before
clinical application. Hematological analysis demonstrated no
notable alterations among healthy mice treated with MPBZC,
CEL, or PB, compared with the control group. Similarly,
biochemical indices remained within normal ranges across all
experimental groups (Figure S17). Histological examination of
major organs revealed no observable pathological abnormal-
ities in the treated mice (Figure S18). To further validate the
biological safety of the MPBZC, organ histopathology,
immune responses, and long-term biodistribution were
assessed (Figures S19 and $20). The results demonstrated
that the MPBZC formulation is nontoxic and has favorable
biosafety for potential applications.

In this study, we have successfully developed a novel
biomimetic nanozyme MPBZC for the treatment of SAP. This
innovative nanosystem integrates the ROS scavenging
capabilities of PB with the autophagy-promoting effects of

CEL, encapsulated within a porous ZIF-8 shell and coated with
a macrophage membrane for targeted delivery to inflamed
pancreatic tissues. The design of MPBZC represents a
significant advancement in multitargeted synergistic treatment
strategies, addressing both the excessive production of ROS
and impaired mitochondrial function, which are critical
pathological features of SAP.
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