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Atherosclerosis remains a leading disease posing significant threats to human health and life. Oxidative
stress plays a critical role in the initiation of early atherosclerosis. Ginsenoside Rbs has been shown to
exert potential therapeutic effects against atherosclerosis due to its antioxidant properties. However, its
clinical utility remains constrained to the nanometer scale, offering insufficient targeting capability for
atherosclerosis treatment. To address this limitation, we designed a novel Rbs-loaded microbubble system
RbsNPs@MBs. This microbubble system effectively encapsulates Rbs nanoparticles and, via ultrasound-
targeted microbubble destruction (UTMD), facilitates their targeted accumulation in the aortic arch of
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apoptosis and foam cell formation, and ultimately diminish plaque development at the lesion site. This
strategy holds promise as a therapeutic approach for atherosclerosis. These findings suggest that
rsc.li/biomaterials-science RbsNPs@MBs represent a promising therapeutic strategy for atherosclerosis.

1. Introduction
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by the formation of fibrofatty lesions within the arterial walls,
leading to cardiovascular and cerebrovascular conditions such
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as coronary heart disease and stroke. AS serves as the patho-
logical foundation for the onset and progression of CVD.?

AS is a complex, multicellular, and staged disease that typi-
cally begins with apoptosis and dysfunction of endothelial
cells.®> When vascular endothelial cells are subjected to abnor-
mal shear stress within blood vessels, the intracellular
response to this disturbance results in the upregulation and
increased activity of wvascular cell adhesion molecule-1
(VCAM-1), as well as increased permeability to lipoproteins,
particularly to low intensity lipoprotein (LDL) in the
circulation.”® LDL traverses the endothelial barrier and under-
goes oxidation to form oxidized LDL (ox-LDL) within the
intimal layer of blood vessels, where it accumulates.®
Concurrently, monocytes are recruited from the bloodstream
into the intimal region, where they differentiate into
macrophages.””® These macrophages take up ox-LDL and trans-
form into foam cells, which accumulate and ultimately form
plaques.® In summary, AS is a fibrofatty lesion in the arterial
wall mediated by oxidative stress and inflammation.'®"" At
present, various symptomatic treatments are available for
different clinical phenotypes of AS, including antithrombotic
drugs, antilipemic agents, and anti-myocardial ischemia medi-
cations. Additionally, targeted therapies such as PCSK9 inhibi-
tors and inflammatory factor monoclonal antibodies like
Canakinumab have progressed to clinical trial stages."*°

Ginseng, a traditional medicine in ancient China, is widely
used for wvascular protection in traditional medicine
practices."”” ™ Saponin Rbs, an extract derived from ginseng,
has been investigated for its potential in treating AS due to its
potent antioxidant effects.>® Rb; can regulate energy metab-
olism and apoptosis in cardiomyocytes by activating the per-
oxisome proliferator-activated receptor alpha (PPAR«) pathway,
thereby enhancing cardiovascular function.”>**> However, exist-
ing studies are limited to the incorporation of Rb; into nano-
systems and the efficiency of targeted delivery is often subopti-
mal, particularly in regions with severe vascular plaques or
specific localized areas.”®** In order to solve the problem of

Dr Tingting Zheng received her
bachelor’s and master’s degrees
from Beijing Normal University
in 2006 and 2009, respectively.
She obtained her PhD degree
from Leiden University in 2014
and  continued  postdoctoral
research at Wageningen
University in the Netherlands.
She is currently employed as a
research fellow at Shenzhen
PKU-HKUST Medical Center in
P. R. China. Her research inter-
ests focus on the development
and application of smart-target-
ing drug delivery system.

Tingting Zheng

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

drug targeting, this study employed ultrasound-targeted micro-
bubble destruction (UTMD) technology.?*>” Typically, micro-
bubbles—vacuole-like structures encapsulating a gas core—are
utilized as ultrasound contrast agents.”® By modifying the
components of microbubbles, such as replacing the core gas
with therapeutic gases like oxygen or carbon monoxide,***° or
by incorporating therapeutic agents (e.g., genes, proteins, and
nanomedicines),’**! therapeutic purposes can be achieved.
UTMD facilitates the targeted explosion of microbubbles at
specific sites under ultrasound guidance.*” The resultant
physical effects include the opening of tight junctions between
cells, increased tissue permeability, enhanced cellular uptake
of drugs, and augmented drug delivery efficiency.***° As a
non-invasive treatment modality,"® UTMD has been validated
for applications such as opening the blood-brain barrier,*?
enhancing the enhanced permeability and retention (EPR)
effect in tumour therapy,**** and treating AS.**™*

Therefore, in this study, a saponin-encapsulated micro-
bubble system Rb;NPs@MBs was constructed and combined
with UTMD, so that the drug could be enriched in the targeted
region of AS mice under ultrasound guidance. Using this drug
delivery system, we verified the feasibility of RB;NPs@MBs for
reducing aortic plaques in AS mice and explored the related
mechanism of RB;NPs@MBs for the treatment of AS.

2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (DSPE-PEG2000) and 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) were purchased from
Avanti (816-94-4 & 474922-77-5, USA). Saponin Rb; was
obtained from Chengdu Pufei (JOT-10260, China).
Lipopolysaccharides (LPS) were obtained from Solarbio
(L8880, China). Dulbecco’s minimum essential medium
(DMEM) and fetal bovine serum were purchased from Gibco
(USA). Endothelial cell medium (ECM) was obtained from
Sciencell (1001, USA). The mouse macrophage cell line
(RAW264.7) was obtained from the Laboratory Center of
Shenzhen University; the human umbilical vein endothelial
cell line (HUVEC) was obtained from BeNa Culture Collection
(BNCC378266, China).

2.2. Preparation and characterization of Rb;NPs@MBs

DSPC and DSPE-PEG2000 were dissolved in chloroform at
7.90 mg ml™" and 29.92 mg ml™" respectively. Rb; was dis-
solved in a solvent mixture of chloroform and methanol (1:1,
v/v) at a concentration of 2 mg ml'. To synthesize
Rb;NPs@MBs, 272 ul of DSPC, 30 ul of DSPE-PEG2000, and
500 pl of Rb; were combined in a round-bottom flask and sub-
jected to rotary evaporation in a fume hood for 40 min to form
a lipid film. The resultant lipid film was hydrated with 1 ml of
phosphate-buffered saline (PBS) and ultrasonicated in a water
bath maintained at 65 °C for 5-6 min. The hydrodynamic dia-
meter of Rb;NPs@Lipos was measured using dynamic light
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scattering (DLS) with a Zetasizer Nano (Malvern, England),
and the structural morphology was characterized by trans-
mission electron microscopy (TEM).

