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ARTICLE INFO ABSTRACT

Keywords: Atherosclerosis is a cardiovascular disease that seriously endangers human health. Low shear stress (LSS) is
Nanobubbles recognized as a vital factor in causing chronic inflammatory and further inducing the occurrence and develop-
Low shear stress ment of atherosclerosis. Targeting imaging and treatment are of substantial significance for the diagnosis and
2?;12?2?;8 therapy of atherosclerosis. On this ground, a kind of ultrasound (US) imaging-guided therapeutic polymer
Ultrasound nanobubbles (NBs) with dual targeting of magnetism and antibody was rationally designed and constructed for

the efficiently treating LSS-mediated atherosclerosis. Under the combined targeting effect of an external mag-
netic field and antibodies, the drug-loaded therapeutic NBs can be effectively accumulated in the inflammatory
area caused by LSS. Upon US irradiation, the NBs can be selectively disrupted, leading to the rapid release of the
loaded drugs at the targeted site. Notably, the US irradiation generates a cavitation effect that induces repairable
micro gaps in nearby cells, thereby enhancing the uptake of released drugs and further improving the therapeutic
effect. The prominent US imaging, efficient anti-inflammatory effect and treatment outcome of LSS-mediated
atherosclerosis had been verified in vivo on a surgically constructed LSS-atherosclerosis animal model. This
work showcased the potential of the designed NBs with multifunctionality for in vivo imaging, dual-targeting, and
drug delivery in the treatment of atherosclerosis.

1. Introduction

Atherosclerosis is a chronic inflammatory disease that can lead to
various cardiovascular diseases and further induce acute heart events,
stroke or other severe clinical outcomes [1,2]. Nowadays, a range of
medications have been used on anti-atherosclerosis including
lipid-lowering medicines, hypotensive drugs, anti-thrombotic and
anti-platelet drugs. Despite these treatments, the incidence and mor-
tality associated with cardiovascular diseases caused by atherosclerosis
remain high. Therefore, early-stage diagnosis and intervention are

crucial in reducing the prevalence of these cardiovascular diseases and
saving patients’ lives.

Understanding the basic pathogenesis of atherosclerosis is the
foundation for seeking effective treatment methods. Several theories
have been proposed to explain its pathogenesis, including lipid infil-
tration, inflammation, oxidative stress, and endothelial injury-response
theories [3]. Medical imaging and pathology show that atherosclerosis
plaques are commonly found in areas with abnormal hemodynamics,
such as vascular bifurcations and bends [4]. Thus, the hemodynamic
genesis theory offers a new perspective for understanding
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Fig. 1. Schematic diagram of the synthetic process of Mag-Tar-DL NBs and their underlying mechanism in the treatment of LSS-mediated atherosclerosis (Biotin-
Mag-DL NBs: Biotinylated magnetic drug-loaded NBs; SA-Mag-DL NBs: Streptavidin-magnetic drug-loaded NBs; Mag-Tar-DL NBs: magnetic-antibody dual-targeting
drug-loaded NBs; Tar-DL NBs: antibody targeting drug-loaded NBs; DL NBs: drug-loaded NBs).

atherosclerosis. Wall shear stress (WSS) is a tangential force exerted by
flowing blood on the vessel wall, and the theory suggests that persis-
tently low shear stress (LSS) may be a crucial factor in causing local
chronic inflammation in the vascular, potentially leading to the devel-
opment of atherosclerotic plaques [5,6].

Relevant research has shown that LSS acts as a mechanical stimulus
on endothelial cells, leading to the upregulation of platelet endothelial
cell adhesion factor (PECAM-1). This, in turn, activates the nuclear
factor-k-gene binding (NF-kB) pathway, causing the release of various
chemokines and adhesion factors. Vascular cell adhesion molecule-1
(VCAM-1), also known as CD106, is a crucial adhesion molecule pri-
marily expressed on the surface of activated endothelial cells. It has a
significant presence in atherosclerotic conditions, facilitating the adhe-
sion and transmigration of white blood cells. Additionally, VCAM-1 can
be secreted into the bloodstream, potentially initiating a wider range of
inflammatory responses [7]. These factors contribute to local endothe-
lial inflammation and abnormal intima thickening, eventually leading to

arterial inflammation and the advancement of atherosclerosis [8-10].
Phosphorylation of spleen tyrosine kinase (SYK) is pivotal in this
inflammation-related signaling pathway [11-13]. Studies indicate that
SYK inhibitor, such as R406, can markedly curb the inflammatory
response throughout the body [14,15] and may impede the progression
of atherosclerosis. R406 has been shown to prevent the phosphorylation
of SYK and block the subsequent activation of inflammasomes, reducing
inflammation. Research has revealed that R406 effectively combats in-
flammatory diseases, including arthritis and retinitis [14,15]. Conse-
quently, it is plausible to anticipate that R406, as an anti-inflammatory
agent, could inhibit the early stages of atherosclerosis.

Although ultrasonic imaging is the main diagnostic technique and
has shown positive effects in diagnosing atherosclerosis, it gets diffi-
culties in detecting plaques during the early stages of the disease [16].
The emergence of microbubble contrast agents has improved the
sensitivity and resolution of US imaging, making it a desirable technique
for disease diagnosis [17-19]. Moreover, microbubbles also serve as
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efficient drug delivery vehicles [20-22]. However, the large particle size
of microbubbles significantly limits their therapeutic efficacy, necessi-
tating the development of smaller-sized bubbles, such as nanobubbles
(NBs). Additionally, the continuous high-shear stress of blood flow in
arteries makes it difficult for conventional NBs to adhere to blood vessels
in the target area. Consequently, there is an urgent need to develop
active-targeting therapeutic NBs for efficient US imaging and
anti-atherosclerosis therapy in the early stages of the disease.

