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A B S T R A C T

Acute pancreatitis (AP) is a highly fatal pancreatic inflammation. In recent years, synthetic nanoparticles have 
been extensively developed as drug carriers to address the challenges of systemic adverse reactions and lack of 
specificity in drug delivery. However, systemically administered nanoparticle therapy is rapidly cleared from 
circulation by the mononuclear phagocyte system (MPS), leading to suboptimal drug concentrations in inflamed 
tissues and suboptimal pharmacokinetics. To address this challenge, we herein demonstrate a surface masking 
strategy that involves coating the surface of selenylated Poria cocos polysaccharide nanoparticles with a layer of 
macrophage plasma membrane to circumvent MPS sequestration, thereby enhancing the therapeutic efficacy of 
selenylated Poria cocos polysaccharide nanoparticles. Nanoparticles encapsulated with macrophage membranes 
can simulate the active homing efficacy of macrophages to inflamed lesions during AP, resulting in excessive 
infiltration of macrophages in pancreatic inflammation sites and prolonged tissue retention time. This technique 
converts non-adhesive lipid nanoparticles into bioadhesive nanoparticles, increasing local tissue accumulation 
under inflammatory conditions, including the pancreas and vulnerable lungs. The mechanism is related to tar-
geting pro-inflammatory macrophages. In murine models of mild and severe AP, intravenous treatment with 
macrophage-mimicking nanoparticles effectively reduces systemic inflammation level and diminishes the 
recruitment of macrophages and neutrophils. Mechanistic studies elucidate that macrophage membrane- 
biomimetic selenylated Poria cocos polysaccharide nanoparticles primarily mitigate pancreatic inflammation 
by inhibiting the AKT/mTOR pathway to reverse autophagic flux impairment. This allows us to envision that the 
developed biomimetic nanotherapy approach could potentially serve as a novel strategy for pancreatic drug 
therapy.
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1. Introduction

Acute pancreatitis (AP) is an inflammatory disease caused by the 
premature activation of digestive enzymes in pancreatic acinar cells 
(PACs), with a potential risk of fatality [1–3]. The severity of AP spans a 
spectrum, roughly 20% of patients experience moderate or severe acute 
pancreatitis (SAP), with a significant mortality rate ranging from 20% to 
40% [4–6]. Despite advancing comprehension of the underlying 

mechanisms of AP, effective pharmacological treatment remains elusive, 
with therapeutic strategies still predominantly relying on general 
anti-inflammatory approaches [7,8]. In recent years, there is growing 
evidence supporting the involvement of impaired autophagy and acti-
vation of inflammation in the pathogenesis of AP [9,10]. During the 
course of AP, intracellular autophagosomes accumulate and damaged 
mitochondria build up, leading to increased reactive oxygen species 
(ROS) production and accumulation of autophagy-related proteins (LC3 

Scheme 1. Macrophage membrane-biomimetic selenylated Poria cocos polysaccharide nanoparticles attenuate acute pancreatitis injury. Firstly, seleny-
lated Poria cocos polysaccharide nanoparticles (Se-P) formed uncoated selenylated Poria cocos polysaccharide lipid nanoparticles (Se-PP) by thin-film hydration 
method with liposomes, then further combined with extracted macrophage membrane (CM) proteins to form macrophage membrane-biomimetic selenylated Poria 
cocos polysaccharide nanoparticles (mSe-PP). Subsequently, different formulations were intravenously injected to treat acute pancreatitis in mice. mSe-PP accu-
mulated in the pancreatic microenvironment of inflammation, interfering with the recruitment of macrophages and neutrophils. It alleviated the severity of 
inflammation by inhibiting the expression and secretion of pro-inflammatory factors in macrophages. Simultaneously, it reversed autophagy pathway damage by 
inhibiting the AKT/mTOR pathway in macrophages, thereby reducing the production of ROS and cell apoptosis.
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and SQSTM1/p62), further damaging cells and disrupting cellular 
function [11]. Furthermore, evidence suggests that cellular autophagy is 
regulated by the AKT/mTOR pathway [12–15]. Therefore, modulating 
the AKT/mTOR-autophagy processes in drug development presents a 
potential strategy and perspective for treating AP.

Poria cocos polysaccharides (PCP) are considered as a vital compo-
nent of Poria cocos (Schw.) Wolf [16]; however, in which, around 90% 
of polysaccharides are insoluble in water, exhibiting relatively weak 
biological activity [17]. Research indicates that the water solubility and 
bioavailability of polysaccharides could be further enhanced by appro-
priate chemical modifications [18]. Natural or synthetic selenium 
(Se)-enriched polysaccharides known for their heightened and unique 
biological activities, for example, have emerged in the treatment of 
acute liver injury, renal damage, and ulcerative colitis [19–21], such as 
anti-tumor effects, antioxidant properties, and immunomodulation 
[22–25]. Despite numerous studies suggesting the therapeutic potential 
between selenium-modified polysaccharides and inflammation [26,27], 
limited research has been conducted on the selenylation of PCP and the 
anti-inflammatory properties of selenylated Poria cocos polysaccharide 
nanoparticles (Se-P) in the context of pancreatitis [28].

The traditional free drug therapy is constrained by various drug 
performance parameters [29], whereas targeted drug delivery nano-
therapies achieve efficient drug delivery through approaches such as 
internal biological stimuli (e.g., pH, enzyme expression and redox po-
tential) [30,31], external stimuli (e.g., temperature, ultrasound, mag-
netic field and light) [32], immune cell targeting [33], and other 
innovative strategies. The integration of biomimetic nanomaterials into 
inflammatory disease research has seen rapid progress recently [34–36]. 
Based on the infiltration of innate immune cells, particularly macro-
phages, during the progression of AP leading to a high inflammatory 
state, macrophage-associated inflammatory responses may result in the 
progression of inflammation from local to systemic, and in severe cases, 
may lead to multi-organ dysfunction [37]. To address this, we developed 
nanoparticles that feature macrophage plasma membrane coating, 
effectively camouflaging selenylated polysaccharide nanoparticles. By 
preserving membrane components and antigens, these microparticles 
demonstrate specific neutralization of pathological molecules, pro-
longed circulation through immune evasion, and targeted accumulation 
at lesion sites [38], demonstrating their unique advantages as bio-
mimetic carriers for drug delivery.