Subsequently, the Rb;NPs@Lipos solution was transferred
to a vial connected for gas exchange via syringes through
rubber caps to produce Rb;NPs@MBs. Initially, the gas within
the vial was evacuated by vacuuming for 5 min, followed by
the introduction of perfluoropropane (CsFg) for 1 min to facili-
tate gas mixing. To ensure complete gas exchange, this pro-
cedure was repeated 3-5 times. Subsequently, additional C;Fg
was added, and the mixture was agitated using a shaker for 45
seconds to form Rb;NPs@MBs. The size, particle size distri-
bution, and concentration of Rb;NPs@MBs were quantified
using a particle analyzer (AccuSizer 780AD, USA) prior to struc-
tural examination under an optical microscope.

Conventional microbubbles (MBs) were prepared similarly
to Rb;NPs@MBs, excluding the addition of Rb;. After estab-
lishing a standard curve for Rb; via ultraviolet (UV) spectro-
photometry, uncoated and coated Rb; were separated by cen-
trifuging the Rb;NPs@MBs solution (5000 rpm for 10 min) in
an ultrafiltration tube. The encapsulation efficiency and drug
loading of Rb;NPs@MBs were subsequently determined using
UV spectrophotometry.

To assess blood compatibility, the hemolysis rate (HR) of
Rb;NPs@MBs after contact with blood was calculated. After
the whole blood of fresh heparin sodium anticoagulated
C57BL/6] mice was centrifuged and washed, the red blood
cells were resuspended in a 2% concentration red blood cell
suspension in PBS. According to the concentration gradient
(10, 50, 100, and 1000 pg ml™"), Rb;NPs@MBs and the red
blood cell suspension were gently mixed (volume ratio 1:1),
and each concentration was divided into two groups: the
UTMD group (given ultrasound operation) and the free group
(without ultrasound operation), and incubated for 1 h at 37 °C.
NS and the red blood cell suspension (volume ratio 1:1) were
used as negative controls, and ddH,O and the red blood cell
suspension (volume ratio 1:1) were used as positive controls.
The ultrasonic conditions were as follows: output frequency:
1.0 MHz; duty cycle: 20%; and pulse frequency: 100 Hz. The
output sound intensity was 100 mW cm™>. The time was
1 min. At the end of the incubation, the mixture was centri-
fuged at 3000 rpm for 10 min and the supernatant was
removed. The supernatant was transferred to a 96-well plate,
and the absorbance value at the specific wavelength of 541 nm
of hemoglobin was measured using a microplate reader. Each
well was set up with three repeat wells. The HR was calculated
using the following formula:

ODtest — ODnegative control

HR (%) = x 100%.

ODpositive contorl — ODnegative contorl

2.3. Evaluation of the therapeutic effect in vitro

RAW264.7 cells were cultured in DMEM with 10% FBS and 1%
penicillin/streptomycin (1% penicillin and 1% streptomycin).
HUVEC cells were cultured in ECM with 10% FBS, 1% ECGs,
and 1% penicillin/streptomycin (1% penicillin and 1% strepto-
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mycin). Cells were maintained in an incubator at 37 °C under
a humidified atmosphere and 5% CO,.

2.3.1. In vitro biocompatibility assay of Rb;NPs@MBs. To
evaluate cell viability, RAW264.7 cells and HUVEC cells were
seeded in 96-well plates at a density of 2 x 10* cells per well.
The cells were treated with varying concentrations of
Rb;NPs@MBs (0, 1, 5, 10, 25, 50, and 100 pg ml~?") in combi-
nation with UTMD. Ultrasound was induced using a
LIPUSTIM® device (SX Ultrasonic, China) with the following
parameters: frequency of 1.0 MHz, duty cycle of 50%, pulse
rate of 1000 Hz, intensity of 500 mW cm™2, and duration of
3 min. Subsequently, the cells were incubated for 24 h. Cell
viability across different concentration groups was then
assessed using the CCK-8 assay kit (Biosharp, China).

2.3.2. Selection of in vitro Rb;NPs@MBs therapeutic con-
centrations. To determine the optimal concentration of
Rb;NPs@MBs to be used in in vitro experiments, confocal
microscopy was utilized to evaluate the effect of varying drug
concentrations on the scavenging of LPS-induced reactive
oxygen species (ROS). After 24 h of incubation, the original
medium was aspirated, and the cells were treated with
different concentrations of Rb;NPs@MBs (0, 5, 10, 25, and
50 ug ml™") in combination with UTMD using the following
settings: frequency of 1.0 MHz, duty cycle of 20%, pulse rate of
100 Hz, intensity of 100 mW cm™2, and duration of 1 min.
Subsequently, the cells were co-cultured with 1 pg mI™" LPS for
6 hours. After treatment, the cells were collected and incu-
bated at 37 °C for 30 min using 10 pmol L' of ROS probes
(Invitrogen, USA). Then, the cells were stained with DAPI
(Beyotime, China) for observation under a confocal microscope
(LSM719, Carl Zeiss Jena, Germany).

2.3.3. Assessment of ultrasound enhanced cellular uptake.
To explore whether UTMD promoted the uptake of
Rb;NPs@MBs by RAW264.7 cells and HUVEC cells, Nile red
(NR) fluorescent dye was used to replace Rb;NPs to prepare
fluorescent microbubbles NRNPs@MBs. Flow cytometry was
used to quantitatively measure the uptake of fluorescence by
cells at different time points.

The NRNPs concentration, NRNPs@MBs preparation, and
subsequent characterization of the NRNPs@MBs were the
same as that in section 2.2. RAW264.7 cells and HUVEC cells
in good growth condition were plated in 6-well plates, and
2 ml of 1 x 10°> ml™" cell suspension was added to each well
and cultured for 24 h. The cells were divided into the control
group, NRNPs group (10 pg ml™"), and NRNPs@MBs + UTMD
(10 pg m1™") group, and the UTMD parameters were the same
as those in section 2.3.2. After treatment, the cells were col-
lected at different time points (30 min, 1 h, 3 h, 6 h, 12 h, and
24 h), washed with PBS three times, and centrifuged at 1000
rpm for 5 min each time. After the last wash, the cells were
resuspended in 500 pl PBS for flow cytometry, and the fluo-
rescence channel was the PE channel.

