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Background and Aims: Abdominal aortic aneurysm (AAA) is a vascular condition with high mortality for which no pharmaco-
logical treatments have been approved. Targeting endothelial dysfunction as a primary disease initiator, the vascular endothelial cell
(VEC)- protective compound Senkyunolide I (SEI) demonstrates therapeutic promise through robust antiapoptotic activity.
Nevertheless, SEI’s clinical translation faces limitations due to systemic toxicity, necessitating development of safer therapeutic
alternatives.

Results: This study presents an engineered biomimetic nanoplatform (Lipo-MM nanoparticles) combining macrophage-derived
membranes with synthetic lipid bilayers for targeted SEI delivery. The macrophage membrane component facilitates precise targeting
of activated VECs, while optimized artificial membrane fluidity enhances nanoparticle stability. This dual-membrane configuration
enables sustained SEI release with enhanced biodistribution, achieving superior cytoprotective effects. Notably, we established a novel
fusion membrane delivery system (Lipo-MM/SEI) and validated its therapeutic efficacy in angiotensin II-challenged AAA murine
models. The nanocarrier significantly attenuated AAA progression, reflected by decreased 40% of AAA incidence, 31.4% of maximum
aortic diameter, reduced elastin degradation and prevented fatal rupture events. Furthermore, Lipo-MM/SEI administration substan-
tially reduced hepatorenal toxicity associated with free SEI administration during chronic treatment.

Conclusion: These results demonstrate that hybrid biomimetic systems integrating natural cellular components with engineered
materials offer a strategic approach for vascular endothelial repair therapy while minimizing off-target effects. This membrane fusion
technology establishes a prototype for developing next-generation targeted vascular therapeutics.
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Introduction

Abdominal aortic aneurysm (AAA) is a common and potentially life-threatening disease characterized by rapid progression and
high acute-phase morbidity,'~ with no effective pharmacological treatments available to stop its advancement. Recent studies
working on nanoparticle-based targeted therapy for AAA that can halt or regress AAA in animal models.>* Among different
nano-carriers developed for improved drug delivery, such as liposomes, carbon nanotubes, dendrimers, polymeric micelles,
polymeric conjugates, and nanoparticles, only a few have reached clinical applications. Concerns on the biocompatibility of the
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carrier limits their clinical application. Pathologically, aortic endothelial cell (EC) activation and apoptosis synergistically drive
AAA pathogenesis alongside inflammatory cascades.>® Uncontrolled acute/chronic inflammation exacerbates irreversible aortic
damage, while existing surgical options remain insufficient to prevent vascular degeneration due to the absence of multi-
functional therapies maintaining vascular homeostasis and counteracting inflammatory cytokines.”

Macrophages critically participate in cardiovascular pathologies including atherosclerosis, myocardial infarction,
hypertension, and AAA.*'" Their role in AAA involves direct substrate interactions and bioactive factor secretion,'
with vascular endothelial cells (VECs) exhibiting upregulated ICAM-1/VCAM-1 expression upon activation during early
AAA stages."® These adhesion molecules mediate macrophage recruitment to aortic lesions via integrin a4pl binding,'*
accelerating vascular dissection progression.'> Furthermore, lesion-associated macrophages amplify inflammation
through cytokine secretion,'®!'” positioning anti-endothelial inflammation strategies as pivotal therapeutic targets.

Senkyunolide I (SEI), a bioactive phthalide derivative from Ligusticum chuanxiong and Angelica sinensis, demon-
strates potent anti-apoptotic properties with therapeutic potential against AAA.'"® However, clinical translation is
constrained by non-specific VEC targeting and systemic toxicity. This necessitates innovative delivery systems combin-
ing VEC protection and anti-inflammatory action.

Our study developed hybrid biomimetic liposomes (Lipo-MM) by integrating macrophage membranes with synthetic
lipid bilayers for targeted AAA therapy (Figure 1). Through controlled extrusion, these nanovesicles preserve macro-
phage targeting capacity while maintaining physicochemical stability. Capitalizing on lipid bilayer fluidity enabling
membrane fusion, Lipo-MM achieves scalable production with optimized macrophage membrane utilization.
Comprehensive characterization confirmed Lipo-MM’s structural integrity and targeting specificity in both in vitro
assays and Angll-induced AAA murine models. SEI-loaded Lipo-MM (Lipo-MM/SEI) exhibited enhanced drug payload
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Figure | Central illustration. Schematic design and mechanism of Lipo-MM/SEI for targeted AAA therapy.
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and therapeutic efficacy in vivo, demonstrating significant potential in preventing AAA progression and rupture. This
platform establishes a prototype for precision vascular therapeutics with minimized off-target effects.