This study presents a targeted approach to enhance pancreatitis 
treatment by leveraging the selenylation modification of poly-
saccharides and biomimetic macrophage membrane cloaking strategies 
(Scheme 1). In both mild and severe AP mouse models, macrophage 
membrane-biomimetic anti-inflammatory nanoparticle (referred to as 
mSe-PP) is more effective in protecting the pancreas and reducing the 
severity of the disease compared to the uncoated lipid nanoparticles 
(referred to as Se-PP). Overall, mSe-PP serves as a distinctive biomimetic 
nanoparticle platform capable of delivering Se-P efficiently and has 
potential for the treatment of AP.

2. Materials and methods

2.1. Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-distearoyl- 
sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3- 
phosphocholine (DPPC) and cholesterol (CHOL) were obtained from 
CORDEN (Switzerland). Poria cocos polysaccharide was bought from 
Yuanye Biotechnology Co. Ltd. (Shanghai, China). Sodium selenite, 
ascorbic acid and lipopolysaccharide (Escherichia coli O127: B8) were 
purchased from Sigma-Aldrich (St. Louis, USA). Type IV collagenase and 
fetal bovine serum (FBS) were purchased from Gibco (USA). Antibodies 
against LC3B (ab192890), SQSTM1/p62 (ab109012), CD45 (ab40763), 
F4/80 (ab16911), MPO (ab9535), p-mTOR (ab109268) and lamin B1 
(ab16048) were purchased from Abcam Inc. (Cambridge, MA, USA); p- 

AKT (4060) and AKT (4685) were purchased from Cell Signaling 
Technology Inc. (Beverly, MA, USA); GAPDH (60004-1-lg) and mTOR 
(66888-1-Ig) were purchased from Proteintech Inc. (Shanghai, China).

2.2. Preparation of selenylated Poria cocos polysaccharide nanoparticles

According to a previous report [39,40], Se-P was prepared using a 
chemical reduction method. After 12 h of reaction, the mixture was 
dialyzed (Mw cutoff: 14,000 Da) against ultrapure water for 24 h and 
then stored at 4◦C.

2.3. Macrophage membrane (CM) isolation

A 2 mL volume of 3% thinoglycollate broth was intraperitoneally 
injected, recruiting circulating monocytes to the peritoneum, where 
they would transform into macrophages within 4 days. Peritoneal 
macrophages were cultured in DMEM medium supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin. In vitro experiments 
used macrophage membranes from RAW264.7 cells, while others used 
peritoneal macrophage membranes from the mouse. The cell membrane 
was extracted by a reagent kit (Invent Biotechnologies, Inc., Plymouth, 
MN, USA).

2.4. Preparation of cell membrane-biomimetic nanoparticles

Liposomes were prepared by thin-film hydration accompanied by the 
extrusion method. The mixture of phospholipids with different head 
groups and cholesterol was dissolved in chloroform. The organic solvent 
was removed under reduced pressure at 60◦C using a rotary evaporator. 
Then the lipid film was hydrated with 1 mL Se-P. The total lipid con-
centration of the liposomes was 20 mg/mL. 0.7 mg of extracted mem-
brane proteins were mixed with 1 mL of Se-PP lipid nanoparticles. 0.1% 
(w/w) of coumarin 6 (Cou 6) or ICG was added for fluorescent labeling. 
The mixture was then extruded through polycarbonate membrane using 
an Avanti mini extruder (Avanti Polar Lipids Inc. Alabaster, AL, USA) 
with different pore sizes.

2.5. Characterization of nanoparticles

Mean particle diameter (z-average) and ζ-potential of liposomes 
were measured on a Malvern Zetasizer Nano-ZS (Malvern, UK) at 25◦C. 
Liposomes were deposited on carbon-coated copper grids, negatively 
stained, and observed under a transmission electron microscope (JEM- 
2100Plus, Tokyo, Japan) at 80 kV. Fourier transformed infrared spec-
troscopy (FTIR) was measured by a fourier transformed infrared spec-
trometer (Nicolet iS10, Thermo Fisher Scientific, MA, USA).

2.6. Characterization of protein profile

RAW264.7 whole cell lysate, CM and Se-PP were loaded to 10% 
polyacrylamide gel for electrophoresis, and then stained with Coomassie 
blue before imaging with the BIO-RAD, Universal Hood II. For subse-
quent western blot analysis, the samples were processed according to the 
method described in the report [41].

2.7. Cumulative release

1 mL of liposome solutions were dialyzed (MWCO = 14 kDa) in 5 mL 
PBS (pH 7.4) with an oscillation rate of 120 rpm. 500 μL of release 
medium was collected at different time intervals and the released Se-P 
was determined by HPLC system (Shimadzu, Japan).

2.8. In vitro cellular uptake

HUVEC (Human Umbilical Vein Endothelial Cells) were activated 
with 10 ng/mL of tumor necrosis factor-alpha (TNF-α) for 6 h, and 
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RAW264.7 cells were activated with 1 μg/mL lipopolysaccharide (LPS) 
for 12 h. Subsequently, Cou 6-labeled nanoparticles were added and 
incubated for 30 min, followed by imaging under a fluorescence mi-
croscope and quantification by flow cytometry (FACS).