2.3.4. Examination of Dil-ox-LDL uptake of RAW264.7
cells. RAW264.7 cells were seeded in a confocal dish at a
density of 1 x 10> cells per well. After 24 h of culture, the orig-
inal medium was removed. The cells were divided into five

This journal is © The Royal Society of Chemistry 2025
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groups, namely, the control group, LPS group (1 pug ml™" of
LPS), MBs + UTMD group (1 ug ml™* of LPS and 10 ug ml™" of
MBs + UTMD), Rb;NPs group (1 pg ml™' of LPS and 10 pg
ml™" of Rb;NPs, which was dissolved in normal saline), and
Rb;NPs@MBs + UTMD group (1 pg ml™' LPS and 10 pg ml™
Rb;NPs@MBs + UTMD); the setting of UTMD was the same as
that in section 2.3.2. After 24 h of treatment according to
different groups, the original medium was removed, and the
medium containing 40 ug ml~" Dil-ox-LDL (Guangzhou Yiyuan
Biotechnologies, China) was added and incubated for 6 h.
Then, the dishes were washed three times with PBS, and
stained with DAPI for observation with a confocal microscope.

2.3.5 Measurement of apoptosis of HUVEC cells. HUVEC
cells were seeded in a 6-well plate at a density of 2 x 10> cells
per well and incubated overnight. The cells were divided into
five groups same as those in section 2.3.4, namely, the control
group, LPS group, MBs + UTMD group, Rb;NPs group, and
Rb;NPs@MBs + UTMD group; the setting of UTMD was the
same as that in section 2.3.4. After 24 h, the cells were col-
lected and analyzed using an annexin V-FITC/PI apoptosis
detection kit (Servicebio, China) according to the protocol.
Then a flow cytometer (cytoFLEX S, Beckman Coulter, USA)
was used to detect cell apoptosis.

2.3.6 JC-1 staining to assess the degree of oxidative stress
in HUVEC cells. HUVEC cells were seeded in a confocal dish at
a density of 1 x 10° cells per well and cultured for 24 h. After
the cells were grouped and treated as described in section
2.3.4, they were cultured for an additional 24 h. Staining was
performed according to the instructions of the JC-1 staining
kit (Solarbio, China). Finally, the cells stained with DAPI were
observed under a confocal microscope.

2.3.7 Flow cytometry-based measurement of intracellular
ROS levels of RAW264.7 cells. RAW264.7 cells were seeded in a
6-well plate at a density of 2 x 10° cells per well and incubated
overnight. The cells were divided into five groups and treated in
the same way as in section 2.3.4. The treatment of cells incubated
with ROS probes was similar to that in section 2.3.2, except that
the cells incubated with ROS probes were centrifuged (1000 rpm,
5 min) and washed with PBS 3 times to remove the non-specifi-
cally bound probes as much as possible. The cells were then
resuspended in 500 pl of PBS and subjected to flow assays.

2.3.8 Determination of intracellular superoxide dismutase
(SOD) activity and glutathione (GSH) levels. RAW264.7 cells
and HUVEC cells were spread onto 6-well plates, and the cells
were grouped and processed according to the process dis-
cussed in section 2.3.4. Then, the cells were harvested and
sonicated to obtain cellular proteins after 24 h of culture. The
total protein concentration of the resulting supernatant was
determined using a bicinchoninic acid protein assay kit (BCA,
Solarbio, China). Then experiments were carried out according
to the instructions of the SOD and GSH assay kit (Nanjing
Jiancheng Bioengineering Institute, China) and the results
were measured by using a microplate reader. Finally, the
corresponding SOD and GSH levels were calculated using the
concentration of total protein and the results of the microplate
reader.

This journal is © The Royal Society of Chemistry 2025
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2.3.9 Western blotting. HUVEC cells were seeded in 6-well
plates and grouped and treated as described in section 2.3.5.
After 24 h, proteins from cultured cells were collected and
lysed with RIPA buffer. Total protein concentration was deter-
mined by the BCA assay. Special care was taken so that the col-
lected proteins were not heat-denatured. Proteins were separ-
ated by 6% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluor-
ide (PVDF) membranes. After blocking with 5% nonfat milk in
tribuffered saline containing 0.05% Tween 20 (TBST) for 1 h at
room temperature, the membranes were incubated with anti-
VCAM-1 antibodies (11444-1-AP, Proteintech) overnight at 4 °C.
The cells were then incubated with secondary HRP-conjugated
antibodies for 1 h at room temperature. After addition of the
ECL substrate, images were acquired using an Amersham
imager.

2.4 Evaluation of the therapeutic effect in vivo

5-6 week old male C57BL/6] mice and ApoE ™'~ mice were pur-
chased from Guangdong Yaokang Biological Technology
(China). This study was approved by the Experimental Animal
Center of Shenzhen PKU-HKUST Medical Center. All experi-
mental procedures were performed in accordance with the
National Institutes of Health Guide for Care and Use of
Laboratory Animals and according to the institutional animal
experimental ethical guidelines. ApoE™'~ mice were fed a high-
fat diet (1.25% cholesterol), C57BL/6] mice were fed a normal
diet, and all mice were provided free access to water. ApoE™"~
mice were fed for 12 weeks to establish an AS model.

2.4.1 Safety evaluation. For safety evaluation, the treatment
regimen consisted of administrations once every two days over
a two-week period of C57BL/6] and AS mice. Ultrasound treat-
ment was performed using a Vevo 2100 ultra-high-frequency
small animal ultrasound imager (Visual Sonics, Canada) with
the following parameters: contrast gain of 30 dB, frequency of
18 MHz, and mechanical index (MI) ranging from 0.6 to 0.8.
Ultrasonic bursts occurring every 5-10 seconds were sustained
for a total duration of 1 min per session. The UTMD treatment
was given at the position of the aortic arch; all mice were
treated by tail vein injection with a dosage of 30 mg kg™" drug.
At the end of the treatment period, major organs and blood
samples were collected for subsequent analysis to assess
potential safety and physiological impacts.