Experimental Method

Macrophage Membrane Isolation

RAW264.7 cells and HUVEC (human umbilical vein endothelial cells) were obtained from ATCC and cultured based on
manufacturer’s instructions. Macrophage membranes were extracted from RAW?264.7 cells via a modified hypotonic lysis
method.'* Cells were resuspended in ice-cold hypotonic lysis buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.4) and
underwent four freeze-thaw cycles between liquid nitrogen and 37°C water baths. Cellular debris was eliminated through
sequential centrifugation: first, an initial clarification at 850xg for 10 minutes at 4°C, followed by ultracentrifugation of
the supernatant at 15,000 x g for 30 minutes at 4°C. The membrane fraction pellet was resuspended in sterile PBS, and
protein concentration was measured using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA) with
bovine serum albumin as the standard.

Synthesis of Lipo-MM

Synthesis of Lipo-MM involved dissolving DSPE-mPEG2000 and Soya PC in chloroform, followed by forming a film
through solvent evaporation using a rotary evaporator. The lipid suspension was passed through cellulose acetate
membranes with pore sizes of 100, 200, and 400 nm a total of 10 times, in the presence of MM vesicles to create
Lipo-MM or in their absence for the control Lipo. The formulations Lipo-MM/DiD, Lipo-MM/SEI, Lipo/DiD, and Lipo/
SEI were all generated by incorporating 2pg of DiD or 500ug of SEI into the soya PC solution, adhering to the same
methodology.

Verification of Membrane Fusion

Membrane fusion between macrophages and lipid membranes was evaluated using FRET. DiO and Dil (0.1% w), were
integrated into cholesterol and POPC to create liposomes. Raw264.7 cells membranes were merged with DiO- and Dil-
labeled liposomes, then subjected to sonication and extrusion. Sample’s fluorescence spectrum was recorded at 460nm by
Tecan fluorescence spectrometer (Méannedorf, Switzerland).

Protein Identification

We quantified the protein content in both the raw macrophage membranes and the final Lipo-MM/SEI nanoparticles
using the BCA protein assay, which allowed us to determine the overall efficiency of the membrane-coating process by
comparing the total protein amounts and to confirm consistent membrane protein loading across different batches. Protein
content in Lipo-MMs was confirmed using SDS-PAGE. The levels of CD14, CD40, TLR4, integrin a4, integrin B1,
CD119, CD120a, CD120b, CD126 and CD130 were then analyzed by Immunoblotting analysis.

SEl Release Assay

Sample mixture was enclosed in a 100 kDa MWCO dialysis bag (Sigma-Aldrich, St Louis, MO, USA) containing PBS at
pH 7.4 and maintained at 37 °C. At specified intervals, the solution from the bag was extracted, and the SEI
concentration was measured with a Tecan spectrophotometer at a 300 nm absorption wavelength.

Inflammatory Cytokine Neutralization

The efficacy of neutralizing inflammatory cytokines IL-6, TNF-a, and IFN-y was assessed by incubating various concentra-
tions of Lipo-MMs (0, 1, and 3 mg/mL) with TNF-a (370 pg/mL), IL-6 (2000 pg/mL), and IFN-y (880 pg/mL) in PBS at 37 °C
for 30 minutes. Following incubation, samples were centrifuged at 16,000xg for 15 minutes to collect the supernatant. ELISA
was used to quantify free inflammatory cytokine levels in the supernatant.
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Animal Experimentation

Animal experiments adhered to ARRIVE guidelines and received approval from the Institutional Ethics Committee of the
Central Hospital of Enshi Tujia and Miao Autonomous Prefecture (Approval No.202412002). All animal experimental
procedures were performed by following the China Animal Welfare Guidelines. Male ApoE / mice, aged 8 to 10 weeks,
were obtained from Jiangsu Huachuang Xinnuo Medical Technology Co., Ltd. and maintained at the Enshi Central Hospital
Animal Experimental Center under controlled conditions of 23°C temperature, 55% humidity, and a 12-hour light/dark cycle.
Mice were randomly assigned to one of four groups: Angll + PBS, Angll + free SEI, Lipo/SEI, and Lipo-MM/SEI. Each group
received subcutaneous Alzet model 2004 osmotic minipumps for a four-week Angll (Sigma-Aldrich) infusion at 1000 ng kg
min !, During the study, animals were maintained on a high-fat diet (20% lard, 10% sucrose, 3% cholesterol, 0.2% bile salts).
Upon study completion, mice were anesthetized with 1.5-2% isoflurane and euthanized via cervical dislocation. Blinded
investigators excised abdominal aortas for morphological evaluation and conducted analyses including Elastin Van Gieson
(EVQ) staining, Western blotting, immunohistochemistry, and immunofluorescence.