2.9. Animal experiments

This study utilized male specific pathogen-free (SPF) C57BL/6J mice 
(6–8 weeks of age) to establish AP models. All animal experiments were 
conducted in accordance with the guidelines outlined in the National 
Institute Guide for the Care and Use of Laboratory Animals. The 
experimental protocols received approval from the Ethics Committee of 
Wenzhou Medical University. Two distinct AP models were established 
in mice: FAEE-SAP (fatty acid ethyl ester-induced severe acute pancre-
atitis) and CAE-AP (caerulein-induced acute pancreatitis). For FAEE- 
SAP also known as alcohol-induced SAP: AP was induced by ethanol 
(1.3 g/kg) in combination with palmitoleic acid (POA) (150 mg/kg) 
twice intraperitoneally over 1 h. The mice had their serum, pancreatic, 
and lung samples collected at 12 h after the first injection. In the case of 
CAE-AP: AP was induced by 10 intraperitoneal injections of caerulein 
administered at a dose of 50 mg/kg at a 1 h interval, with samples 
collected from mice 24 h after the first injection.

2.10. Analysis of the organ distribution of nanoparticles in vivo using 
near-infrared (NIR) fluorescence imaging

ICG was employed as a NIR fluorescent probe. After the successful AP 
modeling, equal amounts of ICG-loaded Se-PP and mSe-PP were injec-
ted, respectively. Subsequently, the mice were anesthetized with iso-
flurane, and 0, 3, 12, 24 h after administration, whole-body fluorescent 
images were captured using the IVIS Spectrum (PerkinElmer, USA). 
After euthanasia, the major organs were isolated and imaged ex vivo.

2.11. Histopathology and immunofluorescence

Morphological changes were examined using hematoxylin and eosin 
(H&E) staining. Scoring was carried out independently by two re-
searchers according to a standardised protocol and any discrepancies 
were resolved by a third researcher. For immunofluorescence staining, 
antigen repair was carried out in citric acid buffer. Endogenous perox-
idase activity was blocked with 3% hydrogen peroxide, and then the 
sections were incubated with primary antibodies at 4◦C overnight. The 
following antibodies were used: p-AKT (1:400), SQSTM1/p62 (1:100), 
LC3 (1:100), F4/80 (1:500), and CD45 (1:100). After washing, slides 
were incubated for 1 h with fluorescence-labeled secondary antibodies, 
followed by staining with 4,6-diamidino-2-phenylindole (DAPI).

2.12. Flow cytometry

Pancreatic tissues were digested in 1 ng/mL type IV collagenase 
solution (Gibco, USA) at 37◦C. After 30 min, the digestion was termi-
nated with DPBS containing 2% FBS and single cells were immediately 
filtered through a 75 μm filter. The cell suspension was stained with 
several monoclonal antibodies for 30 min at room temperature. The 
number of labeled cells was measured by flow cytometry (Beckman 
Coulter, Brea, CA, USA).

2.13. Statistical analysis

All data were presented as mean ± standard deviation (SD). ORIGIN 
software and GraphPad Prism 10 software platform were used for sta-
tistical analysis. A t-test was used for data with a normal distribution and 
comparisons between two groups. Single-factor analysis of variance 
(ANOVA) was used for comparison among the three groups. Semi- 
quantitative analysis of fluorescence images was carried out by Image 
J software. Scheme 1 was drawn using Figdraw. P < 0.05 indicates that 

the difference was statistically significant.

3. Results

3.1. Fabrication and characterization of membrane-biomimetic 
nanoparticles

Se-P lipid nanoparticles (Se-PP) and macrophage membrane- 
biomimetic Se-P lipid nanoparticles (mSe-PP) were included in the 
study. Under transmission electron microscopy (TEM), the dimensions 
of Se-PP and mSe-PP were about 100 nm and 110 nm, respectively 
(Fig. 1A and B). A monolayer cell membrane bilayer of about 10 nm was 
visible on the surface of mSe-PP compared with uncoated Se-PP, while 
dynamic light scattering (DLS) also showed that the average particle size 
of mSe-PP was about 20 nm larger than that of the bare Se-PP 
(Fig. 1C–E). CM was enriched with negatively charged membrane pro-
teins and exhibited a negative ζ-potential, whereas Se-PP had a reduced 
ζ-potential due to cationic phospholipid modification. After CM modi-
fication, the negative charge of mSe-PP increased significantly, sug-
gesting successful encapsulation of the membrane proteins in mSe-PP 
(Fig. 1F). The suitable size and negative potential of these nanoparticles 
prevent aggregation and promote their extended retention in tissue 
[42].

Proteins in the cytoplasmic membrane play a key role in the 
biocompatibility and targeting ability of nanoparticles. Therefore, we 
performed SDS-PAGE analysis to thoroughly verify whether the bio-
mimetic nanomaterials inherited the biomarker profile of CM (Fig. 1G). 
Whole-cell lysates had a variety of protein components, after purifica-
tion, the protein components of CM were reduced and mSe-PP displayed 
protein bands similar to CM. Obviously, mSe-PP inherited a very similar 
surface protein profile from macrophages, thus turning into bioadhesive 
biomimetic nanoparticles. Plasma membrane proteins, cytoplasmic 
proteins and nuclear membrane proteins were also assessed by western 
blot (Fig. 1H). The results showed that Na+/K+ ATPase and CD45, as 
representative membrane protein components, were abundant in both 
CM and mSe-PP, while IkBα, a representative cytoplasmic protein, was 
present in very low amounts in both CM and mSe-PP. Lamin B1 is a 
nuclear membrane protein marker, and no nuclear membrane protein 
was expressed in both CM and mSe-PP, indicating that CM were exclu-
sively plasma membrane proteins.The Fourier transform infrared (FTIR) 
spectra of Se-P, Se-PP, and mSe-PP exhibited similar absorbance peaks, 
confirming the successful loading of Se-P (Fig. 1I). The encapsulation 
and loading efficiency of the Se-PP were 72.68 ± 2.53% and 1.45 ±
0.17%, in mSe-PP were 70.07 ± 3.06% and 1.27 ± 0.11%, respectively.