2.4.2 Validation of aortic arch enrichment and 24 h metab-
olism of Rb;NPs@MBs + UTMD. To validate that the combined
application of Rb;NPs@MBs and UTMD facilitates targeted
disruption and drug enrichment within the target area, in vivo
small animal imaging was conducted using an IVIS Lumina LT
system (PerkinElmer). Since Rb;NPs@MBs are inherently non-
fluorescent, Cy7.5 maleimide (MedChemExpress, USA) was
employed as a fluorescent substitute for Rb; to fabricate
Cy7.5@MBs. The experiments were divided into three groups
(n = 3): control group (normal saline), Cy7.5 group (Cy7.5-NS),
and Cy7.5@MBs + UTMD group (Cy7.5@MBs and UTMD). The
drug dosage and UTMD procedures for all experimental
groups were consistent with those described in section 2.4.1.

Biomater. Sci, 2025, 13, 4984-5000 | 4987


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00078e

Open Access Article. Published on 07 May 2025. Downloaded on 2/22/2026 9:12:40 AM.

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

(cc)

Paper

One hour later, the distribution of Cy7.5 in mice was observed.
After 24 hours, the mice were dissected, and the vital organs
were taken to observe the residue of Cy7.5 in the organs.

In order to further verify the targeting function of UTMD,
another 6 mice were selected for the same operation. After
Cy7.5@MBs was circulated in the mice for 1 hour, the mice
were sacrificed and the aortic tissues were collected for frozen
section, stained with DAPI, and confocal microscopy was used
to observe the enrichment of Cy7.5 in the plaque at the tar-
geted site of ultrasound.

2.4.3 Rb;NPs@MBs + UTMD targeted therapy in athero-
sclerotic model mice. The mice with established AS were
divided into six groups (n = 8): normal control group, model
group, MBs + UTMD group (Sonovue microbubbles and
UTMD), simvastatin (SV) group (SV-NS solution), Rb;NPs
group (Rb;NPs-NS solution), and Rb;NPs@MBs + UTMD
group (Rb;NPs@MBs and UTMD). The normal control group
and the model group were given normal saline. After accurately
locating the aortic arch using ultrasound imaging, the drug
was administered to the mice via tail vein injection. UTMD
was subsequently performed once the microbubbles had ade-
quately circulated within the blood vessels and vascular con-
trast was enhanced. The drug dosage and UTMD procedures
for all experimental groups were consistent with those
described in section 2.4.1.

Following the treatment period, the mice were subjected to
a 12-hour fasting regimen before being euthanized and dis-
sected. The serum biomarker detection was performed by
Servicebio (Wuhan, China).

2.5 Statistical analysis

Data are indicated as mean + SD. Paired ¢-test or ANOVA was
carried out as indicated to establish the statistical differences.
All the statistical computations were performed using the
GraphPad Prism software. P-Values <0.05 were considered to
indicate significant differences: *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.

3. Results
3.1 Characterization of Rb;NPs@Lipos and Rb;NPs@MBs

In this study, Rb;NPs@Lipos were prepared using the classical
film hydration technique, and their particle size and zeta
potential were determined by dynamic light scattering (DLS)
(Fig. 1A & Fig. S1Bt).*® The results showed that the hydrated
particle size of Rb;NPs@Lipos was about 165.7 + 21.52 nm.
Transmission electron microscopy (TEM) results revealed that
Rb;NPs@Lipos exhibited the classic circular and homo-
geneous liposomal morphology (Fig. 1B). These findings indi-
cate that the prepared Rb;NPs@Lipos possess uniform size
distribution and can be employed for subsequent microbubble
fabrication.

Following gas displacement of the Rb;NPs@Lipos solution,
Rb;NPs@MBs were generated. The particle size and concen-
tration of Rb;NPs@MBs were evaluated using a particle size
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analyser (PSS). To minimize the risk of vascular occlusion, the
size of microbubbles should be below 10 um, preferably near
the diameter of erythrocytes (~7.2 pm).>® As shown in Fig. 1C,
Rb;NPs@MBs exhibited a uniform particle size of 1.70 +
0.036 pm with a concentration of 2.1 x 10° ml™, and a nor-
mally distributed particle size profile. Optical microscopy
revealed that Rb;NPs@MBs exhibited the classical hollow
spherical structure with uniform dispersion (Fig. 1D). The zeta
potential of Rb;NPs@MBs was —2.909 + 0.636 mV, bigger than
that of Rb;NPs@Lipos (Fig. S1Bt). Stability assessments over a
72 h period (Fig. S21) showed that the concentration of
Rb;NPs@MBs remained on the order of 1 x 10° mL™%,
suggesting that the Rb;NPs@MBs system is stable.

Then, using an ultraviolet spectrophotometer, we found
that the encapsulation efficiency of Rb;NPs@MBs was 88.48%,
and the drug loading was 22.12%, respectively. In addition, to
evaluate the compatibility of Rb;NPs@MBs in contact with
blood, the hemolysis rate test results showed that
Rb;NPs@MBs has excellent blood compatibility (HR% <5%) at
concentrations <100 pg ml™, and its ultrasonic response
characteristics do not induce additional hemolytic damage,
which meets the biosafety requirements of intravenous drug
delivery systems (Fig. S3T). Then, using an ultraviolet spectro-
photometer, we found the encapsulation efficiency of
Rb;NPs@MBs to be 88.48% and the drug loading to be
22.12%, respectively. Furthermore, the assessments over a 72 h
period (Fig. S2f) showed that the concentration of
Rb;NPs@MBs remained on the order of 1 x 10° ml™,
suggesting that the Rb;NPs@MBs system is stable.

In summary, we successfully fabricated Rb;NPs@MBs with
diameters of 1.70 pm, which demonstrated uniform size distri-
bution, stability, and homogeneous dispersion.

3.2 Ultrasound enhanced cellular uptake

For cellular uptake experiments, cells were treated with 10 pg
ml~" NRNPs and 10 pg ml~" NR@MBs, and then collected at 4
time points (30 min, 1 h, 3 h, and 6 h) to observe the cellular
uptake of the dye. The results are shown in Fig. 2. Fig. 2A-C
shows the cellular uptake results of RAW264.7 cells. It can be
seen that UTMD promoted the uptake of NR by cells within
30 min-6 h after treatment, and the fluorescence intensity of
cells was significantly stronger than that of the NRNPs group.
Fig. 2D-F show the cellular uptake results of HUVEC cells. It
can be seen that in 30 min—6 h, ultrasound was also observed
to promote the absorption of NR in HUVEC cells.