Biodistribution Imaging

For in vivo tracking, 100 pL of DiD-labeled Lipo or Lipo-MM formulations were administered intravenously for
biodistribution imaging. Fluorescence signals were monitored using an IVIS Spectrum imaging system (PerkinElmer)
at predefined intervals. Organs were collected 24 hours after injection for ex vivo fluorescence measurement.

Histopathological Analysis

Aortic tissues were preserved in 4% paraformaldehyde for a duration of 24 hours, subsequently embedded in paraffin,
and sliced into sections of 4 um thickness for histopathological examination. To assess inflammation, hematoxylin and
eosin (H&E) staining was performed, and two pathologists evaluated the slides independently using a Nikon Eclipse Ci
light microscope. For elastin visualization, sections underwent EVG staining with resorcin-fuchsin and methylene blue
solutions.

Statistical Analysis

Blinding was performed for all subjective analyses, including histological and imaging analyses. All data were analyzed
and graphed using GraphPad Prism 8.0 (GraphPad Software). All values were presented as mean = SD and plotted as the
mean values with SD. Significance levels were set at *p < 0.05, **p < 0.01, and ***p < 0.001. Specific tests of statistical
significance are detailed in figure legends.

Results and Discussion
Selection, Synthesis, and Characterization of Lipo-MM/SEl Were Conducted

The RAW264.7 murine macrophage membrane was chosen for nanovesicle fabrication because of its proven ability to
selectively sequester inflammatory cytokines in activated VECs."” Hybrid biomimetic vesicles were fabricated via an
optimized thin-film hydration/extrusion protocol adapted from established methodologies.”> Macrophage membrane
isolation was achieved through hypotonic lysis, with the resultant membrane fraction subsequently combined with
synthetic lipid components at a 1:5 (w/w) ratio-a formulation empirically validated to preserve post-fusion membrane
functionality.”' This membrane-lipid mixture underwent sequential hydration, sonication, and polycarbonate membrane
extrusion to facilitate bilayer fusion. To augment colloidal stability, cholesterol was systematically incorporated into the
Lipo-MM architecture during lipid film preparation.

To assess the fusion process, synthetic lipid membranes were tagged with the Forster resonance energy transfer
(FRET) dye combination, Dil and DiO, before merging with unlabeled macrophage membranes. The introduction of
macrophage membranes resulted in a diminished fluorescence intensity at 565nm (Dil), signifying their fusion with the
synthetic lipid membranes and the subsequent decrease in Dil fluorescence (Figure 2A). Raw264.7 cell membranes were
labeled with Dil, while lipid membranes were marked with DiD. Figure 2B illustrates that confocal laser scanning
microscopy (CLSM) results indicated significant overlap between macrophage membranes and synthetic lipid
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membranes. Transmission electron microscopy revealed that the Lipo-MMs were spherical (Figure 2C), akin to tradi-
tional Lipos. The Lipo-MMs had a diameter of ~190 nm with a favorable polydispersity index (PDI) of 0.215. The
diameter is smaller than that of the extruded MM vesicles (Figure 2D), possibly due to the decreased mechanical rigidity
of the macrophage membrane following fusion with the more flexible artificial lipid membrane. Furthermore, the zeta
potential of Lipo-MMs was observed to be between that of MM vesicles and Lipos (Figure 2E), indicating successful
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Figure 2 Selection, Synthesis and Characterization of Lipo-MM/SEI. (A) The synthetic lipid membranes and the fused macrophage membranes were labeled with FRET dye
for DiO and Dil. (B) Particle size distribution of Lipo, MM and Lipo-MMs vesicles were assessed by dynamic light scattering (DLS)(mean * SD, n=3). (C) Zeta potential
distribution of Lipo, MM and Lipo-MMs vesicles were assessed by DLS (mean % SD, n=3). (D) Confocal laser scanning microscopy (CLSM) image of Lipo-MMs vesicles. (E)
Transmission electron microscopy (TEM) image of Lipo-MMs vesicles. (F) Fluorescence microscopy image of Lipo-MMs vesicles. (G) Protein composition of Lipo-MMs
vesicles was shown by SDS-PAGE analysis. (H) Principal component analysis (PCA) of the proteomic of MM vesicles versus Lipo-MMs vesicles (n=3). (I) Clustering heatmap
of the differential expressed proteins (DEPs), red indicates high expression protein, blue indicates low expression protein, and each row indicates the expression of each
protein in different groups. (J and K) Circle plot of biological process and cellular components of GO enrichment.

