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Low-concentration cholesterol modification
enhances Clematis filamentosa Dunn-derived
extracellular vesicle-mediated macrophage
polarization regulation for acute lung injury
therapy
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Hongjia Huang,® Liubing Hu,® Baiyin Yu,?® Xiang Li,®®* Rong Zeng® and Jie Chen*@°

Acute lung injury (ALI) and its severe form, acute respiratory distress syndrome (ARDS), are characterized by
an imbalance in M1/M2 macrophage polarization and disruption of the alveolar-capillary barrier. Although
plant-derived extracellular vesicles (PEVs) hold therapeutic potential for immunomodulation, their clinical
application is limited by poor stability and inefficient delivery. Here, we developed cholesterol-modified
nanovesicles (CHOL@CDNVs) from Clematis filamentosa Dunn (CDNVs), a medicinal plant with
documented anti-inflammatory properties. Using a thin-film hydration—extrusion method, low-
concentration cholesterol modification enhanced the colloidal stability of the vesicles and increased
macrophage uptake by 1.6-fold while preserving their ROS scavenging capacity. CHOL@CDNVs
effectively suppressed M1 polarization and the secretion of TNF-a/IL-1B, while inducing M2
reprogramming. In an LPS-induced ALI mouse model, CHOL@CDNVs administration reduced pulmonary
edema (37% lower wet/dry weight ratio) and fibrosis (67% reduction in collagen deposition) without
inducing hepatotoxicity. These therapeutic effects were mediated by a shift from M1 to M2 macrophage
polarization and the resolution of

modification as a

inflammatory properties. This study establishes cholesterol
that simultaneously enhances the stability and
immunoregulatory efficacy of plant-derived nanovesicles, offering a promising advance toward precision

dual-functional strategy

rsc.li/rsc-advances therapy for ALI/ARDS.

1 Introduction

Acute lung injury (ALI) and its severe manifestation, acute
respiratory distress syndrome (ARDS), are life-threatening
conditions, pathologically characterized by a dysregulated
inflammatory response, uncontrolled oxidative stress, disrup-
tion of the alveolar-capillary barrier, and consequent progres-
sive hypoxemia."* Currently, the global management of ALI/
ARDS remains largely supportive care, lacking targeted inter-
ventions that can substantially improve survival rates.* More-
over, the widely used corticosteroids are frequently associated
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with severe adverse effects.* A central pathogenic event in ALI/
ARDS is the imbalance in macrophage M1/M2 polarization,
a pivotal immunoregulatory process. This imbalance features
hyperactivation of pro-inflammatory M1 macrophages, which
exacerbate inflammation through a cytokine storm (e.g., TNF-a,
IL-1B), coupled with a deficiency in anti-inflammatory M2
macrophages, resulting in impaired tissue repair.>® Accumu-
lating evidence indicates that the dynamic regulation of
macrophage polarization plays a central role in modulating
alveolar-capillary barrier integrity, wherein the equilibrium
between the M1 (pro-inflammatory) and M2 (pro-resolving)
phenotypes dictates disease progression.”™* A hallmark of the
pathological progression in ALI/ARDS is a vicious cycle in which
persistent inflammatory stimuli drive macrophage over-
activation. This amplifies inflammatory cascades and sustains
a dominant M1 polarization state, which in turn exacerbates
alveolar epithelial injury and pulmonary edema, ultimately
leading to respiratory failure.">** Given this central role, strat-
egies aimed at reprogramming macrophages to reverse their
pathogenic polarization state are emerging as a promising
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therapeutic avenue for
disorders.

Extracellular vesicles (EVs) have recently garnered consider-
able attention as promising cell-free therapeutic nano-
medicines, offering innovative alternatives for the treatment of
ALL™ As cell-secreted, lipid-bilayer-enclosed nanoparticles, EVs
play a fundamental role in intercellular communication.™
Evidence has shown that Mammalian-derived EVs (MEVs) can
effectively modulate macrophage phenotypes and their thera-
peutic potential has been validated in models of AL
However, the clinical translation of MEVs faces several chal-
lenges including limited yield, short half-life, and potential
safety concerns such as tumorigenicity.” Given these limita-
tions, plant-derived EVs (PEVs) are gaining increasing attention
as viable alternatives. While sharing fundamental physico-
chemical similarities with MEVs, PEVs can also deliver a diverse
array of endogenous bioactive compounds (e.g., proteins, lipids,
and nucleic acids) to target cells.?” Compared to EVs from other
sources, PEVs present distinct advantages, including high
biocompatibility, low toxicity, minimal immunogenicity, as well
as abundant source availability, cost-effectiveness, and excellent
scalability.” Owing to their inherent anti-inflammatory and
antioxidant properties, PEVs are positioned as compelling
candidates for ALI intervention. For instance, PEVs derived
from Platycodon grandiflorum mitigate ALI progression through
the suppression of pro-inflammatory cytokines (TNF-o, IL-6)
while enhancing anti-inflammatory IL-10 secretion, leading to
the reprogramming of pulmonary macrophages toward repar-
ative phenotypes.”” Growing evidence underscores the thera-
peutic potential of PEVs from diverse botanical sources (e.g.,
ginger, grape, broccoli, grapefruit, and Artemisia annua) in
inflammatory diseases, largely attributed to their intrinsic anti-
inflammatory and antioxidant activities.** Collectively, these
findings underscore the translation potential of PEVs and pave
the way for their further development as clinical intervention
for ALIL

Clematis filamentosa Dunn, a perennial woody vine
belonging to the genus Clematis (Ranunculaceae), is renowned
in traditional medicine for its properties in clearing liver-heat,
inducing tranquility, reducing blood pressure, and exerting
meridian-activating analgesic effects.”® While its stems and
leaves have a history of use in herbal medicine, modern phar-
macological investigations have substantiated a range of
bioactivities, including cardiovascular protective, anti-
inflammatory, antioxidant, tissue-repair-promoting
effects. These validated bioactive properties provide a strong
rational for exploring its potential in treating inflammatory
disease and promoting tissue regeneration.”” Based on this
foundation, the present study investigates extracellular vesicles
derived from Clematis filamentosa Dunn (CDNVs) as a novel
nanotherapeutic strategy for ALI. Despite their therapeutic
potential, the clinical translation of natural PEVs such as
CDNVs is often impeded by suboptimal delivery efficiency and
structural instability, which lead to premature functional loss
and thereby compromise therapeutic efficacy.”*** Therefore,
enhancing the stability and delivery efficiency of PEVs

severe pulmonary inflammatory
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constitutes a pivotal challenge that must be addressed to
advance their clinical translation.