However, after careful analysis of the comparative data, we
found that the fluorescence of the NRNPs group in RAW264.7
cells increased with time, but this phenomenon was not
observed in HUVEC cells. Considering that the drug action
time is usually 24 hours in in vitro experiments, in order to
explore the reason for the fluorescence growth of RAW264.7
cells, we continued to set a longer time curve to observe the
fluorescence uptake of cells, and the results are shown in
Fig. S4.7 The fluorescence uptake of RAW264.7 cells increased
with time, and there was no statistically significant difference

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The characterization of RbsNPs@Lipos and RbzNPs@MBs. (A) The particle size of RbsNPs@Lipos was measured by DLS. (B) The morphological
structure of RbsNPs@Lipos was observed by TEM. (C) The concentration and size distribution of RbzNPs@MBs were measured by PSS. (D) The struc-

tures of RbzsNPs@MBs were observed light microscope.

in fluorescence intensity between the NRNPs group and the
NRNPs@MBs + UTMD group at 24 h.

In summary, UTMD promoted the uptake of fluorescence,
and it can also be assumed that when NR was replaced by
Rb;NPs, UTMD would also promote the uptake of the drug.

3.3 The therapeutic effect of Rb;NPs@MBs in vitro

In order to elucidate the therapeutic effects of the prepared
formulation on early AS events, RAW264.7 cells and HUVECs
were employed in vitro. Additionally, a microbubble-only (MBs)
group was included to confirm that any therapeutic benefits
were attributable to Rb;NPs@MBs rather than the mechanical
effects associated with microbubble destruction.

First, a CCK-8 assay was performed to assess the impact of
UTMD combined with Rb;NPs@MBs on cell viability. As a
widely used assay reflecting proliferative capacity, the CCK-8
results revealed that the combination of UTMD and
Rb;NPs@MBs at concentrations ranging from 1 to 100 pg ml ™

This journal is © The Royal Society of Chemistry 2025

did not significantly affect RAW264.7 cells and HUVEC viabi-
lity (Fig. 3A).

Subsequently, confocal microscopy was utilized to examine
the intracellular ROS-scavenging capacity of Rb;NPs@MBs at
various concentrations in order to determine the optimal con-
centration for in vitro experiments. Here, LPS was used to
induce an inflammatory response, reflecting its well-estab-
lished role as a cost-effective, highly reproducible stimulus for
creating in vitro inflammatory disease models, including those
relevant to AS.>'Confocal images showed that when the treat-
ment of Rb;NPs@MBs combined with UTMD was absent (0 pg
ml™!, only LPS treatment), green fluorescence indicative of
ROS was most pronounced. Among the 5-50 pg ml™*
Rb;NPs@MBs treatment groups, the 10 and 25 pg ml™" con-
ditions demonstrated the most substantial reduction in fluo-
rescence (Fig. 3B), with subsequent Image]-based quantitative
analysis corroborating that 10 and 25 pug ml™" yielded optimal
ROS-scavenging activity (Fig. 3C). Based on the principle of

Biomater. Sci,, 2025, 13, 4984-5000 | 4989
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Fig. 2 Cellular uptake at different time points was determined by flow cytometry. (A) Fluorescence flow diagram of RAW264.7 cells at 30 min, 1 h,
3 h, and 6 h, and the group color corresponds to the legend color in (C). (B) Comparison of fluorescence flow images of RAW264.7 cells with the
NRNPs group and NRNPs@MBs + UTMD group at different time points. (C) Quantitative analysis of flow fluorescence intensity in (A) (n = 3). (D)
Fluorescence flow diagram of HUVEC cells at 30 min, 1 h, 3 h, and 6 h, and the grouping colors correspond to the legend colors in (F). (E)
Comparison of fluorescence flow images of HUVEC cells at different time points between the NRNPs group and the NRNPs@MBs + UTMD group. (F)
Quantitative analysis of flow fluorescence intensity in (D) (n = 3).
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Fig. 3 The therapeutic effect of RbsNPs@MBs in vitro. (A) The effect on cell viabilities were evaluated by the CCK-8 assay (n = 3). The concentration
of RbsNPs@MBs from 1 to 100 ug ml~%. (B) Confocal microscopy was used to observe intracellular ROS fluorescence intensity. Green fluorescence
represents ROS and blue fluorescence represents cell nuclei. Scale bar = 50 um. (C) Quantification of ROS fluorescence intensity in (B) (n = 3). (D)
The uptake of Dil-ox-LDL by RAW264.7 cells was observed by confocal microscopy. Red fluorescence represents Dil-ox-LDL, and blue fluorescence
represents the cell nucleus. Scale bar = 50 pm. (E) Quantitative analysis of Dil-ox-LDL fluorescence intensity in (D) (n = 3). (F) The apoptosis of
HUVEC cells was analyzed by flow cytometry. (G) Statistical analysis of the proportion of apoptosis in (F) (n = 3).
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administering the minimum effective dose, 10 pg ml™" was
chosen for all subsequent in vitro experiments.

To investigate whether Rb;NPs@MBs could diminish ox-
LDL uptake by RAW264.7 cells and thereby attenuate foam cell
formation, cells were incubated with Dil-ox-LDL, an oxidized
low-density lipoprotein labeled red fluorescence.’® Confocal
microscopy and quantitative fluorescence analysis revealed
that MBs combined with UTMD did not significantly reduce
Dil-ox-LDL uptake compared to the LPS-only group. In con-
trast, both the Rb;NPs and the Rb;NPs@MBs + UTMD treat-
ments exhibited a marked decrease in red fluorescence
(Fig. 3D and E), indicating a significant inhibition of ox-LDL
uptake and foam cell formation. Notably, no statistically sig-
nificant difference was observed between the Rb;NPs and
Rb;NPs@MBs + UTMD groups. Then, the effect of
Rb;NPs@MBs on HUVEC apoptosis was examined. Flow cyto-
metry demonstrated that both Rb;NPs and Rb;NPs@MBs +
UTMD treatments reduced LPS-induced HUVEC apoptosis,
with a more pronounced anti-apoptotic effect observed in the
Rb;NPs@MBs + UTMD group (Fig. 3F and G). These findings
suggest that the combination of Rb;NPs@MBs and UTMD
effectively mitigates two hallmarks of early AS events—foam
cell formation and endothelial cell apoptosis.