The stability of Se-PP and mSe-PP for storage in different media was 
assessed using DLS analysis. Both nanoparticles remained sufficiently 
stable in PBS or PBS containing FBS (10%, v/v) within one week 
(Figs. S1A and B). In vitro drug release was investigated in PBS buffer at 
pH 7.4, and both liposomes exhibited slow release characteristics 
(Fig. S1C). Further in vitro analysis of blood revealed that all nano-
particles induced hemolysis levels below 5% (Fig. 1J), indicating their 
biocompatibility within the bloodstream.

3.2. Cellular uptake of nanoparticles in vitro

The occurrence of AP involves various types of cells. Macrophages 
are among the immune cells that respond initially during AP phase [43], 
while endothelial cells contribute by producing and releasing inflam-
matory mediators, playing a key role in regulating the entire inflam-
matory response [44]. Next, we investigated the cellular uptake of Se-PP 
and mSe-PP separately in vitro using RAW264.7 cells (a macrophage cell 
line) and HUVEC (an endothelial cell line) as models, respectively. We 
assessed the uptake of Cou 6-labeled nanoparticles by non-stimulated 
and LPS-stimulated RAW264.7 cells. Compared to non-activated mac-
rophages, activated macrophages exhibited significantly enhanced 
phagocytic activity toward Se-P and Se-PP (Fig. 2A-C). However, the 
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uptake of mSe-PP was significantly lower than that of Se-PP, regardless 
of whether the macrophages were activated or non-activated, possibly 
due to the reduction in positive charge to some extent caused by CM 
modification, resulting in repulsion with the negatively charged cell 
membrane, thereby reducing cellular uptake. The cellular uptake phe-
nomenon observed in HUVEC was slightly different (Fig. 2D-F). 
Following stimulation with TNF-α, there was no difference in cellular 
uptake between normal HUVEC and activated HUVEC, suggesting that 
Se-PP and mSe-PP might have higher permeability to activated immune 
cells rather than activated endothelial cells. Similarly, consistent with 
the uptake observed in macrophage cell lines, the cellular uptake of 
mSe-PP in HUVEC was lower. In conclusion, Se-PP and mSe-PP were 
primarily absorbed by activated macrophages, thereby determining the 
targeting of subsequent anti-inflammatory therapy.

3.3. Macrophage-mimicking liposomes exhibited increased accumulation 
in the pancreas and lungs of SAP mice

Although cellular internalization experiments indicated that Se-PP 
and mSe-PP are predominantly taken up by pro-inflammatory macro-
phages, their in vivo targeting capability has not been validated. To 
address this, we labeled the nanoparticles with the NIR dye ICG to 
determine whether macrophage membrane-cloaked nanoparticles pref-
erentially target inflammatory sites in vivo. We assessed the bio-
distribution of Se-PP and mSe-PP in the FAEE-SAP model.

Even within the 3 h observation period, the NIR fluorescence in-
tensities gradually intensified over time in both nanotherapeutic-treated 
mice. Notably, mice in the mICG group showed more aggregated fluo-
rescence signals in the pancreatic region, whereas the fluorescence 
signals of Se-PP were mainly concentrated in the liver (Fig. 2G). 3 h after 

Fig. 1. Characterization of macrophage membrane-biomimetic selenylated Poria cocos polysaccharide nanoparticles. Transmission electron microscopy (TEM) 
images of (A) uncoated lipid nanoparticle (Se-PP) and (B) membrane-biomimetic nanoparticle (mSe-PP). Scale bars indicated 200 nm/100 nm/50 nm. (C, D) The size 
distribution, (E) hydrodynamic size (diameter, nm) and (F) zeta potential (ζ, mV) of nanoparticles measured using dynamic light scattering (DLS). (G) Protein profiles 
of RAW264.7 whole cell lysate, macrophage cell membrane (CM) and mSe-PP analyzed using SDS–PAGE. (H) Western blot assay of representative plasma membrane 
proteins, cytoplasmic protein and nuclear membrane proteins in whole cell lysate, CM, and mSe-PP. (I) The Fourier transform infrared (FTIR) spectra of Se-P, Se-PP, 
and mSe-PP dissolved in water. (J) The images of the centrifuged solutions containing erythrocytes after the incubation with Se-P, Se-PP, and mSe-PP, along with the 
quantification of the absorbance intensities of the supernatants. Erythrocytes treated with pure water were employed as the positive control. Each dot represents a 
sample (n = 3).
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Fig. 2. Cellular uptake of nanoparticles in vitro and macrophage-mimicking liposomes exhibited increased accumulation in the pancreas and lungs of SAP mice. (A) 
Se-PP and mSe-PP uptake by RAW264.7 cells were examined using confocal laser microscopy. The nanoparticles were labeled with Cou 6 (green), and cell nuclei 
were stained with DAPI (blue). Scale bars indicated 100 μm/50 μm. (B–C) Uptake of the RAW264.7 cells after stimulation. Cells were stimulated with 1 μg/mL LPS 
prior to the incubation with Cou 6-labeled nanoparticles for 30 min at 37◦C, and the fluorescence intensity was quantified by flow cytometry. (D) Se-PP and mSe-PP 
uptake by HUVEC were examined using confocal laser microscopy. (E–F) Uptake of the HUVEC after 10 ng/mL TNF-α stimulation. (G) Representative 1 h and 3 h in 
vivo NIR fluorescence images of SAP mice after intravenous injections of ICG-labeled nanoparticles. NC: negative control; ICG: ICG-labeled Se-PP; mICG: ICG-labeled 
mSe-PP. (H) Ex vivo fluorescence images of excised pancreas and other major organs (heart, spleen, lungs and kidneys) captured at 3 h post injection. (I) Quantitative 
analysis of the average radiant efficiency in major organs. (J) Fluorescence images and intensities of pancreatic sections visualized using confocal laser microscopy. 
The nanoparticles were labeled with ICG (red), and cell nuclei were stained with DAPI (blue). Scale bars, 50 μm. (K) Representative 12 h in vivo NIR fluorescence 
images of SAP mice after intravenous injections of ICG-labeled nanoparticles. Each dot represents a sample or mouse (n = 3–5). *p < 0.05, **p < 0.01, ***p < 0.001 
and ****P < 0.0001.
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injection, the major organs of the mice were imaged to evaluate the 
biodistribution of the nanoparticles. Quantitative data showed that the 
fluorescent drug in the mSe-PP group was primarily distributed in the 
liver, pancreas, lungs, and kidneys, while the signal for Se-PP was 
distributed in the liver, spleen, and kidneys (Fig. S2A and Figs. 2H, I). 
Additionally, we prepared frozen sections of pancreatic tissue from each 
group and conducted imaging using a confocal microscope. Our obser-
vations revealed that mSe-PP accumulated within the inflamed regions 
(Fig. 2J). This suggested that membrane cloaking by macrophage 
membranes enhances the inflammatory targeting capability of the 
nanotherapy.