Cholesterol, a critical component of membrane systems,
improves the structural integrity of lipid vesicles by increasing
the rigidity of the lipid bilayer and facilitates delivery efficiency
through lipid raft-mediated internalization pathways.** For
instance, Zhuo et al. established that cholesterol-enriched exo-
somes can deliver siRNA directly into the cytoplasm via
membrane fusion, leading to potent gene silencing.®* It is
important to note, however, that elevated cholesterol levels may
promote protein-membrane interactions, consequently
increasing the risk of rapid clearance from systemic circula-
tion.** Despite this, low-concentration cholesterol modification
offers a viable strategy to achieve an optimal balance between
membrane stability and delivery efficiency. Herein, we devel-
oped a low-concentration cholesterol modification strategy for
CDNVs. By anchoring cholesterol molecules into the CDNVs'
lipid bilayer, we constructed an engineered system termed
CHOL®@CDNVs, which exhibits enhanced membrane stability
and improved delivery capacity. To comprehensively assess its
therapeutic efficacy, we employed both LPS-induced macro-
phage inflammation models and ALI animal models to
systematically evaluate multifunctional effects, including the
restoration of M1/M2 polarization balance, suppression of
oxidative stress, and promotion of lung tissue regeneration.
Collectively, these findings provide both valuable insights and
a scalable engineering platform for advancing plant-derived
vesicle-based therapies against ALI

2 Materials and methods
2.1 Materials

Fresh leaf samples of Clematis filamentosa Dunn were collected
from natural populations in Shixing County (GPS coordinates:
114.030414° N, 25.10987004° E), Guangdong Province, China,
and authenticated by Prof. Zongli Hu. Cholesterol (CHOL), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and polyethylene glycol (PEG
8000) were purchased from Macklin Biochemical Co., Ltd
(Shanghai, China). Lipopolysaccharide (LPS), fluorescein-
conjugated DHPE, chlorpromazine hydrochloride, and wort-
mannin were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Filipin III was sourced from MedChemExpress LLC
(Monmouth Junction, NJ, USA). Recombinant murine IFN-y was
procured from PeproTech Inc. (Cranbury, NJ, USA). Tri-
bromoethanol (1.25% solution for anesthesia) was acquired
from Nanjing Aibei Biotechnology Co., Ltd (Nanjing, China).
The BCA Protein Assay Kit and COD-PAP Cholesterol Assay Kit
were provided by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Total RNA was extracted using the HiPure
Total RNA Mini Kit from Guangzhou Magen Biotechnology Co.,
Ltd (Guangzhou, China). Reverse transcription was performed
with HiScript® II Q RT SuperMix for qPCR (+gDNA wiper), and
quantitative PCR was carried out using 2x RealStar Green Fast
Mixture (Vazyme Biotech Co., Ltd, Nanjing, China). The Cell
Counting Kit-8 (CCK-8) was obtained from Dojindo Molecular
Technologies (Kumamoto, Japan). Antibodies against CD86
(polyclonal, Cat# bs-1035R) and CD206 (monoclonal, Cat# bsm-
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60761R) were purchased from Biosynthesis Biotechnology Co.,
Ltd (Beijing, China).

2.2 Preparation of CHOL@CDNVs

2.2.1 Preparation of cholesterol-modified = CDNVs.
Cholesterol-modified CDNVs were prepared via the thin-film
hydration method, adapted from a previously reported proce-
dure.** Briefly, cholesterol was dissolved in a chloroform/
ethanol mixture (2:1, v/v). The solvent was evaporated under
reduced pressure (0.09 MPa) at 40 °C for 30 min using a rotary
evaporator (RE-52AA, Shanghai Yarong) to form a dry lipid film.
To incorporate cholesterol into the CDNVs membrane (for
CDNVs preparation, see SI, Section 1.2), the dried film was
hydrated within 1 mL of CDNVs suspension (1 mg mL ™" in PBS,
pH 7.4). Cholesterol was add at three different masses: 10 pg, 50
pg, or 100 pg. The resulting formulations were designated as 1%
CHOL@CDNVs, 5% CHOL@CDNVs, and 10% CHOL@CDNVSs,
corresponding to cholesterol-to-total CDNVs protein mass
ratios of 1%, 5%, and 10%, respectively. Subsequently, the
resulting suspension was sonicated on ice using a probe soni-
cator (JY92-IIN, Ningbo Scientz Biotechnology Co., Ltd, China;
6 mm probe diameter, 30 W power) with a cycle of 10 s pulse/
10 s interval for a total duration of 5 min. The sonicated sample
was then extruded 10 times through a 100 nm polycarbonate
membrane (Millipore, USA) using an Avanti mini-extruder.
Finally, the CHOL@CDNVs suspension was sterilized by filtra-
tion through a 0.22 um pore-size membrane and stored at 4 °C
in light-protected vials.

2.2.2 Preparation of fluorescein-DHPE-labeled vesicles.
Fluorescent labeling of CDNVs and CHOL@CDNVs was per-
formed wusing the thin-film hydration method. Briefly,
fluorescein-DHPE (dissolved in dimethyl sulfoxide at 1 mg
mL~") was mixed with the vesicle suspension at a mass ratio of
0.5% (w/w, relative to total lipid) under light-protected condi-
tions. A lipid film was then formed, hydrated and extruded
following the same procedure detailed in Section 2.2.1 to
remove unincorporated fluorophores, the mixture was sub-
jected to centrifugal filtration at 5000 xg for 10 min at 4 °C using
a 100 kDa molecular-weight-cutoff ultrafiltration device (Milli-
pore, USA). The retained fraction containing the labeled vesicles
was collected and stored in dark at 4 °C for subsequent cellular
uptake studies.

2.3 Characterization of CHOL@CDNVs

2.3.1 Yield and physicochemical properties. The particle
size distribution and concentration of CDNVs were determined
using nanoparticle tracking analysis (NTA) on a NanoSight
NS300 system (Malvern Instruments, UK). Total protein content
was quantified with a bicinchoninic acid (BCA) protein assay kit
(Nanjing Jiancheng Bioengineering Institute, China). The
hydrodynamic diameter, polydispersity index (PDI) and zeta
potential of CDNVs and CHOL@CDNVs were measured by
dynamic light scattering (DLS) and electrophoretic light scat-
tering using a Zetasizer Nano ZS90 system (Malvern Panalytical,
UK).
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2.3.2 Transmission electron microscopy. A 10 pL aliquot of
CDNVs and CHOL@CDNVs suspension was deposited to a 230-
mesh carbon-coated copper grid (Zhongjingkeyi Technology
Co., Ltd, Beijing, China) and allowed to adsorb for 5 min. Excess
liquid was carefully removed with filter paper. The grid was then
negatively stained with 2% (w/v) phosphotungstic acid (pH 6.8)
for 2 min and air-dried at room temperature. Morphological
examination was performed using a JEM-1400Flash trans-
mission electron microscope (JEOL Ltd, Japan) operated at an
acceleration voltage of 120 kv.