Moreover, the therapeutic benefit in HUVECs was superior
when Rb;NPs were delivered via MBs combined with UTMD
relative to Rb;NPs alone.

3.4 Rb;NPs@MBs reduce oxidative stress in cells

Numerous studies have demonstrated that oxidative stress
plays a pivotal role in the pathogenesis of AS. As an inflamma-
tory disease, the entire progression of AS is often accompanied
by an imbalance between intracellular oxidative and anti-
oxidant mechanisms. To determine whether Rb;NPs@MBs
can modulate key cellular events through the reduction of oxi-
dative stress, we performed a series of experiments to assess
the oxidative stress levels in HUVECs and RAW264.7 cells.

First, in HUVECs, we assessed mitochondrial membrane
potential (AY,,) using JC-1 staining. Mitochondria constitute
the primary center of cellular energy and metabolism, with the
mitochondrial respiratory chain serving as a principal source
of reactive oxygen species (ROS).>® The extent of mitochondrial
mass is closely linked to ROS levels, and the decline in AY,
reflects mitochondrial impairment. Under conditions of high
mitochondrial membrane potential, the JC-1 dye accumulates
within the mitochondrial matrix, forming aggregates that
exhibit red fluorescence. Conversely, when the membrane
potential is low, JC-1 remains in its monomeric form and pro-
duces green fluorescence. In this study, we observed that the
green fluorescence intensity in the LPS group was comparable
to that of the CCCP (positive control) and MBs + UTMD
groups, whereas the Rb;NPs@MBs + UTMD groups displayed
markedly weaker green fluorescence (Fig. 4A). These findings
indicate that Rb;NPs@MBs + UTMD effectively mitigated the
LPS-induced reduction in mitochondrial membrane potential
in HUVECs.
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In RAW264.7 cells, intracellular ROS levels were quantified
by flow cytometry. As shown in Fig. 4B and C, the MBs +
UTMD treatment alone did not attenuate LPS-induced ROS
generation, while both Rb;NPs and Rb;NPs@MBs + UTMD
substantially reduced ROS levels. This result is consistent with
our previous observations. Notably, no significant difference
was detected between the Rb;NPs and Rb;NPs@MBs + UTMD
groups in terms of ROS suppression.

Finally, we measured superoxide dismutase (SOD) and glu-
tathione (GSH) levels in HUVECs and RAW264.7 cells using
commercial assay kits. SOD is a major antioxidant enzyme
responsible for catalyzing the dismutation of superoxide anion
radicals (O,7) into oxygen and hydrogen peroxide (H,O,),
while GSH is a key antioxidant that directly scavenges free rad-
icals and participates in multiple antioxidant reactions.
Intracellular antioxidant capacity can therefore be evaluated by
measuring both SOD and GSH. In HUVECs, the Rb;NPs@MBs
+ UTMD group exhibited significantly higher SOD and GSH
levels compared with the LPS group, and this effect exceeded
that observed in the Rb;NPs group. Similarly, in RAW264.7
cells, Rb;NPs@MBs + UTMD markedly enhanced SOD and
GSH content relative to the LPS group, although no statistically
significant difference was found between the Rb;NPs and
Rb;NPs@MBs + UTMD groups (Fig. 4D).

Collectively, these data suggest that Rb;NPs@MBs effec-
tively mitigate oxidative stress in both RAW264.7 and HUVEC
cells. However, whether the combined delivery of
Rb;NPs@MBs and UTMD confers additional therapeutic
benefits in RAW264.7 cells requires further investigation.

3.5 Biodistribution of microbubbles combined with UTMD

in vivo

The effects of 2 weeks Rb;NPs@MBs + UTMD on liver and
kidney biochemical indicators (ALT, AST, BUN, and CRE), blood
cell count (white blood cell count, neutrophil count, lymphocyte
count, and monocyte count) and important organs (heart, liver,
spleen, lungs, and kidneys) of mice were not different from
those of normal mice. We then set out to explore whether
UTMD similarly promotes drug absorption in vivo (Fig. S77).
Ultrasound is a commonly used imaging modality, particularly
valuable for vascular imaging. It enables the visualization of
multidimensional parameters, such as hemorheology, vascular
plaque formation, and vascular stenosis.>* Among various ultra-
sound-based techniques, UTMD has emerged as a promising
drug delivery strategy, owing to its safety, noninvasive nature,
ease of operation, and high targeting efficiency.

To evaluate the in vivo targeting efficiency of UTMD and the
distribution and metabolism of microbubbles, we substituted
Rb;NPs with Cy7.5 (a fluorescent probe) and prepared
Cy7.5@MBs following the same protocol and concentration used
for Rb;NPs@MBs. The UTMD-induced disruption process of
Cy7.5@MBs is depicted in Scheme 1, while the operational
details are demonstrated in Video 1 of the ESLf Briefly, after
locating the aortic arch vig ultrasound, Cy7.5@MBs were admi-
nistered through the tail vein of AS mice. When the microbubbles
had adequately filled the vessels and enhanced the ultrasound

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 RbsNPs@MBs reduce oxidative stress in cells. (A) JC-1 staining of HUVEC cells. The CCCP group is the positive control group. Green fluor-
escence represents the JC-1 monomer and red fluorescence represents JC-1 aggregates (n = 3). Scale bar = 50 ym. (B) ROS flow analysis in
RAW264.7 cells. (C) Quantitative analysis of the data in B (n = 3). (D) SOD and GSH oxidation factors in HUVEC cells and RAW264.7 cells (n = 3).

contrast, UTMD was applied at the aortic arch. One hour later, ex vivo imaging (n = 3). As shown in Fig. 4A, no fluorescence was
in vivo fluorescence imaging was performed (n = 3), and after detected in the aortic arch for either the control or the
24 hours of circulation, the major organs were collected for Cy7.5 groups, whereas strong fluorescence signals were observed
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Scheme 1 The scheme of RbzNPs@MBs combined with UTMD for the targeted treatment of atherosclerosis. The RbzNPs@MBs burst in the tar-
geted aortic arch under the guidance of ultrasound, and the energy generated by the explosion promotes drug penetration into the plaque, reduces
the degree of oxidative stress in the plaque, decreases ROS, and upregulates the oxidation factors SOD and GSH, reduces the apoptosis of endo-
thelial cells and the formation of foam cells, and ultimately reduces the plaque area and increases the stability of the plaque.

in the aortic arch of the Cy7.5@MBs + UTMD group. This con-
clusion was also verified by fluorescent section staining of the
aortic arch (Fig. S87). After 24 hours of circulation, fluorescence
imaging of the major organs revealed that, in the Cy7.5 group,
the liver exhibited the highest fluorescence intensity, whereas the
Cy7.5@MBs + UTMD group showed minimal fluorescence in
both the liver and the lungs (Fig. 4B).