In this study, we constructed a dual-targeting drug delivery system
that combines magnetic and antibody targeting for imaging-guided anti-
atherosclerosis therapy. PLGA (poly (lactic-co-glycolic acid)), Biotin-
DSPE-PEG2qg0, R406, Fe304, and Biotin-VCAM-1 were used to construct
dual-targeting drug-loaded polymer NBs with the double emulsification
method and the biotin-avidin bridging approach. Specifically, FesO4
imparted magnetism to the NBs, while the VCAM-1 antibody provided
antibody targeting. Through the dual effects of an external magnetic
field and the targeting antibody, the drug-loaded NBs (DL NBs) can
preferentially accumulate in areas of vascular inflammation. Under US
irradiation, the designed NBs could be disrupted to release the loaded
R406 in situ, inhibiting the inflammatory response in the targeted area
and thus preventing the progression of atherosclerosis. Notably, the
enhanced US imaging facilitated the detection of atherosclerotic plaques
more effectively by using NBs as contrast agents. In this study, surgery
was performed to place silver clips on the abdominal aorta of C57 mice
to establish the low shear stress (LSS) model. The US imager was utilized
to monitor the regional blood vessels before and after model induction
(Fig. 1). These contents of imaging detection involved measuring blood
flow velocity, analyzing shear stress, and assessing the accumulation of
magnetic-antibody dual-targeting drug-loaded NBs (Mag-Tar-DL NBs) in
the LSS region. After two weeks of treatment, arterial tissue from the LSS
area was harvested, and both H&E and immunohistochemistry (IHC)
staining for various inflammatory mediators were performed. By eval-
uating the expression of these mediators, we confirmed the therapeutic
efficacy of the Mag-Tar-DL NBs in vivo.

2. Materials and methods
2.1. Cell line

RAW264.7 and human umbilical vein endothelial cells (HUVEC)
were obtained from American type culture collection (ATCC).
RAW264.7 cells were cultured in high sugar Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum and 1%
pen strep (100 U/mL penicillin and 100 pg/mL streptomycin). HUVEC
cells were cultured in endothelial cell culture medium (ECM), supple-
mented with 10% fetal bovine serum, 1% pen strep and 1% growth
factor. Trypsin-EDTA and PBS was purchased from Basal Media Tech-
nologies Co., Ltd. (Shanghai, China).

2.2. Materials and chemicals

PLGA (50:50; Mw = 30000) was purchased from Daigang Biomate-
rial Co., Ltd. (Jinan, China). dichloromethane and dimethyl sulfoxide
(DMSO) were purchased from Titan Technology Company Co., Ltd.
(Shanghai, China). Ammonium bicarbonate and polyvinyl alcohol
(PVA) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). Fe3O4 Nanoparticles were purchased from Dongna Biological
Company Co., Ltd. (Nanjing, China). Bio-DSPE-PEG3(go was purchased
from Meiluo Biological Company Co., Ltd. (Shanghai, China). R406
(freebase) was purchased from MedChemexpress Co., Ltd. (New Jersey,
USA). Cell counting kit-8 (CCK-8) reagent was purchased from Qihai
Biological Co., Ltd. (Shanghai, China). Enzyme linked immunosorbent
assay (ELISA) kits were purchased from Lianke biotech Co., Ltd.
(Hangzhou, China). Dil, Hoechst 33342 and horseradish peroxidase
labeled streptavidin (HRP-SA) were purchased from Beyotime Biotech-
nology Co., Ltd. (Shanghai, China). Agarose powder was purchased from

Materials Today Bio 26 (2024) 101037

Runcheng Biological Co., Ltd. (Shanghai, China).
2.3. Synthesis of Mag-Tar-DL NBs

Biotin-Mag-DL NBs were prepared by double emulsion method and
then VCAM-1 antibody was connected to the surface of Biotin-Mag-DL
NBs by biotin-avidin bridging method to obtain Mag-Tar-DL NBs. Spe-
cifically, 44 mg PLGA, 2 mg Biotin-DSPE-PEGy(09, 2 mg Fe304 nano-
particles and 2 mg R406 were co-dissolved in 2 mL dichloromethane.
The mixture was allowed to stand at room temperature for 1 h until fully
dissolved, and 200 pL 6% bicarbonate aqueous solution was added to the
oily mixture. The mixture was emulsified 2 min by ultrasonic cell pul-
verizer under the conditions of 60 W, ice bath and pulse mode (3 s work,
3 s stop) to obtain the primary emulsion (O/W). The primary emulsion
was transferred to 5 mL of 4% PVA and be homogenized at a speed of
20,000 rpm for 5 min to obtain the secondary emulsion (W/O/W). The
secondary emulsion was transferred to 10 mL of ultrapure water and
stirred magnetically at room temperature for 4-6 h to allow for the
volatilization of the organic solvent. After volatilization, the NBs were
collected by centrifugation at 2500 g for 5 min and then resuspend in
ultrapure water for 3 times. Finally, the NBs were dispersed in 1 mL of
ultrapure water, placed it in a refrigerator at —80 °C for 1 h, and then
transferred to a vacuum freeze dryer for overnight freezing and drying.
This process resulted in the formation of biotin-Mag-DL NBs.

To further endow the NBs with antibody-targeting ability, the pre-
pared biotin-Mag-DL NBs were dispersed in ultrapure water. Streptavi-
din (SA) (5 pg/mL) was added to the solution, and the mixture was
incubated on a shaker at 200 rpm and room temperature for 30 min.
Centrifugation was used to remove unbound SA, and the precipitate was
dispersed in ultrapure water. Biotinylated VCAM-1 antibody was then
added to co-incubate with SA-Mag-DL NBs on a shaker (200 rpm, 30
min, and room temperature). After incubation, centrifugation was used
to remove the unbound antibodies, and the Mag-Tar-DL NBs dispersion
liquid was prepared with saline.