Moreover, by extending the observation period, we observed that 
even 12 h post-administration, the fluorescence signal of mSe-PP in vivo 
attenuated more slowly compared to the Se-PP group (Fig. 2K), but the 
signal almost disappeared after 24 h of observation (Fig. S2B). This 
persistent fluorescence signal indicated that mSe-PP possesses superior 
tissue retention capability and a longer circulation time in the body. 
These properties were likely crucial for ensuring efficient delivery to the 
target inflammatory site and prolonging the nanoparticles’ activity.

3.4. mSe-PP alleviated SAP and reduced inflammation in the pancreas 
and lungs

In the initial phase of our study, we determined that 16 mg/kg Se-P 
was the optimal concentration for animal experiments (Figs. S3A–D). 
Upon preparation, a uniform orange-red solution was observed 
(Figs. S3E and F); however, after 7 days, the uniformity of Se-P was 
disrupted, leading to the formation of aggregates (Fig. S3G). Addition-
ally, Se-P showed suboptimal performance in both mild and severe 
models. These limitations restricted its potential applications (Fig. S4).

To evaluate the therapeutic effects and underlying mechanisms of Se- 
PP and mSe-PP in vivo, we performed a series of experiments utilizing 
the FAEE-SAP model, as shown in Fig. S5A. Gross morphology of the 
harvested pancreas revealed edema following the injection of fatty acid 
ethyl ester, which was alleviated after treatment, with mSe-PP showing 
more pronounced effects (Fig. S5C). Serum amylase and lipase levels 
were markedly elevated in FAEE-SAP mice, intravenous administration 
of mSe-PP resulted in a substantial reduction in these levels, whereas the 
efficacy of Se-PP was less pronounced (Fig. 3A and B). Consistent with 
the enzyme assays, both Se-PP and mSe-PP treatment groups exhibited 
decreased serum pro-inflammatory cytokines monocyte chemo-
attractant protein-1 (MCP-1), TNF-α, and interleukin-6 (IL-6) levels, 
with the mSe-PP-SAP group demonstrating a markedly higher reduction 
in comparison to the Se-PP-SAP group (Fig. 3C). These findings indi-
cated that mSe-PP has a systemic inhibitory effect on the development of 
FAEE-SAP.

Subsequently, the therapeutic efficacy of mSe-PP at the tissue level 
was assessed by observing pathological changes in the pancreas [41,45]. 
In the SAP group, pancreatic tissue exhibited edema, inflammation, 
necrosis, and hemorrhage, with a higher pathological score. Following 
the administration of Se-PP and mSe-PP, the areas of inflammation, 
edema, necrosis, and hemorrhage were significantly reduced, resulting 
in lower pathological scores, particularly in the group receiving mSe-PP 
(Fig. 3D and G). Based on the aforementioned in vivo imaging, we found 
that the targeted accumulation of mSe-PP in the lungs is also noteworthy 
(Fig. 2H and I). Therefore, we conducted a histopathological analysis of 
the lung tissues susceptible to injury in SAP. The lung histopathological 
sections of mice in the SAP-ALI group exhibited marked thickened 
alveolar septa, alveolar edema or collapse, vascular congestion, and the 
presence of immune cell infiltration within the lung tissue structure 
[41]. Conversely, the mSe-PP group displayed significant improvements 
(Fig. 3E and H). These results indicated that the biodistribution char-
acteristics of mSe-PP support the possibility that mSe-PP may be a 
strategy for achieving dual targeting therapy for AP involving both the 
pancreas and lungs.

Furthermore, immunohistochemical staining of myeloperoxidase 

(MPO) was utilized to assess immune infiltration within the pancreatic 
parenchyma. The results revealed that, compared to SAP mice, the Se-PP 
and mSe-PP treatment groups exhibited lower neutrophil presence in the 
pancreatic tissue, especially in the group receiving intravenous mSe-PP 
(Fig. 3F and I). In line with these findings, the transcription levels of 
MCP-1, TNF-α, and IL-6, were significantly lower in pancreatic tissue of 
the mSe-PP-SAP group, demonstrating a substantial protective effect of 
mSe-PP during FAEE-SAP (Fig. 3J). Interestingly, we detected a marked 
attenuation of SAP-induced apoptosis in pancreatic acinar cells in the 
groups supplemented with Se-PP and mSe-PP, with mSe-PP showing a 
more pronounced effect, as confirmed by the reduction in TUNEL 
staining area (Fig. 3K and L). The results of the above experiments 
confirmed that mSe-PP treatment alleviated the severity of FAEE-SAP, 
mitigated the inflammation of pancreas and lungs, and reduced 
apoptosis of pancreatic acinar cells, whereas Se-PP was only effective in 
some of the inflammatory markers, thus the overall therapeutic efficacy 
was limited.