Moreover, the overall fluorescence intensity in these organs
was substantially lower than that in the Cy7.5 group. These find-
ings suggest reduced hepatic retention of Cy7.5 in the
Cy7.5@MBs + UTMD group, while residual fluorescence in the
lungs confirms that microbubbles with small diameters can be
metabolized via pulmonary clearance. Notably, the fluorescence
indicated that UTMD successfully concentrated Cy7.5 at the
ultrasound-targeted site and demonstrated the feasibility of this
targeted delivery approach to overcome blood circulation.

3.6 Rb;NPs@MBs in combination with UTMD targeted
reduction of arterial plaques in AS mice

Apolipoprotein E knockout (ApoE™'") mice, also referred to as
APOE-deficient mice, are widely recognized as a classical

4994 | Biomater. Sci, 2025, 13, 4984-5000

model for investigating AS.>>>°

old ApoE™~ mice were maintained on a high-fat diet for 12
weeks to establish an AS model. In this study, simvastatin (SV)
was selected as the positive control drug, given that statins

Accordingly, five- to six-week-

remain the first-line therapy for AS. Additionally, to confirm
that any therapeutic benefit did not result solely from the
mechanical effects of MBs under ultrasound disruption, an
MB-only group was included. Thus, C57BL/6 mice were
assigned to the control group, whereas AS mice were allocated
to the following groups, each containing eight animals: model,
MBs + UTMD, SV, Rb;NPs, and Rb;NPs@MBs + UTMD. After
12 weeks of high-fat feeding, treatments were initiated, and
following two weeks of intervention, the mice were euthanized
for subsequent analyses (Fig. 6A).

3.6.1 Oil red O staining of aortas. Oil red O staining was
performed on the entire aorta. Under the same dose and treat-
ment frequency, the Rb;NPs@MBs + UTMD group exhibited
the smallest plaque area in the whole aorta, followed by the
Rb;NPs group. By contrast, the plaque areas in the MBs +
UTMD group and the SV group did not significantly differ
from the model group (Fig. 6B and D). Further analysis of the

This journal is © The Royal Society of Chemistry 2025
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aortic arch, where UTMD was targeted, showed no difference
in plaque area between the Rb;NPs group and the model
group, whereas the Rb;NPs@MBs + UTMD group displayed a
marked reduction in plaque area relative to both the model
and Rb;NPs groups (Fig. 6C and D). Hence, oil red O analysis
for both the aorta and the aortic arch demonstrated that
Rb;NPs@MBs + UTMD specifically reduced the plaque area in
the targeted region and exhibited stronger anti-atherosclerotic
efficacy compared with Rb;NPs alone, with a targeting
efficiency of 31.9%.

3.6.2 Evaluation of serum inflammatory factors, oxidative
stress, and lipids. AS is a systemic inflammatory disease, and
quantifying inflammatory factors helps determine disease
severity. Enzyme-linked immunosorbent assay (ELISA) results
showed that IL-6 levels were significantly lower in the
Rb;NPs@MBs + UTMD group than in the model group, with a
more pronounced decrease than in the RbzNPs group.
Concurrently, TGF- levels in the Rb;NPs@MBs + UTMD group
were significantly higher than those in the model group
(Fig. 6E). Taken together, these findings reinforce the anti-
inflammatory effects of Rb;NPs@MBs + UTMD on AS.

SOD and GSH are key intracellular antioxidants, whereas
malondialdehyde (MDA), a lipid peroxidation byproduct, is an
indicator of oxidative stress. Biochemical assays demonstrated
that SOD and GSH concentrations in the Rb;NPs@MBs +
UTMD group were significantly elevated compared with the
model group, whereas MDA levels were markedly reduced,
notably surpassing the reduction observed in the Rb;NPs
group (Fig. 6F). These results indicate that Rb;NPS@MBs +
UTMD ameliorates oxidative stress by increasing levels of the
antioxidant factors SOD and GSH while decreasing MDA.

Next, to examine lipid profiles—a key reflection of abnor-
mal lipid metabolism in AS—serum levels of triglycerides
(TG), cholesterol (CHO), LDL, and HDL were measured. Levels
of these lipids were significantly reduced in the Rb;NPs@MBs
+ UTMD group compared with the model group (Fig. 6G), con-
firming that Rb;NPs@MBs + UTMD can effectively modulate
dyslipidaemia in AS.

3.6.3 Pathological staining of aortic plaques. Further
pathological staining of the aortic plaques was performed to
elucidate the direct effects of the treatment on plaque charac-
teristics. VCAM-1, an endothelial adhesion molecule induced
upon endothelial cell activation, is a pivotal factor in AS patho-
genesis and a prime target for anti-AS therapies.
Immunohistochemical staining showed that the VCAM-1-posi-
tive area was minimized in the Rb;NPs@MBs + UTMD group
(Fig. 7A), indicating significantly downregulated VCAM-1
expression. Oil red O staining of the aortic valve plaques
revealed that the Rb;NPs@MBs + UTMD group exhibited the
smallest positively stained area (Fig. 7B), suggesting a notable
reduction in plaque size following treatment. Masson staining
demonstrated a higher proportion of blue-stained collagen in
the plaques of the Rb;NPs@MBs + UTMD group, indicative of
enhanced plaque stability. HE staining likewise confirmed the
reduced aortic root plaque area under Rb;NPs@MBs + UTMD
treatment.