2.4. Drug encapsulation efficiency

Kurniawan et al. demonstrated that different concentrations of R406
showed absorption peak heights proportional to the concentration on
high performance liquid chromatography (HPLC) [23]. We observed
similar results on ultraviolet—visible (UV-Vis) spectroscopy, and there-
fore, UV-Vis spectroscopy was used to determine the content of R406 in
NBs. To calculate the encapsulation rate of R406, R406 solutions with
concentrations of 6.25 pg/mL, 12.5 pg/mL and 25 pg/mL was prepared
by dissolving R406 in DMSO. UV-Vis spectroscopy was obtained to
measure the absorbance of these R406 solutions. The absorbance curve
of R406 in a certain wavelength range was observed, and the absorbance
at 280 nm was selected to draw a fitting curve of the linear relationship
between R406 concentration and absorption peak.

To determine the content of R406 in the sample, 0.8 mg of the R406-
encapsulated NBs freeze-dried powder was dissolved in 4 mL DMSO, and
the UV-Vis spectroscopy was obtained. Therefore, the absorbance at
280 nm of the sample was then compared to the fitting curve of linear
relationship between R406 concentration and 280 nm absorption peak
to confirm the content of R406. Finally, the encapsulation of the R406
was calculated according to encapsulation percentage (EN%) formula.
The expression is EN% = Cb/Cs x 100%, where Cs is the total amount of
drug added during synthesis, and Cb is the actual amount of drug in the
designed NBs.

2.5. In vitro ultrasonic imaging

To conduct in vitro ultrasonic imaging, 3 mg of agar powder was
dissolved in 200 mL of ultrapure water and heated with magnetic stir-
ring to form an agarose colloid. This hot agarose solution was then
poured into a mold to create a hollow agarose gel phantom. Mag-Tar-DL
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NBs were dispersed in ultrapure water to prepare a gradient concen-
tration dispersion liquid, and the concentration of this NBs dispersion
liquid decreased exponentially. This dispersion liquid was added into
the phantom’s hole. The US imaging device was utilized to observe the
NBs dispersion liquid within the pores on the phantom’s side. The
placement of the phantom, NBs, and probe is depicted in Fig. 3C. Both B-
mode and contrast-enhanced imaging modes were employed for US
imaging. Following this, the US imaging analyzer was used to analyze
the NBs dispersion liquid’s ultrasound contrast intensity in the region of
interest.

2.6. Ultrasonic blasting and enhancement of drug release under US
irradiation

Ultrasonic blasting of NBs under US is critical to rapidly release the
loaded R406 in targeted tissues. To evaluate this, the acoustic imaging
capabilities of the NBs before and after high intensity US irradiation
were compared. The 1 mg/mL NBs dispersion liquid was added to the
hollow hole of the agarose gel phantom, and the contrast mode was used
to assess its acoustic imaging properties. Subsequently, the NBs were
irradiated using an ultrasonic therapy instrument with the following
conditions: 1 W/cm?, 1 MHz, 50% duty cycle, and 1 min. After irradi-
ation, the acoustic imaging capabilities of the NBs dispersion liquid
within the agarose gel phantom were measured again by the ultrasonic
imager. The imaging capabilities of the NBs within the phantom before
and after high intensity US irradiation were compared to assess the ul-
trasonic blasting capability.

The ultraviolet absorption spectrum of different concentrations of
R406 in PBS solution was detected with UV-Vis spectroscopy. R406-
loaded Mag-Tar-DL NBs were resuspended in PBS to achieve a concen-
tration of 50 pg/mL, containing 1.933 pg/mL R406. A 12-well plate was
prepared with 1 mL of the above solution in each well, divided into a
control group and an US irradiation group. The US irradiation group was
exposed to US (0.72 W/cm?, 1 MHz, 50% duty cycle, 1 min)at0h,3h, 6
h, and 12 h. At the beginning of the experiment, all the dispersion liquid
in the wells from both groups was centrifuged (5500 rpm, 1 min), and
the supernatant was analyzed by UV-Vis spectroscopy to calculate the
starting concentration of R406 using the fitting curve. Subsequently, at
3h, 6 h, 12 h, 24 h, and 48 h after the start of the experiment, the su-
pernatant was again measured with UV-Vis spectroscopy.

2.7. Cell cytotoxicity evaluation

To evaluate the cytotoxicity of the designed NBs, RAW264.7 and
HUVEC cells were plated in 96-well plates at a density of 1.0 x 10* and
cultured overnight. Different concentrations of R406 solutions and Mag-
Tar-DL NBs dispersion liquid were prepared with fresh medium.
RAW264.7 and HUVEC cells were incubated with different concentra-
tions of R406 solution (0.25, 0.5, 1.0 and 2.0 pg/mL) and Mag-Tar-DL
NBs dispersion liquid (25, 50, 100, 200 pg/mL) for 24 h and 48 h.
After the incubation, CCK-8 reagent was used for cell viability deter-
mination at two time points. The survival rate of untreated control group
cells was 100%. Four replicates were repeated for each experiment
group.