3.5. mSe-PP ameliorated pancreatic inflammatory cell infiltration in SAP

To further delve immune infiltration during the SAP period, a multi- 
channel flow cytometry approach was employed to evaluate the infil-
tration of pancreatic innate immune cells, including neutrophils and 
macrophages. Supplementation of Se-PP and mSe-PP markedly reduced 
the number of CD11b+ Ly6G+ neutrophils in the pancreas following SAP 
induction, with mSe-PP supplementation achieving a greater reduction 
in infiltration levels (Fig. 4A and B). However Se-PP did not decreased 
pancreatic CD11b+ F4/80+ macrophages infiltration (Fig. 4C and D). 
Furthermore, we assessed immune infiltration of the pancreas by 
staining with CD45, a pan-leukocyte marker (Fig. 4E and F) and F4/80, a 
macrophage marker(Fig. 4G and H). Compared to the SAP group, mSe- 
PP group exhibited a marked decrease in the counts of CD45+ and F4/ 
80+ cells, indicating a clear reduction in disease severity. These phe-
nomena suggested that Se-PP and mSe-PP possess immunomodulatory 
effects on the pancreas, with mSe-PP demonstrating superior thera-
peutic efficacy over Se-PP.

3.6. mSe-PP reduced the severity of mild acute pancreatitis and decreased 
inflammatory infiltration

In mild acute pancreatitis, we induced pancreatitis using cerulein, as 
shown in Fig. S5B. Firstly, at 24 h into disease progression, the macro-
scopic morphology of the harvested pancreas showed edema following 
caerulein injection, which was alleviated after treatment, with mSe-PP 
demonstrating a more pronounced effect (Fig. S5D). We found that 
CAE-AP mice injected with mSe-PP exhibited significantly reduced 
levels of serum amylase, lipase, and pro-inflammatory cytokines 
including IL-6, TNF-α, and MCP-1, in contrast to both the AP and Se-PP- 
AP groups (Fig. 5A-C), indicating a systemic inhibitory effect on the 
development of AP.

Secondly, by histopathological analysis of the pancreas, we found 
CAE-AP mice displayed notable widening of the interlobular spaces, 
acinar cell necrosis, and inflammatory cell infiltration. In contrary, the 
pancreatic tissues of mSe-PP-AP mice closely resembled that of healthy 
mice, demonstrating significant pancreatic protection during AP 
(Fig. 5D and F). Furthermore, immunohistochemical staining of MPO, 
the transcription levels of inflammatory cytokines in pancreatic tissue 
and the number of apoptotic cells in pancreas sections were lower in the 
mSe-PP-AP than in the Se-PP-AP group (Fig. 5E, G-H and Figs. S5E and 
F).

During CAE-AP, supplementation with Se-PP and mSe-PP showed a 
similar trend to FAEE-SAP in terms of infiltrating neutrophils and 
macrophages(Fig. 5I, J and Figs. S5G–J). These results reaffirmed the 
systemic inhibitory and immunomodulatory effects of mSe-PP against 
AP.

Finally, the safety of each treatment was assessed upon completion of 
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all administrations. No abnormalities were obsevered in hematological 
parameters (Figs. S6A–D), biomarkers of liver and kidney function 
(Figs. S6E–H) as well as H&E stained organ sections (Fig. S6I). These 
findings suggested that mSe-PP demonstrated excellent biocompatibility 
and minimal adverse effects.

3.7. The alleviation of AP by mSe-PP treatment was associated with the 
inhibition of the AKT/mTOR signaling and the mitigation of autophagic 
flux impairment

To explain the therapeutic mechanism of Se-PP and mSe-PP in AP 
mice, we investigated the relationships among mSe-PP, the AKT/mTOR 
signaling pathways and autophagy. During AP, the AKT/mTOR pathway 

Fig. 3. mSe-PP alleviated the severity of fatty acid ethyl ester-induced SAP and reduced inflammation in the pancreas and lungs. (A, B) Amylase and lipase activity 
profile in serum of SAP mice treated with Se-PP and mSe-PP. (C) Concentration profiles of key inflammatory cytokines, including MCP-1, TNF-α, and IL-6, in the 
serum of SAP mice treated with different nanoparticle formulations. (D) Representative images of H&E staining on pancreas sections collected 12 h after receiving the 
treatments. Scale bars, 200 μm. (E) Representative H&E staining images and histology scores of lung tissues in different groups. Scale bars indicated 500 μm/100 μm. 
(F) Immunohistochemical staining of MPO representative images. Scale bars, 100 μm. (G) Total injury score in pancreas of FAEE-SAP in mice. (H) Histology scores of 
lung tissues in different groups. (I) The quantification of immunohistochemical staining for MPO. (J) Quantitative Real-time PCR results of MCP-1, TNF-α, and IL-6 in 
pancreas of different groups. (K) The quantitative evaluation by TUNEL fluorescence staining. (L) TUNEL fluorescence staining for evaluation of pancreatic apoptosis. 
Scale bars, 200 μm. Each dot represents a mouse (n = 3–5). ns P>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****P < 0.0001.

Fig. 4. mSe-PP ameliorated pancreatic inflammatory cell infiltration in fatty acid ethyl ester-induced SAP. (A-B, C-D) The frequencies of neutrophils (CD11b+

Ly6G+) and total macrophages (CD11b+ F4/80+) in the pancreas were detected by flow cytometry. Photomicrographs of (E) CD45 and (G) F4/80 immunofluo-
rescence in the pancreas, Scale bars, 100 μm. (F, H) Quantitative evaluation of the intensities in CD45 and F4/80 fluorescence staining. Each dot represents a mouse 
(n = 3–5). ns P>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****P < 0.0001.
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was activated, leading to impaired autophagy, as evidenced by increased 
levels of autophagy markers such as p62 and LC3 (Fig. 6A–D). However, 
mSe-PP administration reduced impaired autophagic flux, with the in-
hibition of AKT/mTOR signaling.

Alternatively, we examined AKT p62 and LC3 by an immunofluo-
rescence assay. The corresponding immunofluorescence results agreed 
with what western blot had confirmed, showing that mSe-PP alleviates 
impaired autophagy in AP and SAP through inhibition of AKT/mTOR 
signaling (Fig. 6E and F).