2.4 Determination of cholesterol content in CHOL@CDNVs

The cholesterol content in 1% CHOL@CDNVs, 5%
CHOL@CDNVs, and 10% CHOL@CDNVs was determined
using a Total Cholesterol Assay Kit (Cat# A111-1-1, Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer's instructions. Absorbance was measured at
500 nm, and cholesterol concentrations were determined based
on a standard calibration curve.

2.5 Stability evaluation of CHOL@CDNVs

The stability was assessed by storing the suspension (1 mg mL "
in PBS, pH 7.4) at 4 °C under light-protected conditions.
Changes in particle size, polydispersity index (PDI), and zeta
potential were monitored on days 0, 7, 14, 21, and 28 using
dynamic light scattering (Zetasizer Nano ZS90).

2.6 DPPH radical scavenging assay

A 0.2 mmol per L DPPH working solution was prepared by di-
ssolving DPPH powder in anhydrous ethanol and stored in the
dark at 4 °C. The test specimens included CDNVs isolated using
2.5%, 5%, or 10% PEG, as well as the formulations 1%
CHOL@CDNVs, 5% CHOL@CDNVs, and 10% CHOL@CDNVs.
All samples were adjusted to a particle concentration of
approximately 5 x 10'° particles per mL in PBS. Equal volumes
(100 pL each) of the DPPH working solution and sample solu-
tions were combined in 1.5 mL microcentrifuge tubes, vortex-
mixed for 10 s, and incubated at 25 °C in the dark for 30 min.
After incubation, 200 pL of each reaction mixture was trans-
ferred to a 96-well plate. Absorbance was measured at 517 nm
using a microplate reader, with anhydrous ethanol serving as
the blank control. The radical scavenging rate was calculated
according to the following formula:

Asz()

P il
(R

where: A.: absorbance of the DPPH solution control (without
sample), A,: absorbance of the anhydrous ethanol blank, Ag:
absorbance of the sample after reaction with DPPH solution.

Scavenging rate(%) = } x 100% (2-1)

2.7 Cytotoxicity evaluation of CHOL@CDNVs

Cytotoxicity was evaluated using the Cell Counting Kit-8 (CCK-8)
assay. RAW264.7 cells were seeded in 96-well plates and treated
with CDNVs modified with 1%, 5%, or 10% cholesterol (i.e., 1%
CHOL@CDNVs, 5% CHOL@CDNVs, 10% CHOL@CDNVs) at

RSC Adv, 2026, 16, 5941-5955 | 5943


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08928j

Open Access Article. Published on 28 January 2026. Downloaded on 6/12/2026 11:12:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

particle concentrations ranging from 0.03125 to 1 x 10
particles per mL (0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 x 10"°
particles per mL) for 24 h. After treatment, 10 pL of CCK-8
reagent (Dojindo Molecular Technologies, Japan) was added
to each well, followed by incubation at 37 °C for 2 h. Absorbance
was measured at 450 nm using a microplate reader. Cell
viability, was calculated as a percentage relative to untreated
control cells using the following formula:

ODsample - ODbase

Viability%o = —————
fabit Y/O ODcomrol - ODbase

x 100% (2-2)
where ODgampie; ODcontroly ODpase Tepresent the absorbances
values of the treated cells, untreated control cells, and culture

medium without cells, respectively.

2.8 Cellular uptake and endocytic mechanism of
CHOL@CDNVs

2.8.1 Flow cytometry analysis of uptake. RAW264.7
macrophages were seeded in 6-well plates at a density of 1 x 10°
cells per well and cultured overnight. Cells were then incubated
with Fluorescein-DHPE-labeled CDNVs, 1% CHOL@CDNVSs, 5%
CHOL®@CDNVS, or 10% CHOL@CDNYVs at a final concentration
of 0.5 x 10" particles per mL for 24 h. After incubation, cells
were washed three times with ice-cold PBS, harvested and
immediately analyzed using a BD FACSCanto II flow cytometer
(BD Biosciences, USA). Mean fluorescence intensity (MFI) was
calculated with FlowJo v10 software (v1.53, National Institutes
of Health, USA) to quantify vesicle uptake.

2.8.2 Confocal microscopy. For confocal imaging,
RAW264.7 cells were seeded in confocal dishes at 1 x 10* cells
per well and allowed to adhere overnight. Cells were treated
with 1% CHOL@CDNVs, 5% CHOL@CDNVs, 10%
CHOL@CDNVSs, or unmodified CDNVs (0.5 x 10"° particles per
mL) for 4 h, followed by three times PBS washes. Nuclei were
stained with DAPI, and cellular internalization was visualized
using a Zeiss LSM 800 confocal laser scanning microscope (Carl
Zeiss, Germany). The fluorescence intensity of fluorescein-
DHPE per cell was quantified with Image J software (v1.53,
National Institutes of Health, USA).

2.8.3 Inhibition of endocytic pathways. To investigate the
endocytic mechanisms, the concentrations of inhibitors were
first optimized using CCK-8 assay to ensure non-cytotoxic
conditions: Chlorpromazine (10 puM, clathrin-mediated endo-
cytosis inhibitor), Wortmannin (50 pM, micropinocytosis
inhibitor), and Filipin III (2.5 pM, caveolae-dependent endocy-
tosis inhibitor). RAW264.7 cells were seeded in 96-well plates at
1 x 10° cells per well overnight. Following 1 h pretreatment
with the respective inhibitors, cells were incubated with 1%
CHOL®@CDNVs, 5% CHOL@CDNVs, 10% CHOL®@CDNVs, or
unmodified CDNVs (0.5 x 10" particles per mL) for 4 h. Cells
were then washed and fluorescence intensity was measured
using a Thermo Fisher microplate reader.

2.9 In vitro anti-inflammatory evaluation of CHOL@CDNVs

RAW264.7 macrophages were seeded in 6-well plates at
a density of 1 x 10° cells per well and stimulated with 100 ng

5944 | RSC Adv, 2026, 16, 5941-5955

View Article Online

Paper

per mL LPS for 12 h to induce M1 polarization. Cells were then
treated with CDNVs and 1%, 5%, or 10% CHOL@CDNVSs at low
(0.1 x 10" particles per mL) and high (0.5 x 10'® particles per
mL) concentrations for 24 h. Total RNA was extracted using the
HiPure Total RNA Mini Kit according the manufacturer's
protocol. cDNA was synthesized from 1 pg of total RNA using
HiScript® II Q RT SuperMix. Real-time quantitative PCR (RT-
gPCR) was performed using 2x RealStar Green Fast Mixture
with GAPDH served as the endogenous reference gene for
normalization. The relative expression levels of target genes
(TNF-a, IL-13, iNOS, Arg-1) were calculated using the 2744¢
method. Primer sequences (see Table S1) were designed and
synthesized by Shanghai Bioengineering Co., Ltd (China).