2.8. The anti-inflammation effect of R406

RAW264.7 and HUVEC cells (cell density: 2 x 10° cells/well and 2 x
10* cells/well) were plated in 24-well plates overnight and then treated
by R406 at different concentrations (0, 0.5, 1.0, 1.5 pg/mL) and Lipo-
polysaccharide (LPS) (50 ng/mL) for 24 h. After incubation, the super-
natant from RAW264.7 cells was collected for ELISA to measure tumor
necrosis factor o (TNF-a), monocyte chemoattractant protein-1 (MCP-1)
(chemokine ligand 2 (CCL-2)), and interleukin-6 (IL-6), while the su-
pernatant from HUVEC cells was collected for ELISA to measure TNF-a,
VCAM-1, and intercellular cell adhesion molecule-1 (ICAM-1). The
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impact of R406 concentration on the secretion of inflammatory factors
in both RAW264.7 and HUVEC cells was investigated. Three replicates
were repeated for each group of experiments.

2.9. The anti-inflammation effect of the designed NBs

RAW264.7 and HUVEC cells (cell density: 2 x 10° cells/well and 2 x
10* cells/well) were plated in 24-well plates overnight. After adding LPS
to the cells to cause inflammation, RAW264.7 and HUVEC were sepa-
rately incubated with 1.0 pg/mL R406, DL NBs of the same dose R406
and simple NBs for 24 h. After the incubation, the cell supernatant was
collected. The supernatant of the RAW264.7 cell line was subjected to
the ELISA experiment of TNF-a, MCP-1 (CCL-2) and IL-6, and the
HUVEC cell line was subjected to the ELISA experiment of TNF-a,
VCAM-1 and ICAM-1. Three replicates were repeated for each experi-
ment group.

2.10. Effect of US on endothelial cell activity

The HUVEC cells were plated in a 24-well plate at a density of 1 x
10* cells/well and cultured overnight. The power of the ultrasonic
therapy instrument (0.5-2.0 W/cm?, 1 MHz, 50% duty cycle, 1 min) was
adjusted, and the cells were irradiated from the bottom of the cell cul-
ture plate. After US irradiation, HUVEC cells were cultured for 3 h. CCK-
8 experiment and calcein staining were performed to detect cell
viability. Four replicates were repeated for each experiment group.

2.11. US enhanced the therapeutic effect of drugs

To verify that US could enhance the anti-inflammatory effect of
drugs, HUVEC were implanted in a 12-well plate (cell density: 2 x 10°
cells/well) and cultured overnight. They were divided into 3 groups
(control group, R406 group and R406+US group) and LPS was used to
stimulate the HUVEC into an inflammation reaction. In control group,
the only 100 ng/mL LPS was added into culture medium. In R406 group,
the 100 ng/mL LPS and 1.0 pg/mL R406 were added in culture medium.
In the R406+US group, after addition of 100 ng/mL LPS and 1.0 ug/mL
R406 to the culture medium, HUVEC were irradiated from the bottom of
the culture dish using a US therapy device at a power of 0.72 W/cm? for
1 min. After treatment, HUVEC from all three groups were incubated in a
constant temperature incubator for 24 h, after which the cell superna-
tants were collected for ELISA test to detect the expression of MCP-1
(CCL-2) and analyze the effect of US irradiation on the drug’s thera-
peutic effect. Four replicates were repeated for each experiment group.

2.12. Evaluation of adhesion effect of NBs in vitro

To evaluate the antibody-targeting ability of the designed NBs,
HUVEC cells were plated at a density of 1 x 10* cells/well in a 6-well
plate and cultured overnight. HUVEC cells were then pretreated with
100 ng/mL LPS to induce an inflammatory state, and Dil was used to
label the NBs. Subsequently, the inflammatory HUVEC cells were incu-
bated with the labeled NBs, with or without antibody targeting, at the
same concentration for 5 min. Following incubation, unbound NBs were
removed with PBS washes, and the cells were stained with Hoechst
33342 (0.1%) for 10 min. After staining, excess dye was removed with
PBS, and the cells were fixed with a tissue fixative. The adhesion ability
of both targeted and non-targeted NBs to the inflammatory cells was
observed under a fluorescence microscope.

2.13. US imaging of Mag-Tar-DL NBs in vivo

To perform US imaging, the mouse model was anesthetized with 1%
sodium pentobarbital at a dose of 75 mg/kg. DL NBs, Tar-DL NBs, and
Mag-Tar-DL NBs at a concentration of 0.5 mg/mL were injected into the
mice via the tail vein. Subsequently, the low shear stress (LSS) region of
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Fig. 2. Synthesis and characterizations of Mag-Tar-DL NBs. (A) SEM image, (B, C) TEM images and (D) EDS mapping of Mag-Tar-DL NBs. (Scale bar = 500 nm)
(E) CLSM images of Mag-Tar-DL NBs (Scale bar = 50 pm). (F) Mag-Tar-DL NBs under the interventions of an applied magnet for prolonged durations (0, 2, and

4 min).

the mouse’s abdominal aorta was imaged using an US imager before
injection, 1- and 3-min post-injection. The adhesion of Mag-Tar-DL NBs
to the LSS region was evaluated by analyzing the ultrasound contrast
intensity.

2.14. The therapeutic effect evaluation of Mag-Tar-DL NBs in vivo

To evaluate the therapeutic efficacy of Mag-Tar-DL NBs, thirty
healthy C57 mice were used to create LSS models and divided randomly
into: (1) Control group; (2) US group; (3) R406 group; (4) Tar-DL NBs +
US group; (5) Mag-Tar-DL NBs + US group randomly (n = 6). In the
Control group, the same volume of saline as the other groups was
injected during each treatment process without US irradiation. In the US
group, an equal amount of saline was injected during each treatment
process, and US was used to irradiate the mouse abdomen for 1 min at a
power density of 1 W/cm?. In the R406 group, 5 mg/kg R406 diluted in
saline was injected each time without US irradiation. In the Tar-DL NBs
+ US group, the Tar-DL NBs equivalent to 5 mg/kg R406 dose were
injected each time. After injection, the mouse’s abdomen was irradiated
by US therapy device for 1 min with the power density of 1 W/cm?2. In
the Mag Tar DL NBs + US group, the Mag-Tar DL NBs equivalent to 5
mg/kg R406 dose were injected each time. After injection, the mouse’s
abdomen was also irradiated by US therapy device for 1 min with the

power density of 1 W/cm? After 12 consecutive days of different
treatments, the mice were sacrificed, and the abdominal aortas were
taken out. The LSS areas of blood vessels were taken to make continuous
paraffin sections. H&E staining was performed to observe the general
condition of blood vessels. IHC staining were performed to analyze the
expression of inflammatory factors in the LSS area after treatment. The
detection indicators included VCAM-1, TNF-a and IL6.