fusion of the macrophage and lipid membranes. In contrast, minimal overlap was observed when the two types of
membranes were mixed without fusion. Fluorescently labeled Lipo-MMs were incubated with HUVECs to verify the
stability of the drug nanocarrier system. Fluorescence microscopy images showed a strong overlap between the red
fluorescence of DiD (representing SEI) and the green fluorescence of DiO (representing Lipo-MMs) (Figure 2F). This
colocalization suggests that Lipo-MM/DiD maintained good stability even after being internalized by HUVECs. The
drug loading efficiency (LE) and encapsulation efficiency (EE) of Lipo-MM/SEI were 2.78% and 81.2%, respectively. To
further explore whether Lipo-MMs can inherit essential physiological characteristics of the originating macrophages,
membrane proteins targeting adhesion proteins on activated VECs, including integrin a4 and integrin 1, were analyzed
by Western blotting. Additionally, CD47, a protein involved in immune evasion, was detected. As anticipated, following
membrane derivation and fusion, Lipo-MMs maintained these proteins, similar to MM vesicles (Figure 2G). These
findings demonstrate that the macrophage membranes effectively merged with the synthetic lipid membranes, maintain-
ing the key physiological characteristics of the original macrophages.

A novel method employed 3D-data independent acquisition to analyze the protein composition of MMs and Lipo-
MMs vesicles. PCA was utilized to reduce data dimensionality by transforming data into principal components,
preserving most of the variance. PCA indicated significant differences between Lipo-MM hybrid vesicles and MM
vesicle groups (Figure 2H). A query of the UniProt database identified 6,399 membrane proteins in the Lipo-MM hybrid
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vesicles (Figure 2H). Clustering heatmap for differentially expressed proteins in Lipo-MMs vesicles versus MM vesicles
(Figure 2I). These proteins were functionally classified according to biological processes and cellular components
(Figure 2J and K). We effectively combined macrophage membranes with synthetic lipid membranes, maintaining
essential functional proteins from the macrophage membranes. Notably, the flexibility of the synthetic lipid membranes
can be adjusted to control the release of encapsulated drugs from Lipo-MMs.

Strategies for Targeting and Evading the Immune System by Lipo-MMs

The in vitro targeting capability of Lipo-MM/DiD towards activated ECs was assessed to determine if biomimetic
nanoparticles retained the functional characteristics of macrophage membranes. CLSM images demonstrated that,
following a 4-hour co-incubation with activated ECs, Lipo-MM/DiD exhibited greater adhesion to the ECs compared
to Lipo/DiD (Figure 3A and B).

The in vitro cellular uptake of Lipo-MM/DiD by macrophages was subsequently assessed. The internalization of Lipo-
MM/DiD in RAW 264.7 cells was observed using CLSM following a 4-hour incubation. As depicted in Figure 3C and D,
fewer macrophages treated with Lipo-MM/DiD were observed than those treated with Lipo/DiD, indicating reduced uptake.
The study indicates that macrophage membrane-derived CD47 proteins effectively prevent macrophages from phagocytosing
Lipo-MM/DiD.

The evaluation of targeting Lipo-MM nanoparticles to activated endothelial cells (ECs) was conducted using a mouse
model of abdominal aortic aneurysm (AAA). Mice with AAA were administered intravenous injections of equal doses of
Lipo/DiD and Lipo-MM/DiD. Twenty-four hours later, aortas were collected for additional fluorescence imaging. The
group receiving Lipo-MM/DiD demonstrated notably enhanced DiD dye fluorescence in the aorta in contrast to the faint
signals seen in the Lipo/DiD group (Figure 3E). Twenty-four hours post-injection, DiD fluorescence signals were
detected in major organs notably the kidneys and liver, likely due to clearance by the mononuclear phagocyte system.
The fluorescence signal from the DiD marker was found to be concentrated in the aorta across both experimental groups.
However, a significant difference was observed in the liver, where the Lipo/DiD group demonstrated a markedly stronger
fluorescence signal. In contrast, the Lipo-MM/DiD group exhibited a significantly diminished signal in the liver,
indicating a notable variation in the distribution of the fluorescence between these two groups (as illustrated in
Figure 3F). These data indicated that Lipo-MM nanoparticles effectively target the aorta while minimizing accumulation
in other tissues like the liver and kidney. This selective targeting may be related to the integration of CD47 and a4/B1
acquired from membrane of macrophage. Histological examination of the aorta showed significant accumulation of Lipo-
MM/DiD in AAA tissues, while Lipo/DiD accumulation was minimal (Figure 3G). These results confirmed the excellent
ability of the Lipo-MM nanocarrier to activate VEC targeting and immune evasion in AAA.