3.8. mSe-PP inhibited the AKT/mTOR signalling pathway, restored 
impaired autophagy, and attenuated inflammatory responses, apoptosis 
and oxidative stress in RAW264.7 cells

Given the essential factor of macrophages in the pathogenesis of AP 
and the macrophage-targeting properties of mSe-PP [46–48]. We used 
RAW264.7 cells as the central cell model in this study (Fig. 7A). Cell 
proliferation experiments showed that mSe-PP did not show toxic effects 
of inhibiting cell proliferation, even at high concentrations of 0.48 
mg/mL, whereas Se-PP demonstrated cytotoxicity at this concentration 
(Fig. 7B). Enzyme-linked immunosorbent assay (ELISA) experiments 
revealed that mSe-PP significantly reduced the secretion levels of 
MCP-1, IL-6, and TNF-α in LPS-stimulated RAW264.7 cells compared to 
Se-PP (Fig. 7C). Gene expression analysis of MCP-1, IL-1β, and CXCL2, in 
RAW264.7 cells also revealed similar changes (Fig. 7D).

Various damage-associated molecular patterns (DAMPs) can stimu-
late macrophages infiltrated at anatomical sites, leading to elevated 
levels of ROS which in turn triggers phenotypic switching and cell death 
of macrophages infiltrated in the pancreas [49]. As depicted in Fig. 6E 
and F, mSe-PP’s anti-inflammatory treatment significantly reduced the 
intracellular ROS levels in macrophages compared to LPS-induced 
oxidative damage and excessive ROS generation. Furthermore, there 
was no doubt that the number of apoptotic and necrotic cells was sub-
stantially increased after LPS incubation, compared to the control group. 
After co-culturing with Se-PP and mSe-PP, cell apoptosis was mitigated, 
especially in the mSe-PP group (Fig. 6G and H). Together, these findings 
indicated that mSe-PP provided superior protection to cells against 
oxidative damage compared to Se-PP. In summary, mSe-PP can serve as 
an immunosuppressive and immunomodulatory agent against cell 
inflammation and oxidative stress.

To determine the influence of Se-PP and mSe-PP treatment on the 
AKT/mTOR signaling pathways and autophagy in RAW264.7 cells, we 
examined the expression of key proteins in the AKT/mTOR pathway and 
autophagy-related proteins. The western blot results indicated that 
during RAW264.7 cells activation, AKT/mTOR signaling pathway was 
activated and cellular autophagy was impaired, leading to p62 and LC3 
accumulation. However, both Se-PP and mSe-PP can restore the 
impaired autophagy, with mSe-PP being particularly effective in 
restoring cellular autophagy levels (Fig. 6I). Immunofluorescence 
staining revealed that the LPS-treated group exhibited elevated LC3 
levels, while the Se-PP and mSe-PP treatment groups showed reductions, 
especially in the mSe-PP-LPS group (Fig. 6J).

4. Discussion

AP currently lacks therapeutic agents capable of altering the course 
of the disease. Preliminary studies have revealed that selenylated 
polysaccharides exhibit dual functionalities. Firstly, they retain the 

active hydroxyl groups of polysaccharides, and secondly, they endow 
the material with selenium’s physiological properties, such as antitumor 
activity [50], antioxidant characteristics [51], and immunomodulatory 
effects [33]. By leveraging the abundant functional groups in seleno-
polysaccharides as an ideal template for nanoparticle synthesis [40], the 
functional modification of selenium can further enhance its applicability 
in multimodal therapeutic strategies [50]. Therefore, selenylated poly-
saccharides can inhibit inflammatory pathways within cells at inflam-
matory sites in inflammatory diseases [21,39,52]. However, the 
potential of selenylated Poria cocos polysaccharides as a therapeutic 
agent for treating AP remains undetermined. In this experimental 
investigation, we demonstrated that Se-P exhibited therapeutic poten-
tial for AP; however, similar to challenges encountered in the develop-
ment of AP treatments, it demonstrated limited efficacy, poor 
bioavailability, and a lack of selectivity.

In recent years, precision treatment of AP under nanotherapeutic 
platforms has been gradually explored, and a variety of drugs and 
methods targeting the inflammatory microenvironment as well as the 
pathophysiology of AP have emerged [53,54], whereas cell membrane 
encapsulation, as a camouflage strategy, not only circumvents the MPS, 
but also confers nanoparticles with inflammatory recruitment and pre-
cision targeting capabilities. This study introduced a 
macrophage-mimicking targeting approach using membrane camou-
flage. We hypothesized that emulating the natural recruitment of mac-
rophages to sites of inflammation during the progression of AP could 
facilitate the precise delivery of anti-inflammatory therapies. In our 
study, there was increased accumulation of macrophage 
membrane-camouflaged liposomes in the pancreas and lungs of mice 
with AP, which could be attributed to various reasons. For instance, 
nano-drug delivery systems of certain sizes can selectively accumulate at 
inflammatory sites through extravasation from leaky vessels and sub-
sequent isolation mediated by inflammatory cells (ELVIS) [55]. Addi-
tionally, macrophage membrane camouflage may enhance active 
homing to inflamed lesions, simulating the natural process of immune 
cell aggregation during the progression of AP. This homing effect 
enabled macrophage membrane-camouflaged liposomal materials to 
exhibit therapeutic effects far superior to unencapsulated selenylated 
polysaccharides, both in severe acute and mild acute pancreatitis.

AKT is a serine/threonine kinase that is activated intracellularly, 
with phosphorylated AKT (p-AKT) being its activated form. mTOR is a 
major intracellular autophagy inhibitor, and activation of mTOR 
through phosphorylation (p-mTOR) is indicative of its activation by p- 
AKT [56–58]. Autophagy is a crucial mechanism for maintaining 
cellular homeostasis in eukaryotic cells [59]. Therefore, modulating 
autophagy processes to treat AP is a potential strategy and prospect in 
drug development. Many selenylated polysaccharides have been shown 
to exert pharmacological effects by modulating autophagy through the 
PI3K/AKT/mTOR pathway [13,14]. Thus, we speculated that the alle-
viating effects of Se-PP and mSe-PP on AP may require modulation of 
autophagy mediated by the AKT/mTOR pathway. Our results found that 
mSe-PP restored impaired autophagic flux, inhibited the AKT/mTOR 
signaling pathway, and maintained cellular homeostasis.