2.15. Statistical analysis

All values given are mean + SD. GraphPad Prism 7.0 (GraphPad
Software, CA, USA) was used for statistical analysis. One-way analysis of
variance was used to determine statistical differences between multiple
groups. The t-test of unpaired students was used to analyze differences
betwen two independent samples with equal variance. * is P < 0.05, ** is
P < 0.01, *** ijs P < 0.001, **** js P < 0.0001.

3. Results
3.1. Construction and characterization of Mag-Tar-DL NBs

The double emulsification method is currently one of common
methods to construct nano-scale bubbles (NBs) [24]. This method for
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Fig. 3. Acoustic imaging performance and blasting performance of Mag-Tar-DL NBs. (A) The acoustic imaging under the B mode and contrast mode of Mag-Tar-
DL NBs in vitro. (B) Quantitative analysis of the acoustic imaging performance of Mag-Tar-DL NBs. (C) Schematic diagram of US imaging in vitro. (D) The in vitro
acoustic blasting performance of Mag-Tar-DL NBs. (E) Quantitative analysis of the blasting performance of Mag-Tar-DL NBs (before and after). (***p < 0.001).

producing NBs offers advantages such as controllable uniform particle
size. PLGA is a polymeric agent that can be metabolized in the human
body and the final decomposition products are water and carbon dioxide
[25]. Therefore, PLGA possesses high biological safety and be widely
used as drug delivery carriers in vivo [26-28].

In this study, we constructed Mag-Tar-DL NBs based on PLGA
through the water/oil/water system, with dichloromethane as the oil
phase for dissolving raw materials including PLGA, Fe3O4 nanoparticles,
biotin-DSPE-PEG3(09 and R406. Ammonium bicarbonate was used as a
gas-generating agent to be dissolved in the internal phase water, while
polyvinyl alcohol (PVA) aqueous solution served as the external aqueous
phase to stabilize NBs. Through this system, we successfully produced
stable biotin-Mag-DL NBs. During the first emulsification, ammonium
bicarbonate solution was encapsulated within the oil phase as the core of
the water phase. During the second emulsification, the oil phase with
ammonium bicarbonate kernel was dispersed in the PVA solution. After
two emulsification steps and organic solvent volatilization, the PLGA,
Fe30y4, biotin-DSPE-PEGyg¢ and R406 in the oil phase formed the shell
structure of NBs [27].

Surface modification of the NBs was achieved through the biotin-
avidin bridging method. Avidin, also known as ovalbumin, consists of
four identical subunits to form a tetramer and each avidin subunit
combines with the Ureido ring in biotin through the tryptophan residue
in its structure. Therefore, one avidin molecule has four binding sites
with biotin molecule and its binding constant (Ka) is as high as 1015
mol/L [29]. Through this strategy, the VCAM-1 targeting antibody can

be efficiently connected to the surface of NBs. To determine the biotin
content on the surface of biotin-Mag-TDL NBs, a colorimetric reaction
using 3, 3/, 5, 5-tetramethylbenzidine (TMB) and horseradish peroxi-
dase (HRP) was employed (Fig. S1A). In our study, the excessive HRP-SA
binds to biotin-Mag-DL NBs to form HRP labeled SA-Mag-DL NBs. After
color reaction with TMB, the absorbance of HRP labeled SA-Mag-DL NBs
at 450 nm was substituted into the fitting curve of HRP-SA concentra-
tions and 450 nm absorbance (Fig. S1B). The HRP-SA content on surface
of HRP labeled SA-Mag-DL NBs was calculated. Subsequently, the biotin
content on surface of biotin-Mag-DL NBs was calculated from HRP-SA
content. Finally, it was calculated that the surface of 1 mg of bio-
tinylated NBs can bind 8 x 10~2 pg of SA, thus preparing for connecting
targeted VCAM-1 antibody. After connecting VCAM-1 antibody by
biotin-avidin bridging method, Mag-Tar-DL. NBs were prepared by the
above methods, heralding desirable acoustic imaging, magnetic
responsiveness and targeting adhesion performance.