This journal is © The Royal Society of Chemistry 2025
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Collectively, these data demonstrate that Rb;NPs@MBs +
UTMD successfully released the drug at the aortic arch tar-
geted by ultrasound, thereby reducing local plaque burden,
downregulating VCAM-1 expression, mitigating inflammation,
and lowering both lipid and oxidative stress levels in treated
mice.

4. Discussion and conclusions

In this study, we developed a novel ultrasound-visualized drug
delivery system, termed Rb;NPs@MBs, using saponin Rbs.
Both in vitro and in vivo experiments demonstrated that the
combination of Rb;NPs@MBs with UTMD effectively alleviated
arterial plaques in AS.

Firstly, we successfully prepared microbubbles with a dia-
meter of about 1.70 pm, and the Rb;NPs@MBs were uniformly
dispersed with good properties. The results of cellular uptake
indicate that the mechanism of UTMD promoting cellular
uptake of drugs is feasible (Fig. 2). Then at the cellular level, a
CCK-8 assay confirmed that Rb;NPs@MBs in conjunction with
UTMD (1-100 pg ml™") did not compromise cell viability in
both HUVECs and RAW264.7 cells. Following this screening,
10 pg ml™" was chosen as the optimal in vitro concentration
based on confocal microscopy analyses (Fig. 3A-C).
Subsequent experiments indicated that Rb;NPs@MBs reduced
Dil-ox-LDL uptake in RAW264.7 cells, thereby inhibiting foam
cell formation (Fig. 3D and E). In addition, flow cytometry
revealed that Rb;NPs@MBs suppressed HUVEC apoptosis
(Fig. 3F and G). To investigate whether these beneficial effects
were mediated through modulation of oxidative stress, we eval-
uated the mitochondrial membrane potential (via JC-1 stain-
ing) in HUVECs, measured ROS levels in RAW264.7 cells, and
quantified key antioxidant factors (SOD and GSH) (Fig. 4). The
results showed that Rb;NPs@MBs preserved mitochondrial
membrane potential in HUVECs, mitigated mitochondrial
damage and ROS generation, and reduced ROS levels in
RAW264.7 cells. Moreover, Rb;NPs@MBs therapy elevated
both SOD and GSH in endothelial cells and macrophages.
Thus, Rb;NPs@MBs inhibited early pathological events in AS,
primarily by decreasing intracellular oxidative stress.

Because the aortic arch is predisposed to plaque formation
(due to its angulation, increased branching, and abnormal
shear forces),”” we selected it as the primary target for UTMD-
mediated drug delivery in vivo. In vivo imaging of small
animals confirmed that UTMD overcame blood flow con-
straints, facilitated traversal of the endothelial barrier, and
effectively accumulated Cy7.5 in the targeted aortic arch
(Fig. 5A). ApoE™"~ mice were treated for two weeks. Notably,
the MBs + UTMD and SV groups did not show significant
differences in biochemical indices or plaque burden relative to
untreated AS controls (model group). Although Rb;NPs alone
reduced total plaque area in the aorta, its effect on the aortic
arch, where the plaque was most advanced, remained limited.
In contrast, Rb;NPs@MBs + UTMD not only effectively
reduced the overall plaque burden in the aorta but also signifi-
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Fig. 5 Biodistribution of microbubbles combined with UTMD in vivo (n = 3). (A) In vivo fluorescence imaging of mice after UTMD (1 h). Color scale:
min = 5.71 x 107, max = 2.93 x 108, (B) Fluorescence imaging of the mouse liver, spleen, lungs, kidneys, heart, and aorta after 24 h. Color scale: min
=112 x 108, max = 1.68 x 108. (C) Fluorescence quantitative analysis of (A) and (B) (n = 3).

cantly diminished plaques in the targeted aortic arch (Fig. 6B~ (Fig. 6E-G). Pathological assessments of aortic valve plaques
D). The combination therapy simultaneously lowered inflam- demonstrated that Rb;NPs@MBs + UTMD reduced VCAM-1
matory markers, oxidative stress, and lipid levels in AS mice expression, decreased lipid accumulation, increased plaque
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Fig. 6 RbzNPs@MBs in combination with UTMD targeted reduction of arterial plaque in AS mice. (A) Schematic diagram of the treatment cycle of
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plasma (n = 5). (G) Results of biochemical measurements of lipid levels of TG, CHO, LDL, and HDL in mouse serum (n = 5).

collagen content, and diminished plaque area, thereby corro-
borating its enhanced therapeutic efficacy (Fig. 7). Together,
these results suggest that Rb;NPs@MBs with UTMD can effec-

tively deliver the drug to the targeted aortic arch, reduce
plaque formation, and improve pathological indices relevant
to AS.

This journal is © The Royal Society of Chemistry 2025 Biomater. Sci., 2025, 13, 4984-5000 | 4997
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Fig. 7 Results of pathological sections of mouse aortic valves (n = 3). (A) Histochemical staining for VCAM-1 in sections of mouse aortic valves (first
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of VCAM-1 histochemical staining, oil red O staining and Masson staining.

In vitro, we observed that there was no significant difference
between the Rb;NPs@MBs + UTMD group and the Rb;NPs
group in RAW264.7 cells. Combined with the results of cellular
uptake, we believe that the mechanism of ultrasound promot-
ing drug uptake in RAW264.7 cells is also applicable, and the

4998 | Biomater. Sci,, 2025, 13, 4984-5000

therapeutic effect is not obvious mainly because the active
uptake of Rb;NPs by cells also increases with time, accumulat-
ing to a level comparable to that of the Rb;NPs@MBs + UTMD
group at 24 h. Therefore, the final intracellular drug concen-
tration was not significantly different between the two groups.

This journal is © The Royal Society of Chemistry 2025
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This phenomenon may be related to the high affinity of macro-
phages for fat-soluble drugs, and further research is needed in
the future. However, in vitro models cannot fully replicate the
complexity of in vivo pathophysiology, and our in vivo results
confirmed that Rb;NPs@MBs combined with UTMD outper-
formed Rb;NPs alone.

In conclusion, we successfully constructed a targeted drug
delivery system—Rb;NPs@MBs with UTMD—that demon-
strated feasibility, efficacy, and safety in both in vitro and
in vivo models. These findings highlight its potential for clini-
cal application as a promising therapeutic strategy for AS.
Ongoing research will aim to further optimize this system and
evaluate its effectiveness in diverse AS models and clinical
settings.
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