This study demonstrated that macrophages were potential cell 
membrane donors that can optimize the pharmacokinetics and safety of 
drugs. Macrophage membrane camouflage technology is expected to be 
translated into clinical trials and holds promise in the biomedical field 
[6,55,60]. However, some limitations were found in our research. In 
vitro cell uptake experiments revealed that after macrophage membrane 

Fig. 5. mSe-PP reduced the severity of caerulein-induced acute pancreatitis and decreased inflammatory infiltration. (A, B) Serum levels of amylase and lipase after 
treated with Se-PP and mSe-PP. (C) Concentration profiles of key inflammatory cytokines, including MCP-1, TNF-α, and IL-6, in the serum of AP mice treated with 
different nanoparticle formulations. (D) Histopathological changes of pancreatic samples observed by H&E staining. Scale bars, 200 μm. (E) Immunohistochemical 
staining of MPO representative images. Scale bars, 100 μm. (F) Total injury score in pancreas of caerulein-induced acute pancreatitis in mice. (G) The quantification 
of immunohistochemical staining for MPO. (H) Quantitative Real-time PCR results of MCP-1, TNF-α, and IL-6 in pancreas of different groups. (I) The frequencies of 
neutrophils (CD11b+ Ly6G+) and (J) total macrophages (CD11b+ F4/80+) in the pancreas were detected by flow cytometry. Each dot represents a mouse (n = 3–5). 
ns P>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****P < 0.0001.
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Fig. 6. mSe-PP downregulated proteins in the AKT/mTOR pathway and reduced autophagic flux impairment in the pancreas. Western blot results and analysis of 
AKT, p-AKT, mTOR, p-mTOR, p62, and LC3 in the FAEE-SAP (A, B) and CAE-AP (C, D) models respectively. p-AKT versus AKT, p-mTOR versus mTOR, p62 versus 
GAPDH, LC3-II versus LC3-I. Immunofluorescence staining for p-AKT, p62 and LC3 in the FAEE-SAP (E) and CAE-AP (F) models. Scale bars, 50 μm. Each dot 
represents a mouse (n = 3–5). ns P>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****P < 0.0001.
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Fig. 7. mSe-PP inhibited the AKT/mTOR signaling pathway to restore impaired autophagy, alleviating inflammation, apoptosis and oxidative stress in RAW264.7 
cells. (A) Overall experimental procedure. RAW264.7 cells were pretreated with Se-PP and mSe-PP for 12 h, followed by stimulation with PBS or LPS for 12 h. 
Subsequently, the collected cells were subjected to enzyme-linked immunosorbent assay (ELISA), reverse transcription quantitative polymerase chain reaction (RT- 
qPCR), western blot, and flow cytometry analyses. (B) The cytotoxicity of different concentrations of Se-PP and mSe-PP nanoparticles on RAW264.7 cells measured 
by CCK8 assay. (C) The alterations in inflammatory factors, including MCP-1, TNF-α, and IL-6, in the medium supernatant following treatment with Se-PP and mSe- 
PP. (D) Quantitative Real-time PCR results of MCP-1, IL-1β, and CXCL2 in RAW264.7 cells from different groups. (E, F) Flow cytometry histogram and MFI after 
lipopolysaccharide treatment stained with DCFH-DA. MFI, mean fluorescence intensity. (G, H) Apoptosis of RAW264.7 cells after drug treatment was detected by 
staining with Annexin V-FITC/PI and flow cytometry analysis. (I) Western blot results of AKT, p-AKT, mTOR, p-mTOR, p62, and LC3 in RAW264.7 cells. (J) 
Immunofluorescence staining for LC3. Scale bars indicated 100 μm/20 μm. Each dot represents a sample (n = 3). ns P>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and 
****P < 0.0001.
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encapsulation, activated macrophages and endothelial cells exhibited 
reduced uptake of nanoparticles, which may be associated with the 
negatively charged nature of macrophage membranes. Although 
macrophage biomimetic nanoparticles had largely alleviated AP, they 
can still be optimized. Before application in clinical trials, the biological 
safety of cell membranes should be carefully studied [38]. Although our 
experiments confirmed good biocompatibility through evaluation of 
organ histopathology and liver and kidney function, more reliable and 
direct evidence should be obtained from prospective clinical studies to 
further refine experimental research and optimize and evaluate the 
anti-inflammatory properties and biosafety of macrophage biomimetic 
selenium polysaccharide nanoparticles.

5. Conclusion

This study highlights a promising approach that could pave the way 
for the advancement of dual-targeted nanotherapy for AP, addressing 
both the pancreas and lungs. Se-P exhibited anti-inflammatory and 
antioxidant effects, but their stability and non-selective tissue distribu-
tion may hinder their efficacy. Modification of macrophage membrane 
biomimetics on Se-P can enhance the homing capability of liposomes to 
AP lesions and achieve targeted action against innate inflammatory 
chemotaxis, thereby reducing non-specific tissue distribution. Results 
indicated that due to the aggregation effect of mSe-PP in pancreatic 
tissue, compared to uncoated nanoparticles, mSe-PP can more effec-
tively inhibited systemic inflammation, acinar cell apoptosis, and infil-
tration of innate immune cells in both mild and severe AP. In RAW264.7 
cells, macrophage-mimicking nanoparticles more effectively restored 
impaired autophagic flux by inhibiting activation of the AKT/mTOR 
pathway, thereby alleviating inflammation, cell apoptosis, and oxidative 
stress. This design established a nanoplatform comprising selenium 
polysaccharides and macrophage mimicry technology, offering an 
innovative approach for the clinical management of AP with inflam-
mation chemotactic properties and anti-inflammatory antioxidant ef-
fects mimicking macrophage biology behaviors.
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