2.10 Flow cytometric analysis of macrophage phenotypes

RAW264.7 cells were seeded in 6-well plates at 1 x 10° cells per
well and cultured overnight at 37 °C under 5% CO,. To induce
polarization, cells were stimulated for 12 h with either M1-
polarizing inducers (100 ng per mL LPS) or M2-polarizing
inducers (20 ng per mL IL-4 plus 20 ng per mL IL-13).
Untreated cells served as MO-type control population. Polar-
ized macrophages were subsequently incubated with CDNVs
and 1%, 5%, or 10% CHOL®@CDNVs at a final concentration of
0.5 x 10" particles per mL for 24 h. Cells were then harvested
and stained in the dark for 30 min with fluorochrome-
conjugated antibodies: FITC- anti-mouse CD86 (for M1 identi-
fication) or APC- anti-mouse CD206 (MMR, for M2 identifica-
tion) (BioLegend, USA). Following PBS wash, surface marker
expression was analyzed on a BD FACSCanto II flow cytometer
(BD Biosciences, USA). Data were processed using FlowJo v10
software to determine the percentages of CD86' (M1 phenotype)
and CD206" (M2 phenotype) cell populations.

2.11 ROS scavenging evaluation of CHOL@CDNVs

RAW264.7 macrophages were seeded in 6-well plates at
a density of 1 x 10° cells per well and stimulated with 100 ng
per mL LPS for 12 h to induce M1 polarization. The cells were
then treated with CDNVs and 1%, 5%, or 10% CHOL@CDNVs at
a final concentration of 0.5 x 10" particles per mL for 24 h.
After three washes with PBS, cells were incubated with 10 pmol
per L 2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA) at
37 °C for 20 min according to the manufacturer's instructions.
Following additional PBS washes, intracellular ROS levels were
immediately visualized using a Zeiss-800 confocal laser scan-
ning microscope (CLSM, Germany). The fluorescence intensity
of intracellular dichlorofluorescein (DCF) was quantified at the
single-cell level using Image] software (v1.53, National Insti-
tutes of Health, USA).

2.12 In vivo therapeutic evaluation for ALI

2.12.1 LPS-induced ALI mouse model. Male BALB/c mice
(7-8 weeks old, 17-22 g) were obtained from the Southern
Medical University Animal Center and housed under standard
conditions at Shaoguan University Animal Center. All experi-
mental procedures were approved by the Institutional Animal
Ethics Committee (Approval No.: 2024-DWLLSC-014) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conducted in accordance with the 3R principles to minimize
animal usage. After anesthesia induction, mice received intra-
tracheal instillation of 50 pL sterile saline containing LPS
(10 mg kg™ ") to establish the acute lung injury model. Mice in
blank control group received an equal volume of PBS. Two
hours post-instillation, mice were randomly divided into six
groups (n = 6 per group) and treated via a medical nebulizer
(Yuwell 403D, China) with 5 mL of the following: PBS (control),
CDNVs, and 1%, 5%, or 10% CHOL@CDNVs (all at 1 x 10°
particles per mL). Mice were euthanized 24 h after treatment,
and lung tissue along with serum samples were collected for
subsequent analysis.

2.12.2 Lung wet/dry weight ratio. Freshly harvested lung
tissues were immediately weighed to obtain the wet weight,
then dried at 80 °C for 48 h until a constant dry weight was
achieved. The extent of pulmonary edema was evaluated by
calculating the lung wet/dry (W/D) weight ratio.

2.12.3 Histopathological analysis. Lung tissues were fixed
in 4% paraformaldehyde, embedded in paraffin, and sectioned
at 5 pm thickness for hematoxylin-eosin (H&E) and Masson's
trichrome staining. Stained sections were digitally scanned
using a NanoZoomer S360 system (Hamamatsu Photonics,
Japan). Lung injury was evaluated using a modified Gao's
scoring system.*® Ten random fields per section (10x objective)
was assessed for five histopathological parameters—(1) intra-
alveolar neutrophils, (2) interstitial neutrophils, (3) hyaline
membranes, (4) proteinaceous debris, and (5) alveolar septal
thickening. Each parameter was scored from 0 to 2 based on
severity and weighted scores were normalized per field to yield
a final scores on a continuous scale from 0 to 1. For fibrosis
assessment, collagen fibers stained blue in Masson's trichrome
sections were measured within regions of interest using
Image] s. Collagen deposition was semi-quantitatively scored
as: 0 (none), 1 (mild, <25% field area), 2 (moderate, 25-50%), or
3 (severe, >50%).

2.12.4 Immunohistochemical (IHC) analysis. Tissue
sections were incubated with primary antibodies against CD86
and CD206 at 4 °C overnight. After three washes with PBS,
sections were treated with biotin-conjugated secondary anti-
bodies in blocking buffer for 1 h at room temperature. Antigen-
antibody = complexes visualized wusing 3,3'-di-
aminobenzidine (DAB) chromogen (Beyotime, China). All
stained sections were scanned using a NanoZoomer S360 whole-
slide scanner (Hamamatsu Photonics, Japan). The percentage
area of CD86- and CD206-positive staining per field was quan-
tified using Image]J software, and the statistical comparisons of
the positive staining area were performed between experimental
groups.

2.12.5 Real-time quantitative PCR. Total RNA was extracted
and purified from lung tissues using the HiPure Total RNA Mini
Kit (Magen, China) according to the manufacturer's instruc-
tions. The relative expression levels of target genes were calcu-
lated using the 272" method and normalized to the control
group.

2.12.6 Serum biochemical evaluation. Serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
activities were measured using commercial assay kits (Beyotime

were
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Biotechnology, China) strictly following the manufacturer's
protocols. Enzyme activities are expressed in unit per liter (U
L.

2.13 Statistical analysis

All data were analyzed using GraphPad Prism software and are
presented as mean + standard deviation (SD) from at least three
independent experiments. Statistical significance was deter-
mined by one-way or two-way analysis of variance (ANOVA) with
appropriate post hoc tests. Significance levels were defined as
follows: ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.