Therapeutic Efficacy of SEl-Loaded Lipo-MM Nanoparticles Against AAA
To evaluate the therapeutic potential of SEI-loaded Lipo-MM nanoparticles in treating AAA, we conducted longitudinal
studies in ApoE /~ male mice (8-week-old, n=10/group) with Angll-induced AAA pathology. A 28-day continuous
Angll infusion (1000ng/kg/min) was administered using subcutaneously implanted mini-osmotic pumps, alongside
weekly intravenous doses (35 mg/kg) of therapeutic agents (PBS, SEI, Lipo/SEI, or Lipo-MM/SEI).** Despite all groups
developing AAA over a 4-week period (Figure 4A), quantitative morphometric analysis showed that administration of
Lipo-MMY/SEI significantly decreased 31.4% of maximum aortic diameter compared to controls (p<0.01, Figure 4B).
Notably, survival rates (2/10 vs 1/10) and AAA incidence (8/10 vs 7/10) showed no statistical significance between
PBS, free SEI, and Lipo/SEI groups (Figure 4C), underscoring the necessity of targeted delivery. Administration of Lipo-
MM/SEI significantly decreased AAA incidence to 40% compared with PBS and Lipo/SEI groups (Figure 4C).
Histopathological evaluation demonstrated Lipo-MM/SEI’s superior efficacy: H&E/EVG staining showed 58.7%
attenuation of elastin degradation (Figure 4D and E), while immunofluorescence revealed preserved a-SMA expression
(82.3% vs PBS group, Figure 4F). Concurrent TUNEL assays quantified 67.9% reduction in aortic apoptosis (Figure 4F
and G), confirming sustained SEI release from Lipo-MMY/SEI enhances anti-apoptotic effects through activated VEC
targeting.
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Figure 3 Anti-inflammatory efficacy of Lipo-MM NPs. (A) Cell uptake of Lipo/DiD NPs and Lipo-MM/DiD NPs after incubation with activated ECs (stimulated with TNF-a)
for 4 h. The nuclei of activated ECs were stained with DAPI; scale bar =10um. (B) Quantification of the DiD-positive area in activated ECs (mean%SD, n=3). One-way
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Lipo/DiD NPs or Lipo-MM/DiD NPs (meanSD, n=3, left). Heatmap of Dil fluorescence dye in different organs (mean+SD, n=3, right). (G) CLSM images of Lipo/DiD NPs
and Lipo-MM/DiD NPs treated groups in the aortas of AAA mice (scale bar = 50um and 25um). Statistical significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 Anti-AAA Efficacy of the SEl-Loaded Lipo-MM. (A) Representative images showing the macroscopic features of aortas of Angll-induced AAA mice with different treatments.
(B) Maximal diameter of abdominal aorta of Angll-induced AAA mice with different treatments. One-way ANOVA with Bonferroni’s multiple comparisons test. (C) Aortic dissection
incidence of Angll-induced AAA mice with different treatments. One-way ANOVA with Bonferroni’s multiple comparisons test. (D) Representative images showing HE (top) and EVG
(10%, middle and 40%, bottom) staining in the abdominal aorta from the indicated groups. (E) Elastin degradation score of abdominal aorta of Angll-induced AAA mice with different
treatments. One-way ANOVA with Bonferroni’s multiple comparisons test. (F) Representative images showing Immunofluorescence staining of a-SMA and TUNEL staining of
abdominal aorta of Angll-induced AAA mice with different treatments. (G) The ratio of TUNEL positive cell of abdominal aorta of Angll-induced AAA mice with different treatments.
One-way ANOVA with Bonferroni’'s multiple comparisons test. Statistical significance is indicated as *P < 0.05; **P < 0.01; **P < 0.001.
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Anti-Inflammatory Efficacy of Lipo-MM
Intense inflammatory responses are frequently linked to cardiovascular diseases, such as myocardial infarction and ischemia-
reperfusion injury and atherosclerosis18-20. Excessive inflammation significantly contributes to the rapid progression of
AAA. The Lipo-MM nanodrug delivery system effectively adsorbs inflammatory factors due to its macrophage membrane-
derived receptors, including LTR4, CD126, and CD119. Once we verified the presence of essential receptors that attach to
inflammatory cytokines, we measured how effectively Lipo-MM nanoparticles could neutralize TNF-a, IL-1p, IL-6, and
interferon-y (IFN-y) (Figure SA). Cytokines were incubated with varying concentrations of Lipo-MM nanoparticles, and
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Free SEI Lipo/SEI Lipo-MM/SEI