After freeze-drying, the morphology of biotin-Mag-DL NBs was
observed by scanning electron microscope (SEM), revealing their
spherical morphology (Fig. 2A). The result of dynamic light scattering
(DLS) exhibited that their hydrodynamic size is around 300-800 nm
with an average particle size of approximately 298 nm (Fig. S1C). After
synthesizing Mag-Tar-DL NBs, the continuous 7-day DLS test was con-
ducted on the sample. The result showed that the size of the Mag-Tar-DL
NBs has not changed significantly (Fig. S1D). As observed from the
transmission electron microscope (TEM) image shown in Fig. 2B, the
Mag-Tar-DL NBs show a hollow sphere-like structure with the darker
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Fig. 4. The inhibition efficiency of R406 on the inflammatory factors’ secretion. The inflammatory factors secreted by RAW264.7 macrophage mainly include
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Fe304 nanoparticles were inlaid on the shell of NBs, endowing the NBs
with magnetic targeting ability (Fig. 2C). Energy dispersive spectrom-
eter (EDS) elemental mapping analysis further verified the presence of
Fe, O, and C elements in the prepared NBs (Fig. 2D). Furthermore, the
successful modification of the VCAM-1 antibody on the surface of the
Mag-Tar-DL NBs could be evidenced by the confocal laser microscope
(CLSM). The merged CLSM image showed co-localization of the red
fluorescence emitted by the Dil-labeled NBs and the green fluorescence
emitted by the AF488-labeled VCAM-1 antibody, indicating that effi-
cient modification of the biotin-Mag-DL NBs with the VCAM-1 antibody
via the biotin-avidin bridging method (Fig. 2E). For further confirming
the magnetic-targeting behavior of the Mag-Tar-DL NBs, a rubidium
magnet was placed on one side of the sample bottle to provide a mag-
netic field. After 4 min, the magnetic NBs loaded with Fe304 nano-
particles gathered to the one side of the sample bottle, confirming their
favorable magnetic-targeting performance (Fig. 2F).

3.2. R406 loading rate and encapsulation rate

R406, a SYK inhibitor, can reduce the inflammatory response of the
vascular endothelium, which can further alleviate the symptom of
atherosclerosis [30]. In this study, R406 was used as anti-atherosclerosis
drug which was loaded in the Mag-Tar-DL NBs. To confirm the loading
rate of R406, the UV-Vis spectroscopy was applied to detect the
absorbance of R406 in DMSO solutions with different concentrations.
The results indicated that R406 has two characteristic absorption peaks
in the wavelength range of 265-400 nm and the absorbance is propor-
tional to the concentration of R406 (Fig. S1E). To verify the successful
R406 loading, the R406-loaded NBs were dissolved in DMSO and then
detected by UV-Vis spectroscopy. The absorption curve of the
R406-loaded NBs sample exhibited similarity to that of pure R406 in the
wavelength range of 265-400 nm, indicating that R406 has been

successfully loaded into PLGA NBs via the double emulsion method.
Based on absorbance value of R406-loaded NBs at 280 nm and fitting
curve between R406 concentration and 280 nm absorbance value
(Fig. S1F), we calculated the encapsulation rate of R406 in DL NBs to be
96.67% and the loading rate of R406 in DL NBs to be 3.87%.

3.3. Contrast-enhanced US imaging of Mag-Tar-DL NBs in vitro

Contrast-enhanced US imaging utilizes hollow sphere-like structures
such as microbubbles and NBs to generate nonlinear harmonic signals
[31]. Compared to ordinary two-dimensional US imaging, contrast im-
aging of NBs offers natural advantages. Contrast imaging can distinguish
targeted tissue from the background signal of the tissues, thereby
improving the sensitivity and specificity of US diagnosis. Agarose gel
phantom, which has good sound transmission properties, was used to
simulate human tissue. When different concentrations of Mag-Tar-DL
NBs dispersion liquid were added to the holes of the agarose gel phan-
tom, the uniform US signal echo can be observed in B mode and Contrast
mode by US imaging device (Fig. 3C). The acoustic intensity in the hole
increased with the increasing of the Mag-Tar-DL NBs concentration
while no significant acoustic signal was detected in the hole of the blank
control group (Fig. 3A and B). It demonstrated the excellent
contrast-enhanced US imaging ability of Mag-Tar-DL NBs.

3.4. Ultrasonic blasting and release enhancement of R406 by ultrasonic
blasting from designed NBs

Ultrasound Targeting Microbubble Destruction (UTMD) is an
emerging technology for the controlled release of drugs, playing a sig-
nificant role in US diagnostics and therapy. UTMD enables US-triggered
targeting drug release, thereby increasing cellular uptake and bioavail-
ability of drugs [21,32,33]. Herein, based on the successful
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R406-loading and the dual-targeting behavior, the UTMD was further
used to trigger the rapid release of R406 at the atherosclerosis site,
enhancing the cellular uptake of R406 and improving the efficiency of
atherosclerosis treatment via multiple ways: (1) After the effective
enrichment in atherosclerosis site based on the dual-targeting effect, the
NBs can be crushed by ultrasonic waves to release the loaded R406
controllably in situ. (2) Under the influence of US, the NBs can induce a
cavitation effect, creating repairable micro gaps in nearby cells. (3) The
micro-acoustic flow, shock waves, and blood micro-jets generated dur-
ing the ultrasonic irradiation of the NBs can increase the uptake of the
released R406 in the target tissue [34].

To confirm the US-triggered NBs destruction, 1 mg/mL Mag-Tar-DL
NBs was added in the hole of the agarose gel phantom, and the ultrasonic
therapy instrument (1 W/cm?, 50% duty cycle, 1 min) was used to
irradiate the Mag-Tar-DL NBs in the hole. After the irradiation, the US
imaging device was employed to capture the acoustic imaging of the
suspension in the hole. The results showed that the acoustic signal of the
NBs in the hole cannot be observed in the US contrast mode after high-
power US irradiation (Fig. 3D and E). This suggested that the hollow-like
structure of the NBs had been destroyed and cracked to release the
loaded R406.

Furthermore, the release of R406 from designed NBs under US irra-
diation was investigated as well. R406-loaded Mag-Tar-DL NBs was
exposed to 1 min of US irradiation at 0 h, 3 h, 6 h and 12 h after initial
detection of R406 concentration. The release efficiency increases by
15.1%, 27.2%, 37.1% and 25.8% at 3 h, 6 h, 12h and 24h respectively
compared to the group without US blasting. The results showed the
release by US excitation plateaued at 12 h, reaching 77 % of the total
loading amount at 12 h, significantly higher than that observed without
US irradiation, suggesting that the US irradiation can promote the
loaded drug released from the designed NBs (Fig. S2).