3 Results and discussion

3.1 Preparation and characterization of cholesterol-
modified CDNVs (CHOL@CDNVs)

CDNVs were successfully isolated from Clematis filamentosa
Dunn leaves using three methods: ultrafiltration, sucrose-
density-gradient ultracentrifugation, and polyethylene glycol
(PEG) precipitation® (Fig. S1A). Nanoparticle tracking analysis
(NTA) revealed that the particle numbers of CDNVs obtained by
PEG precipitation, ultracentrifugation, and ultrafiltration were
(69.01 + 1.22) x 10" particles per mL, (7.84 £+ 0.99) x 10"
particles per mL, and (2.26 + 0.82) x 10'" particles per mL,
respectively (Fig. S1B and C). The purity of each preparation was
assessed by the ratio of particle numbers to total protein
content, which indicated the order: CDNVs2 > CDNVs3 >
CDNVs1 (Fig. S1D). Although sucrose-density-gradient ultra-
centrifugation is widely regarded as the gold-standard method
for obtaining high-purity vesicles, its comparatively low yield
may be attributed to unavoidable vesicle loss during the
centrifugation.®® Therefore, PEG precipitation was selected for
further optimization. We systematically evaluated different
concentrations of PEG8000 (2.5%, 5%, and 10%), with the
resulting vesicle formulations designated as 2.5% CDNVs, 5%
CDNVs, and 10% CDNVs, respectively (Fig. 1A). Yield analysis
showed corresponding particle numbers of (67.63 + 1.56) X
10" particles per mL, (69.01 + 1.22) x 10" particles per mL,
and (80.11 + 2.29) x 10"" particles per mL for the 2.5%, 5%, and
10% groups, respectively. The particle-to-total protein ratio
indicated that 5% CDNVs exhibited the highest purity (Fig. 1C).
Consequently, 5% PEG8000 was established as the optimal
condition for standard extraction.

The mean particle diameters, as determined by dynamic
light scattering (DLS) were 115.55 + 4.32 nm (2.5% CDNVs),
110.77 £+ 4.75 nm (5% CDNVs), and 95.19 £ 5.08 nm (10%
CDNVs), with corresponding polydispersity indices (PDI) all
below 0.2, indicating a monodisperse distributions (Fig. 1D).
The decrease in particle size with increasing PEG concentration
is consistent with the selective precipitation of smaller vesicles
promoted by higher polymer concentrations.*® Transmission
electron microscopy (TEM) further confirmed the presence of
spherical, bilayer-membrane nanostructures, which is typical of
plant-derived extracellular vesicles. Zeta potential analysis
revealed moderately negative surface charges of —11.10 £
1.33 mV (2.5% CDNVs), —10.50 + 1.75 mV (5% CDNVs), and
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Fig. 1 Preparation and characterization of CHOL@CDNVs. (A) Schematic illustration of nanovesicles isolation from Clematis filamentosa Dunn
leaves. (B) Particle number of CDNVs obtained at different PEG concentrations, as determined by nanoparticle tracking analysis (NTA). (C) Purity,
expressed as the particle to protein ratio (particle number per pg protein). (D) Particle size distribution (DLS) and representative TEM images of
CDNVs isolated with 2.5%, 5%, and 10% PEG. Scale bar = 100 nm. (E) Schematic illustration of the fabrication process of CHOL@CDNVs. (F) Size
distribution (DLS) and corresponding TEM images of 1%, 5%, and 10% CHOL@CDNVs. Scale bar = 100 nm. (G) Cholesterol incorporation effi-
ciency in CHOL@CDNVs. (H) Antioxidant capacity evaluated by DPPH radical scavenging assay. (I) Particle size stability assessment. (J) Zeta
potential stability assessment.
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—9.85 + 2.08 mV (10% CDNVs), a profile likely due to the
presence of exposed acidic phospholipids on the vesicle surface.

The antioxidant capacity of the vesicles was assessed by
DPPH radical scavenging assays at a concentration of approxi-
mately 5 x 10'° particles per mL. The scavenging rates were 35.8
+ 2.78%, 44.1 £ 2.69%, and 38.4 + 4.23% for 2.5% CDNVs, 5%
CDNVs, and 10% CDNVs, respectively. For comparison, CDNVs
isolated by ultrafiltration (CDNVs1) and ultracentrifugation
(CDNVs2) showed scavenging activities of 24.1 + 3.22% and
50.2 & 4.26%, respectively (Fig. S1E). These results suggest that
the DPPH radical scavenging activity of CDNVs correlates with
preparation purity, wherein higher-purity vesicles exhibit
enhanced antioxidant effects. Furthermore, these findings
support the potential of CDNVs as a reliable platform for anti-
oxidant therapies.

Lipidomic analysis revealed that the CDNVs membranes was
enriched in diacylglycerol (DG, 16%) and mono-
galactosyldiacylglycerol (MGDG, 10%). Phosphatidylinositol
(P1), phosphatidylcholine (PC), digalactosyldiacylglycerol
(DGDG), and phosphatidylethanolamine (PE) were also detec-
ted, each constituting approximately 8% of the lipid profile
(Fig. S2). DG has been reported to alleviate hyperuricemia-
induced renal inflammation and systemic oxidative stress by
suppressing xanthine oxidase (a key mediator of oxidative
stress) and modulating gut microbiota dysbiosis, thereby
exhibiting dual anti-inflammatory and antioxidant properties.*”
Moreover, DG can enhance the performance of nanovesicle by
improving colloidal stability and the bioavailability of encap-
sulated bioactive compounds.*® MGDG, PC, and PE are also
known to participate in redox homeostasis and anti-
inflammatory responses through mechanisms such as TLR4/
MD-2 complex antagonism, PI3K/AKT/MAPK pathway regula-
tion, and membrane fluidity stabilization.***** Notably, choles-
terol was not detected in native CDNVs. This absence of
endogenous cholesterol thereby provides an opportunity for
tailored membrane engineering via exogenous cholesterol
modification to enhance vesicle stability.

To engineer the vesicle membrane, cholesterol was incor-
porated into CDNVs membrane at low, medium, and high
concentrations using a thin-film hydration method followed by
sonication and extrusion. The resulting formulations were
designated as 1% CHOL@CDNVs, 5% CHOL@CDNVs, and 10%
CHOL®@CDNYVs, corresponding to cholesterol-to-total protein
mass ratios of 1%, 5%, and 10%, respectively (Fig. 1E). DLS
measurements indicated a cholesterol-dependent increase in
the mean particle sizes: 91.18 & 4.55 nm for 1% CHOL@CDNVs,
98.74 + 4.78 nm for 5% CHOL@CDNVSs, and 118.28 + 5.05 nm
for 10% CHOL@CDNVs. All formulations maintained a low PDI
(<0.2), indicating homogeneous dispersion. TEM confirmed
that the spherical morphology and uniform size distribution
(approximately 100 nm) of CDNVs were well preserved after
cholesterol modification, with no observable morphological
alterations compared to the unmodified CDNVs (Fig. 1F). Zeta
potential measurements showed surface charges of —9.4 £
1.21 mV, —8.7 £+ 1.86 mV, and —7.4 £+ 1.15 mV for the three
groups. The gradual decrease in surface negativity with higher
cholesterol content is likely due to cholesterol insertion altering
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membrane architecture and partially shielding the negatively
charged groups of acidic phospholipids.