Figure 5 Anti-Inflammatory Efficacy of Lipo-MM/SEI. (A) Neutralization efficiencies of TNF-a, IL-1, IL-6 and IFN-y after incubation with Lipo-MM NPs (mean + SD, n=3).
One-way ANOVA with Bonferroni’s multiple comparisons test. (B) ELISA analysis of the levels of the inflammatory factors TNF-o, IL-1, IL-6 and CCL2 in murine serum
from the different groups (n=6 per group). One-way ANOVA with Bonferroni’s multiple comparisons test. (C) Representative flow cytometry analysis of circulating blood
Ly6C'°W, Ly6CI1ig|1 monocytes and Grl+ neutrophils in different treatment groups. (D) Flow cytometry data analysis was performed as shown (n=3 per group). One-way
ANOVA with Bonferroni’s multiple comparisons test. (E) Representative images of frozen abdominal aorta sections in different treatment groups stained with Ly6G (green)
and CDé68 (red) while nuclei were stained with DAPI (blue). Scale bar =200um. Statistical significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001.

Merge

CD68

ultracentrifugation was performed to eliminate the nanoparticles. Cytokine levels in the supernatant were subsequently
quantified using ELISA. As the results demonstrated, as the dose of Lipo-MM increased (from 1 to 3 mg), the remaining
levels of TNF-a decreased in an Lipo-MM dose-dependent manner. The findings indicated that Lipo-MM nanoparticles
effectively neutralized the levels of these inflammatory cytokines (Figure 5A).

The neutralization capacity of Lipo-MM nanoparticles was assessed in Angll-induced AAA mice. Serum levels of
inflammatory factors including IL-1B, IL-6, TNF-a, and CCL2 were significantly reduced in the Lipo-MM/SEI group
(Figure 5B). The findings highlighted the essential function of Lipo-MM nanoparticles in mitigating AAA inflammation.

Peripheral blood was collected from each treatment group of mice to assess the impact of Lipo-MM/SEI on
inflammatory cell recruitment. A comprehensive multicolor flow cytometry panel, including markers like CDI11b,
CD115, and GR1 for myeloid cells, was utilized. Blood flow cytometry analysis indicated a reduction in Ly6Chi
monocytes and neutrophils in the Lipo-MM/SEI group compared to other groups (Figure 5C and D). The findings
indicate that Lipo-MM/SEI both neutralized inflammatory factors and decreased the recruitment of pro-inflammatory
cells in AAA mice (Figure 5E).

Mechanism of Lipo-MM/SEI

RNA-seq analysis was conducted on the model mouse aorta in both the free SEI and Lipo-MM/SEI groups to investigate the
mechanisms by which Lipo-MM treats AAA (Figure 6A). Our findings indicated that, relative to the free SEI group, 43 genes
were upregulated and 184 genes were significantly downregulated (Figure 6B and C). We conducted GO enrichment analysis
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Figure 6 Potential mechanisms of Lipo-MM/SEl in treating AAA. (A) Principal component analysis (PCA) of RNA-seq data of aneurysmal aorta treated with free SEl or Lipo-
MMJSEL. (B) Volcano plots of differently expressed genes (DEGs) between the free SEI and Lipo-MM/SEI groups in RNA-seq. (C) Hierarchical clustering analysis of DEGs
between the free SEl and Lipo-MM/SEI groups. (D) The GO-enriched chord diagram shows the genes involved in nine significant enriched GO terms. (E) The bubble diagram
shows the top 10 enriched molecular function, biological process and cellular compartment, respectively. (F) Ridge plots showing the top 20 KEGG pathways. (G) GSEA of
JAK-STAT signaling pathway for free SEI vs Lipo-MM/SEI. (H) Representative Western blot images and quantitative analysis of STAT3, p-STAT3, JAK and p-JAK expression in
aortic tissue (n = 3). Statistical significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001.
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on the differentially expressed genes, revealing enrichment in inflammation-related pathways such as negative regulation of
immune system processes, cytokine production, leukocyte activation, and cell adhesion (Figure 6D and E). The KEGG
pathway analysis revealed enrichment in the JAK-STAT signaling pathway (Figure 6F). GSEA shows that JAK-STAT
signaling pathway is down-regulated in the aorta tissue treated Lipo-MM/SEI vs free SEI (Figure 6G). These results reveal
that Lipo-MM/SEI treats AAA via the JAK-STAT signaling pathway. Western blot analysis was performed on mouse aortic
tissues revealing that the occurrence and progression of aortic dissection may be further improved by Lipo-MM/SEI through
the down-regulated JAK-STAT signaling pathway (Figure 6H).