3.5. In vitro biosafety evaluation

To evaluate the biosafety of R406 and the synthesized NBs in vitro,
RAW264.7 macrophages and HUVEC were incubated with R406 and
Mag-Tar-DL NBs for 24 and 48 h. Cell viability was assessed through
CCK-8 method. The results demonstrated that within the range of 2.0
pg/mL R406 and 200 pg/mL the designed NBs, as the concentration of
drugs and NBs increased, the cell viability of RAW264.7 and HUVEC did
not decrease significantly (Figs. S3 and S4), indicating that R406 and the
Mag-Tar-DL NBs exhibit insignificant cytotoxicity towards RAW264.7
and HUVEC cells.

3.6. Anti-inflammatory effect of R406

R406, a small molecule inhibitor, can inhibit phosphorylation of SYK
substrate linker, block activation the SYK dependent immune cell, and
reduce immune inflammation mediated by immune complexes [14].
Therefore, R406 can inhibit the expression of inflammatory factors by
interrupting the signal transmission of SYK. LPS, a component of the
gram-negative bacterial wall, is commonly used to induce cellular
inflammation in vitro. It stimulates cells into an inflammatory state and
secrete various inflammatory factors including TNF-a, MCP-1 (CCL-2),
and IL-6 in vitro [35,36]. As a pro-inflammatory cytokine, TNF-a can
continuously stimulate macrophages in the bloodstream, promotes a
’positive feedback’ loop in the inflammatory response, and amplifies
inflammation. MCP-1 (CCL-2) is a chemokine that recruits immune cells
to sites of inflammation, thus facilitating the spread of the inflammatory
response throughout the body [37].

In order to study the inhibition efficiency of R406 and R406-loaded
NBs on cell’s inflammation, RAW264.7 and HUVEC cells were selected
as the research objects. LPS was used to stimulate RAW264.7 and
HUVEC cells into the inflammatory state. After co-cultured with R406,
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Fig. 6. The antibody targeting adhesion performance of Mag-Tar-DL NBs and Mag-DL NBs in vitro and the selection of ultrasonic safety power range. (A)
Adherence of Mag-Tar-DL NBs (Dil) and Mag-DL NBs (Dil) on inflammation HUVEC (Hoechst 33342). (B) Quantitative analysis adhesion performance of Mag-Tar-DL
NBs and Mag-DL NBs. (C, D) The results of HUVEC’s calcein staining and CCK-8 test under the irradiation of different ultrasonic powers (Scale = 50 pm).

ELISA was used to detect the secretion of inflammatory factors in the cell
supernatant. The results revealed that R406 can reduce the inflamma-
tion generated by both RAW264.7 (Fig. 4A-C) and HUVEC cells
(Fig. 4D-F). In the RAW264.7 inflammation system, TNF-a, MCP-1
(CCL-2), and IL6 were selected as detection indicators. In the HUVEC
inflammation system, VCAM-1, ICAM-1 and MCP-1 (CCL-2) were
selected as the detection indicators. The fitting curve was constructed
for different indicators based on the concentrations and 450 nm absor-
bance values of the standard samples. This allowed us to calculate the
secretion of various inflammatory factors in the cell supernatant ac-
cording to the standard curve, demonstrating a significant inhibitory
effect of R406 on inflammation in both macrophages and endothelial
cells. Notably, the degree of inhibition was found to be dependent on the
concentration of R406, indicating its potential efficacy in treating
inflammation-related diseases. As mentioned earlier, R406 achieves its
anti-inflammatory effects by inhibiting the SYK pathway, thereby
effectively mitigating inflammation in vascular endothelium and blood
macrophages, thus presenting a promising therapeutic strategy for
atherosclerosis treatment.

3.7. Anti-inflammatory effect of Mag-Tar-DL NBs

In order to study whether R406 retains its anti-inflammation effect
when it was encapsulated into PLGA NBs. Free R406, empty NBs and
R406-loaded NBs were separately co-cultured with LPS-stimulated
RAW264.7 and HUVEC cells. After the co-culture, ELISA was used to
detect the secretion of inflammatory factors in the cell supernatant.
Results showed that the empty NBs have no obvious effect on inhibiting
inflammation. However, both R406 and the R406-loaded NBs signifi-
cantly inhibited the secretion of inflammatory factors like TNF-a, MCP-1
(CCL-2), IL-6, VCAM-1 and ICAM-1. Noticeably, it indicated that free

R406 exhibits a more potent anti-inflammatory effect compared to
R406-loaded NBs. This could be due to the slower release kinetics
associated with the R406-loaded NBs. In this regard, US-triggered NBs
destruction can induce the rapid release of R406 and overcome this
limitation. In general, the therapeutic effect of R406 was retained in NBs
(Fig. 5).

3.8. Adhesion effect of targeting NBs in vitro

The endothelia cells express various adhesion factors and inflam-
matory factors in response to mechanical or chemical stimulation. In
addition to secreting various inflammatory factors into the blood, the
cell surface also expresses various adhesion molecules including VCAM-
1 and ICAM-1 which provide the physiological basis for the enrichment
of targeting nanoparticles in the targeting area of blood vessels. Aiming
at these adhesion molecule receptors, we modified the targeting VCAM-
1 molecular probes on the surface of NBs to endow them with the ability
to enrich in specific areas. In order to study the adhesion effect of Mag-
Tar-DL NBs in vitro, LPS was used to stimulate HUVEC into the inflam-
matory state. The Mag-Tar-DL NBs and Mag-DL. NBs were separately
incubated with inflammatory HUVEC for 10 min. The unbound NBs was
washed away after the incubation with phosphate buffer solution (PBS).
In order to observe the adhesion effect, the Hoechst 33342 was used to
stain the cell nucleus and Dil was used to label the NBs. Under the
fluorescence microscope, we observed a large number of red Mag-Tar-
DL NBs adhered to the blue cells while the Mag-DL NBs rarely
adhered to HUVEC’s surface. It demonstrated the efficient antibody-
targeting ability of the Mag-Tar-DL NBs (Fig. 6A and B).
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DL NBs Tar-DL NBs Mag-Tar-DL NBs

Fig. 8. The in vivo US contrast images of LSS area at different time points
(0, 1 and 3 min) after injection of DL NBs, Tar-DL NBs, and Mag-Tar-DL
NBs. The yellow dashed box indicates the aorta, and the white dashed box
indicates the silver clip.