Cholesterol oxidase-based quantification confirmed a very
low intrinsic cholesterol level of 0.038 + 0.007% in unmodified
CDNVs. The actual incorporation efficiencies for the three
modified groups were quantified as 1.26 £ 0.56%, 4.01 £ 1.02%,
and 8.02 + 2.35% for the 1%, 5%, and 10% theoretical
cholesterol incorporation groups, respectively (Fig. 1G). These
results collectively confirm the successful incorporation of
cholesterol onto the CDNVs membrane. Furthermore, the
strong positive correlation observed between the actual incor-
poration efficiency and the intended cholesterol concentration
validates the efficiency and controllability of our preparation
method. The DPPH radical scavenging capacity of the three
CHOL®@CDNVs formulations (at 5 x 10" particles per mL) was
51.04 + 2.11% (1% CHOL®CDNVs), 46.94 £+ 1.87% (5%
CHOL@CDNVs), and 53.82 + 2.35% (10% CHOL@CDNVs). No
statistically significant differences were observed among the
groups (P > 0.05), suggesting that cholesterol modification did
not significantly alter the intrinsic antioxidant activity of CDNVs
(Fig. 1H).

After storage at 4 °C for 4 weeks, the CHOL@CDNVs
formulations showed no signs of visible aggregation (Fig. S3).
Dynamic monitoring of particle size revealed that the 1-10%
CHOL®@CDNVs formulations exhibited only a 133-163%
(initial: 95-120 nm vs. post-storage: 250-280 nm) increase after
storage, demonstrating a markedly low degree of aggregation
compared to the 360% increase observed in unmodified CDNVs
(Fig. 1I). All cholesterol-modified CDNVs maintained a stable
PDI, fluctuating below 0.15 (initial: 0.10 + 0.02 vs. post-storage:
<0.25), thereby meeting the accepted stability criteria for
nanoformulations. Following storage, CHOL@CDNVs exhibited
superior surface-charge stability compared to unmodified
CDNVs. The zeta potential change (A{) for unmodified CDNVs
was 4.72 mV, whereas for all CHOL@CDNVs formulations the
variations was limited to a narrow range of 0.7-1.2 mV (Fig. 1J).
Collectively, these results demonstrate that cholesterol modifi-
cation significantly enhances the structural stability of CDNVs
during short-term storage at 4 °C. This stabilizing effect is
consistent with the known role of cholesterol in increasing lipid
bilayers rigidity, thereby suppressing vesicle fusion and
rupture.*!

3.2 Cellular uptake efficiency and mechanisms of
CHOL@CDNVs

Prior to investigating the interaction between CHOL@CDNVs
and RAW264.7 macrophages, we first evaluated their cyto-
compatibility using the CCK-8 assay. RAW264.7 cells were
treated for 24 hours with CDNVs, 1% CHOL®@CDNVs, 5%
CHOL@CDNVs, or 10% CHOL®@CDNVs at concentrations
ranging from 0 to 100 ug mL~". The CCKS8 assay showed that cell
viability was maintained above 80% in all treatment groups at
concentration up to 100 pg mL™" (Fig. 2A), demonstrating the
absence of significant cytotoxicity of CHOL@CDNVs at the
tested concentrations.
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To assess the cellular uptake capacity, RAW264.7 cells were
incubated with DHPE-labeled CDNVs and CHOL®@CDNVs
variants. Flow cytometric analysis revealed that the mean fluo-
rescence intensity (MFI) was significantly enhanced in the
cholesterol-modified groups, showing 1.6-fold, 1.4-fold, and 1.2-
fold increase for the 1%, 5%, and 10% CHOL®@CDNVs,
respectively, compared to unmodified CDNVs (Fig. 2B and D),
indicating that cholesterol modification significantly promotes
macrophage uptake. Consistent with the flow cytometry result,
fluorescence microscopy after 4 hours of co-incubation
confirmed that both CDNVs and CHOL@CDNVs were effec-
tively internalized by RAW264.7 cells (Fig. 2C). Quantification of
MFI per cell confirmed a significant enhancement in uptake,

5948 | RSC Adv, 2026, 16, 5941-5955

with the 1%, 5%, and 10% CHOL@CDNVs groups exhibited 5.1-
fold, 3.9-fold, and 2.9-fold higher intensities, respectively,
compared to the unmodified CDNVs group (Fig. 2E). Together,
these data demonstrate that cholesterol modification signifi-
cantly enhances cellular uptake of CDNVs. Notably, the 1%
CHOL®@CDNVs formulation exhibited the highest uptake effi-
ciency, indicating an inverse relation between the cholesterol
modification and uptake enhancement.

The cellular uptake mechanisms of CHOL@CDNVs were
investigated using specific endocytic pathway inhibitors at
concentrations pre-validated for cell safety (determined by CCK-
8 assay, Fig. S3): 10 uM chlorpromazine (CPZ) for clathrin-
mediated endocytosis, 2.5 uM filipin III (FIL) for caveolae-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dependent endocytosis and 50 pM wortmannin (WMN) for
macropinocytosis. Following inhibitor pretreatment, the
cellular uptake of CDNVs was significantly reduced by 19.5%
with CPZ, 14.5% with FIL, and 22.3% with WMN (Fig. 2F),
suggesting the involvement of clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and micropinocytosis in the
internalization process. Notably, cholesterol modification
significantly attenuated the inhibitor-induced reduction in
cellular uptake in a cholesterol concentration-dependent
manner. For 1% CHOL@CDNVs, cellular uptake was margin-
ally reduced by 3.9% (CPZ), 10.9% (FIL), and 6.2% (WMN)
following inhibitor pretreatment (P > 0.05). The attenuated
inhibitory effects suggest a potential shift toward an energy-
independent membrane fusion mechanism, rather than reli-
ance on canonical clathrin- or caveolae-mediated endocytic
pathways. Conventional cholesterol-containing carriers typi-
cally utilize direct membrane fusion as an energy-favorable
alternative to receptor-dependent endocytosis.*” Contrary to
the established role of cholesterol in promoting membrane
fusion in synthetic lipid carriers, our data reveal that a low
modification ratio (1%), rather than high cholesterol content,
significantly enhances this uptake process in CDNVs.****
Collectively, these findings establish a novel design principle
for plant-derived nanovesicles, wherein strategic low-dose
cholesterol modification enhances energy-conserving cellular
uptake mechanisms, thereby achieving substantial improve-
ment in drug delivery efficacy.