Biosafety Characteristics of Lipo-MM

Blood compatibility was assessed to evaluate the hemocompatibility of biological materials. Current study employed an
in vitro direct contact method to assess the hemolysis of Lipos and Lipo-MMs. Clinical biochemistry analysis indicated
that Lipo and Lipo-MM maintained normal kidney and liver functions, evidenced by standard levels of aspartate

aminotransferase, alanine aminotransferase, serum creatinine, and blood urea nitrogen (Figure 7A).
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Figure 7 Biosafety Characteristics of Lipo-MM/SEl. (A) Serum level of ALT, AST, urea and creatinine of Angll-induced AAA mice with different treatments. One-way
ANOVA with Bonferroni’s multiple comparisons test. (B) Representative cross section from heart, liver,lung, spleen and kidney stained with H&E, scale bar = 50um.
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H&E staining was performed on tissue sections from various organs. Comparison of pathological sections of major
organs from AAA mice revealed no significant differences between the control and various treatments (Figure 7B). The
results revealed that Lipo-MMs as well as Lipos exhibit high biocompatibility in AAA mice following extended
treatment.

Discussion

AAA is associated with a high mortality rate upon rupture. Currently, available treatments are restricted to either open
surgery or endovascular stent grafting, both aimed at isolating the aneurysmal sac from systemic blood flow to prevent
rupture. These interventions, however, are generally considered only for larger aneurysms (typically with a diameter
exceeding 5.5cm), leaving a therapeutic gap for small AAAs, for which no effective approach exists to curb their
progression. This shortage of treatment alternatives is partly attributable to an incomplete understanding of the early
pathogenic mechanisms of AAA.

Early investigations into the pathogenesis of aortic aneurysms predominantly centered on the roles of medial smooth
muscle cells and infiltrating inflammatory cells. In recent years, however, the focus has expanded to underscore the
critical contributions of the endothelial layer. Endothelial cell dysfunction is now recognized as a pivotal early event in
the development of aortic aneurysms. This dysfunction instigates a cascade of pathological processes, characterized by
heightened oxidative stress and pronounced inflammation, which collectively drive the progressive degeneration of the
arterial wall.”® The influence of endothelial cells on aneurysm formation is largely mediated through their regulation of
vascular remodeling. Evidence indicates that endothelial cells facilitate medial layer degradation and amplify the local
inflammatory response via the secretion of various proteases and the recruitment of immune cells, including
macrophages.”* Furthermore, the activation of the NF-kB signaling pathway within endothelial cells constitutes a key
mechanism. This activation leads to the upregulation of adhesion molecules, thereby promoting macrophage adhesion
and transendothelial migration, which exacerbates the inflammatory milieu within the vessel wall.>> The involvement of
endothelial cells extends beyond these well-described roles in inflammation and remodeling. Hemodynamic forces,
particularly shear stress, are transduced by endothelial cells and significantly impact arterial wall integrity. In response to
altered flow dynamics, endothelial cells modulate inflammatory processes in the medial and adventitial layers through the
paracrine release of cytokines and adhesion molecules, thereby influencing aneurysm initiation and expansion.”® Adding
another layer of complexity, recent studies highlight the functional heterogeneity of endothelial cells. Distinct transcrip-
tional signatures identified in different endothelial subpopulations within aneurysmal tissues suggest specialized, and
potentially spatially defined, roles in the disease pathogenesis. In conclusion, a compelling body of evidence now firmly
establishes endothelial cells as central orchestrators in the pathogenesis of aortic aneurysms. Their dysfunction acts as a
key driver of arterial wall degradation and inflammation, while also critically modulating vascular remodeling and
intercellular signaling. Consequently, targeting endothelial cell-specific pathways emerges as a promising strategic
avenue for devising novel therapeutic interventions aimed at halting the progression of aortic aneurysms.

Natural compounds derived from medicinal plants have long served as a rich resource for drug discovery, with
notable successes such as aspirin, artemisinin, and paclitaxel. SEI, a primary active component of Ligusticum sinense
‘Chuanxiong’, has been found to exhibit anti-inflammatory, analgesic, antioxidant, and antithrombotic activities, as well
as protective effects against ischemia-reperfusion injury. Prior studies found SEI inhibited inflammation and oxidative
stress to restore endothelial function and vascular homeostasis, thus prevented TAAD formation in mice.?’ Compared
with chemical compound, SEI shows the advantage of established safety and drug tolerability.”® We found that Lipo-
MMY/SEI protects against AAA, likely by inhibiting the JAK-STAT pathway within the aortic tissue. This proposition is
corroborated by existing evidence that SEI inhibits JAK 1/3-STAT3/6 and JNK signaling.>® The use of a nano-encapsula-
tion system enhanced the targeted delivery of SEI to the abdominal aorta, which in turn augmented the suppression of the
JAK-STAT pathway and the overall therapeutic effect.