3.3 CHOL®@CDNVs modulate macrophage polarization and
antioxidant activity

Dysregulated macrophage activation serves as key driver of ALI
progression, primary through excessive generation of reactive
oxygen species (ROS) and sustained release of pro-inflammatory
cytokine.** To investigate the regulatory effects of
CHOL®@CDNVs on macrophage polarization and antioxidant
activity, we established an in vitro cell model of LPS-stimulated
RAW264.7 macrophages, which recapitulates the key patho-
logical features of pro-inflammatory activation and oxidative
stress.

The anti-inflammatory capacity of CDNVs and
CHOL®@CDNVs was first assessed by RT-qPCR, measuring the
mRNA levels of LPS-induced pro-inflammatory cytokines (TNF-
a, IL-13) and macrophage polarization markers (iNOS for M1,
Arg-1 for M2). As expected, LPS stimulation significantly upre-
gulated the mRNA expression of the pro-inflammatory TNF-
a and IL-13, concurrent with a marked increase in the iNOS/Arg-
1 ratio (P < 0.05), confirming a shift towards the pro-
inflammatory M1 phenotype (Fig. 3A). At a concentration of
50 pg mL~"' (high concentration, H), both CDNVs and
CHOL®@CDNVs significantly suppressed the LPS-induced
mRNA expression of TNF-« and IL-18 (P < 0.05). The 1%
CHOL®@CDNVs formulation showed the most potent effect,
reducing TNF-a and IL-18 levels by 67.2% and 54.1%, respec-
tively, compared to the PBS-treated controls (P < 0.01).
Furthermore, cholesterol modification significantly lowered the
iNOS/Arg-1 ratio (40% reduction vs. CDNVs group, P < 0.001),
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indicating that its anti-inflammatory mechanism involves
suppression of M1 polarization.

To further validate the polarization regulation, we performed
flow cytometry analysis of M1 marker CD86 and M2 marker
CD206. LPS stimulation drastically increased the proportion of
CD86" cells from a baseline of 0.5% =+ 0.1% to 96.7% + 10.5% (P
< 0.001). Treatment with either CDNVs or CHOL®@CDNVs
significantly attenuated this LPS-induced increase in CD86"
populations (Fig. 3B). The 1% CHOL@CDNVs group exhibited
the most substantial suppression of M1 polarization, showing
the lowest CD86" percentage (31.5% + 4.9%), which corre-
sponded to a 65% reduction compared to the LPS group (P <
0.001). Furthermore, to assess M2-promoting activity, we
employed an IL-4/IL-13-induced M2 model. In this setting, 1%
CHOL®@CDNVs induced a striking 27-fold increase in the CD206"
cell proportion (41.6% =+ 1.1%) over the MO controls (1.5% =+
0.2%, P < 0.001), a level that was also significantly higher than
that achieved by plain CDNVs (11.2% =+ 0.8%, P < 0.01) (Fig. 3C).

Intracellular ROS levels were measured using the fluorescent
probe DCFH-DA (2/,7'-dichlorodihydrofluorescein diacetate),
which can be oxidized by ROS to form the highly fluorescent
compound DCF. LPS stimulation triggered a sharp, 30.3-fold
increase in DCF fluorescence intensity compared to the control
controls (P < 0.001). In contrast, treatment with either CDNVs or
CHOL@CDNVs produced a significant attenuation of LPS-
induced ROS elevation (Fig. 3D). Semi-quantitative analysis
revealed that ROS levels were reduced to 3.6% + 1.5%, 18.1% =+
3.9%, and 30.7% =+ 5.4% of the PBS control level in the 1%, 5%,
and 10% CHOL@CDNVs groups, respectively (P < 0.001) (Fig. S4).
Notably, the 1% CHOL@CDNVs exhibited a 1.5-fold greater ROS
scavenging efficiency than CDNVs (P < 0.01), demonstrating that
the low-level cholesterol modification synergistically augments
the inherent antioxidant activity. These results suggest that
enhanced macrophage uptake mediated by low-level cholesterol
modification amplifies the intracellular antioxidant and anti-
inflammatory effects of CHOL@CDNVs.

3.4 Therapeutic efficacy of CHOL@CDNVs in murine acute
lung injury

To evaluate the in vivo therapeutic efficacy of CHOL@CDNVs,
we employed a mouse model of acute lung injury (ALI) induced
by lipopolysaccharide (LPS). In this model, LPS instigation leads
to alveolar-capillary damage, primary driven by the activation of
robust inflammatory cascades and oxidative stress.*® Following
24-hour nebulized inhalation of PBS, CDNVs, or CHOL@CDNVs
(1%, 5%, 10%), pulmonary histopathology and therapeutic
outcomes were systematically evaluated (Fig. 4A). Macroscopic
observation of LPS-challenged lungs showed diffuse conges-
tion, edema, and consolidation, characterized by increased
lobar volume, dark red hemorrhagic foci, and yellowish frothy
exudates on the section planes (Fig. 4B). In contrast, the gross
pathology was marked ameliorated in CHOL@CDNVs-treated
groups, particularly at the 1% ratio, which displayed substan-
tially reduced areas of congestion, edema, and hemorrhage,
suggesting improved pulmonary microcirculation and dimin-
ished alveolar fluid leakage.
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Fig. 3 Modulation of macrophage polarization and intracellular ROS by CHOL@CDNVs. (A) mRNA expression levels of pro-inflammatory
cytokines (TNF-«, IL-18) and the iNOS/Arg-1 ratio (M1/M2 polarization markers), as determined by RT-gPCR. (B) Phenotypic analysis of M1
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staining and corresponding quantitative flow cytometry analysis. (D) Representative fluorescence images of intracellular ROS levels using DCFH-
DA staining. Scale bar = 20 um. Data are presented as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.

H&E staining revealed distinct histological profiles across
groups. Lungs from normal control mice exhibited thin alveolar
walls and intact architecture. In contrast, LPS-challenged lungs
showed markedly thickened alveolar septa and dense inflam-
matory infiltration by neutrophils and macrophages. All vesicle-
treated groups exhibited varying degrees of architectural resto-
ration, with the 1% CHOL®@CDNVs group showing the most
pronounced reduction in both alveolar wall thickness and
inflammatory cell infiltration compared to the LPS controls

5950 | RSC Adv, 2026, 16, 5941-5955

(Fig. 4C). Lung injury scores were quantified according to
established histopathological criteria, including inflammatory
cells infiltration, hemorrhage, and alveolar septal integrity. The
LPS group exhibited a severe injury score of 0.80, whereas the
1% CHOL®@CDNVs group showed the most substantial
improvement, with the lowest score of 0.38. A clear trend of
concentration-dependent efficacy was observed across the other
groups: CDNVs (0.64), 10% CHOL@CDNVs (0.51), and 5%
CHOL@CDNVs (0.50) (Fig. 4D).
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Fig. 4 Therapeutic efficacy of CHOL@CDNVs in a murine model of acute lung injury. (A) Schematic illustration of the experimental timeline and
treatment protocol. (B) Representative gross morphological appearance of lung tissue from different treatment groups. (C) Histopathological
analysis by H&E staining (upper panel) and Masson's trichrome staining (lower panel) for collagen deposition. Scale bar = 100 pm. (D) Semi-
quantitative assessment of lung injury severity based on established histopathological criteria. (E) Quantitative analysis of pulmonary collagen
content. (F) Evaluation of pulmonary edema using the lung wet/dry (W/D) weight ratio. Data are presented as mean + SD, *P < 0.05, **P < 0.01,
**kp < 0.001.