Nanoscience enables the development of targeted drug delivery systems. To this end, multifunctional nanoparticles
can be engineered with specific ligands or biomembranes to direct therapeutic agents to the lesion site, thereby
minimizing systemic toxicity. Moreover, NP-based delivery enhances key pharmacological properties of drugs, including
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their solubility, circulation half-life, bioavailability, and overall therapeutic efficacy. Through judicious design, these
nano-biomaterials can achieve prolonged stability within the vasculature, effectively evading cellular uptake.

Previous studies have established various membrane-hybrid nanoparticles for biomedical applications. For instance,
red blood cell-mimicking nanoparticles exhibit prolonged circulation, reduced immunogenicity, and specific targeting
capacity, offering a promising drug delivery platform.>® Polymeric nanoparticles coated with neutrophil membranes
retain the antigenic and functional profiles of the source cells, enabling targeted accumulation in inflammatory joint
regions.”” Similarly, platelet membrane-coated nanoparticles-using membrane fragments rather than live platelets-show
extended circulation and an inherent ability to bind injured endothelial cells via surface adhesion motifs, facilitating
targeted delivery to thrombotic sites owing to the natural homing properties of platelets.’’

In contrast to acute thrombotic events, AAA progression is characterized by chronic inflammation. This process
drives aneurysm expansion through sustained extracellular matrix degradation and recruitment of pro-inflammatory cells,
often marked by an elevated M1/M2 macrophage ratio. Within this context, MMs offer superior biocompatibility over
synthetic coatings and can evade nonspecific macrophage uptake, thereby prolonging nanocarrier retention in inflamed
tissues. Moreover, MMs are enriched with inflammation-related receptors-such as Toll-like receptors and interleukin-6
receptor families-which confer high affinity for inflammatory microenvironments and establish MMs as a superior
inflammation-targeting nanocoating.

In the present study, we employed naturally derived macrophage membranes to overcome the limitations of poly
(lactic-co-glycolic acid) nanoparticles. MM-coated nanoparticles exhibited reduced macrophage endocytosis, prolonged
tissue retention, and enhanced accumulation at inflammatory sites. Additionally, similar to neutrophil membrane-coated
systems, which are known to reduce immunogenicity and improve biocompatibility of synthetic nanoparticles after
systemic administration, MM coating offers a biologically responsive strategy for enhancing the performance and safety
of nanocarriers in chronic inflammatory settings such as AAA.

Future research should investigate the strategic integration of diverse biofilms, as such hybrid systems show
considerable potential for constructing multifunctional targeted drug delivery platforms. These efforts could provide
critical insights for advancing therapeutic strategies against AAA. Although Lipo-MM/SEI has demonstrated promising
efficacy in our study, its clinical translation faces two principal challenges: the scalability of its fabrication process and
the safety profile following long-term administration. While thin-film hydration represents a straightforward and widely
adopted method for preparing deformable liposomes at the laboratory scale, it remains difficult to directly adapt this
batch-based process for industrial-level manufacturing. A recognized limitation of our membrane-coating process (eg,
co-extrusion) is its stochastic nature, which can result in heterogeneous orientations of key membrane proteins (eg,
chemokine receptors) on the final nanoparticles. This heterogeneity could, in theory, impact the consistency of targeting
efficacy across different Lipo-MM/SEI batches. Nevertheless, our in vitro and in vivo data confirm consistent and
effective targeting, demonstrating that the functional integrity is preserved despite potential variations. To fundamentally
overcome this limitation and enhance reproducibility, future work will pursue directed fusion strategies, such as
introducing specific molecular anchors (eg, streptavidin-biotin) to control orientation. In addition, comprehensive
large-animal studies are essential to systematically evaluate the long-term biosafety of Lipo-MMY/SEI before clinical
application.

Conclusion

This study developed a n new nanodrug carrier system Lipo-MMs, leveraging both advantages to achieve prolonged
targeting of activated ECs in vivo. Studies conducted in vitro indicated that Lipo-MM nanoparticles effectively attached
to activated endothelial cells and reduced macrophage phagocytosis. Additionally, the therapeutic efficacy of the hybrid
system was explored in a mouse model of abdominal aortic aneurysm (AAA), where extended intravenous delivery of
Lipo-MM/SEI nanoparticles led to a significant enhancement in AAA outcomes.

Summary
A novel hybrid biomimetic nanovesicle fusing macrophage membranes with artificial lipid bilayers was developed to
deliver the endothelial-protective drug Senkyunolide I for the treatment of abdominal aortic aneurysm. The platform
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combines the natural targeting/inflammation-neutralizing capacity of macrophage membranes with the stability of
synthetic lipids, establishing a promising prototype for precise vascular therapeutics with minimized off-target effects.
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