Masson's trichrome staining demonstrated a 4.7-fold normal controls (P < 0.001). This LPS-induced fibrosis was
increase in collagen fiber deposition (blue-stained areas) within  significantly attenuated in all CHOL@CDNVs treatment groups.
the pulmonary interstitium of the LPS group compared to Quantitative assessment confirmed that 1% CHOL®@CDNVs
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achieved a 67.3% = 2.1% reduction in collagen area compared
to the LPS group (P < 0.001), demonstrating superior efficacy
over both the unmodified CDNVs (35.0% =+ 2.4%) and the other
cholesterol-modified formulations (Fig. 4E). The lung wet/dry
(W/D) weight ratio, an indicator of pulmonary edema, was
elevated by 68.2% elevation in the LPS group compared to
normal controls. Treatment with 1% CHOL@CDNVs restored
the W/D ratio to a level comparable to that of normal controls
(5.2 £ 1.0 vs. normal 4.9 + 0.2, P> 0.05), demonstrating superior
efficacy to other treatment groups (Fig. 4F).

3.5 CHOL®@CDNVs modulate pulmonary macrophage
polarization and inflammation

To delineate the immunomodulatory mechanisms of
CHOL®@CDNVs in the lung microenvironment, we performed
immunohistochemistry (IHC) and molecular analyses. IHC of
lung sections (Fig. 5A) showed that LPS challenge markedly
elevated CD86" expression while suppressing CD206", indi-
cating a dominant M1-polarized macrophage response and
aggravated inflammation. Nebulized delivery of CHOL@CDNVs
substantially reversed this inflammatory polarization. The 1%
CHOL®@CDNVs group most effectively reversed the LPS-induced
polarization imbalance, showing a 66.3% =+ 1.9% reduction in
CD86" expression (P < 0.001 vs. PBS) and a 3.1-fold increase in
CD206" expression (P < 0.001). This dual immunomodulatory
efficacy significantly surpassed that of unmodified CDNVs,
which reduced CD86 by 53.2% =+ 1.1% and elevated CD206 by
only 1.2-fold (P < 0.01), demonstrating that low-concentration
cholesterol modification confers and enhanced capacity to
reprogram macrophage polarization (Fig. 5B).

RT-qPCR analysis (Fig. 5C and D) revealed that LPS challenge
induced a dysregulated expression profile, characterized by
significant upregulation of pro-inflammatory cytokines (TNF-,
IL-18, IL-6) and the M1 marker iNOS (P < 0.001), coupled with
downregulation of the anti-inflammatory cytokines IL-10 and
M2 marker Arg-1 (P < 0.01) A 24-hour treatment with
CHOL@CDNVs resulted in a coordinated attenuation and
restoration, significantly reducing the expression of pro-
inflammatory mediators (P < 0.05) while elevating the levels of
IL-10 and Arg-1 levels (P < 0.01). It is noteworthy that the 1%
CHOL®@CDNVs group elicited the most pronounced immuno-
modulatory effect, achieving significantly greater suppression
of pro-inflammatory factors and a strong elevation of anti-
inflammatory mediators compared to both unmodified
CDNVs and the higher-concentration CHOL@CDNVs groups (P
<0.01).

Biosafety evaluation confirmed that CHOL@CDNVs admin-
istration at therapeutic dose induced no significant systemic
toxicity. Body weight progression was comparable across all
groups throughout the study. Furthermore, key hepatic func-
tion markers, including ALT (38-40 U L™ ') and AST (55-60 U
L"), were comparable between the CHOL@CDNVs-treated and
control groups (P > 0.05, Fig. S5), confirming the excellent
biocompatibility of the formulations. These findings collectively
demonstrate that CHOL@CDNVs ameliorate acute lung injury
(ALI/ARDS) progression through a multimodal mechanism

© 2026 The Author(s). Published by the Royal Society of Chemistry
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involving the rebalancing of macrophage M1/M2 polarization,
suppression of pro-inflammatory cytokine secretion, and
promotion of an anti-inflammatory microenvironment.
Together with its favorable in vivo safety profile, this nano-
platform showed translational promise as an integrated anti-
oxidant and anti-inflammatory therapeutic platform.

4 Conclusion

This study successfully developed cholesterol-modified nano-
vesicles derived from Clematis filamentosa Dunn leaves
(CHOL@CDNVs), which exhibited uniform particle size distri-
bution and improved colloidal stability. Low-concentration
cholesterol modification enhanced macrophage uptake effi-
ciency by 1.6-fold and significantly improved the vesicles' ability
to regulate M1 macrophage-mediated oxidative stress and
inflammatory responses, while simultaneously promoting M2
macrophage polarization. In a murine model of LPS-induced
acute lung injury, nebulized administration of 1%
CHOL®@CDNVs effectively reverse pulmonary pathophysiology,
normalizing lung wet/dry weight ratios and markedly improving
histophysiological outcomes through rebalancing macrophage
polarization and suppression pro-inflammatory pathways.
These findings propose an innovative strategy for functional
engineering of plant-derived nanovesicles and establish an
experimental basis for effective antioxidant and anti-
inflammatory combination therapy in ALI/ARDS.
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ALI Acute lung injury

ALT Alanine aminotransferase

ARDS Acute respiratory distress syndrome

AST Aspartate aminotransferase

ATCC American type culture collection

BCA Bicinchoninic acid

CCK-8 Cell counting kit-8

CDNVs Clematis filamentosa Dunn.-derived
nanovesicles

CHOL Cholesterol

CHOL®@CDNVs Cholesterol-modified CDNVs
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CPZ Chlorpromazine

DCF Dichlorofluorescein

EVs Extracellular vesicles

FIL Filipin IIT

H&E Hematoxylin-eosin

LPS Lipopolysaccharide

IHC Immunohistochemical

MEVs Mammalian-derived EVs

NTA Nanoparticle tracking analysis
PBS Phosphate-buffered saline
PDI Polydispersity index

PEG Polyethylene glycol

PEVs Plant-derived extracellular vesicle
ROS Reactive oxygen species
RT-qPCR Real-time quantitative PCR
WMN Wortmannin
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