3.9. Selection of safe US power density

While increasing the US irradiation energy can facilitate the lysis of
the NBs and the release of the encapsulated drug, it is crucial to
acknowledge that a higher ultrasonic intensity does not automatically
ensure improved therapeutic outcomes. Excessive US irradiation can
damage the vascular endothelium, emphasizing the need to carefully
select the appropriate ultrasonic irradiation parameters for in vivo ex-
periments. To achieve this goal, we conducted simulations of US irra-
diation on endothelial cells in vitro. The calcein-staining and CCK-8
method were utilized to analyze the activity of HUVEC following US
irradiation at different power levels (Fig. 6C and D). Based on the CLSM
observations and CCK-8 assay results, it has been determined that ul-
trasonic irradiation does not significantly impact the cell viability of
HUVEC at powers lower than 1.2 W/cm?. When the ultrasonic irradia-
tion power is higher than 1.4 W/cm?, the cell viability began to decrease
significantly. Therefore, US power within 1.2 W/cm? was selected for
the further experiments in vivo to realize the US triggered treatment and
the biosafety of endothelial cells.

3.10. Enhancement of drug therapeutic effects by US

Previous studies have demonstrated that US can facilitate the cellular
uptake of drugs through various biological effects, such as cavitation,
thereby augmenting their therapeutic efficacy [38]. In this study,
HUVEC was exposed to US, and MCP-1 (CCL-2) was selected as the
typical detection indicator to explore the potential enhancement of the
anti-inflammatory effect of R406 under US irradiation. Our findings
revealed that the expression of MCP-1 (CCL-2) in the R406+US group
was lower than the R406 group, indicating a stronger anti-inflammatory
effect of R406 when combined with US irradiation (Fig. S5). It suggested
that US has the capability to enhance the therapeutic effects of drugs.

3.11. LSS model

WSS is the tangential friction force of the blood flowing in the blood
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vessel against the blood vessel wall. Vascular endothelial cells can sense
the changes in blood flow shear stress, which is widely regarded as the
most significant mechanical factor contributing to atherosclerosis and
plaque rupture [39]. Studies showed that abnormal blood flow
morphology such as the decreasing WSS, non-laminar flow, turbulent
flow, may be related to the pathological changes of atherosclerosis [38].
In recent years, many experiments in vitro supported the view of LSS can
induce atherosclerosis [5,40]. Continuously decreasing WSS can stim-
ulate the thickening of the arterial intima and the proliferation of media
smooth muscle, suggesting that a reduction in WSS is one of the factors
contributing to atherosclerosis development [41,42]. Caroline Cheng
et al. have demonstrated that LSS can readily induce atherosclerosis by
creating a model of localized stenosis in the common carotid artery and
plaques caused by LSS have a larger lesion and more vulnerable plaque
phenotype [43].

There are various methods to establish LSS model including surgical
thread ligation, chemical burn method and balloon injury protocol [44,
45]. In this study, an arterial silver clip with an inner diameter of 0.2 mm
was utilized to create an LSS model on the abdominal aorta of C57 mice
(Fig. 7K, Fig. S6). Compared with other methods, the arterial silver clip
can create an arterial injury model with the same stenosis size and
eliminate the difference in stenosis size caused by surgical error [11].
After anesthetizing the mice with sodium pentobarbital, we opened the
abdominal cavity and separated the abdominal aorta. The 0.2 mm
arterial silver clip was placed on the abdominal aorta. After establishing
the LSS model, the blood flow velocity and WSS in the abdominal aorta
of both the control group mice and the model group mice were measured
using the US imager (Fig. 7A-F). The results displayed that the blood
flow velocity of the abdominal aorta was significantly reduced in the
model group mice compared with the control mice (Fig. 7A-C) and the
WSS in the LSS area in front of the artery stenosis was also significantly
reduced (Fig. 7D-F). It showed the success of the surgical model. To
confirm the effect of LSS, we took out the abdominal aorta from model
group mice and normal mice in the fourteenth day after modeling and
prepared them into paraffin sections. H&E staining and IHC staining
were performed on the paraffin sections (Fig. 7G-J). The IHC staining
results in LSS group showed that, the staining amount at the endothelial
cells in the LSS areas is relatively deep (indicated by arrows), it indicated
that endothelial cells expressed a large number of inflammatory factors
(IL-6 and TNF-a) and adhesion molecules (VCAM-1) under the influence
of LSS. In the control group, the IHC staining amount at the endothelial
cells was not deep as the LSS group (Fig. 7H-J). The results of quanti-
tative analysis showed the vascular endothelial cells under the influence
of LSS expressed more inflammatory factors (IL-6) and adhesion mole-
cules (VCAM-1) indeed (Fig. 7L-N). It indicated that LSS can stimulate
vascular endothelial into inflammation and up-regulate the secretion of
endothelial cell inflammatory factors and adhesion molecules.

3.12. US imaging of Mag-Tar-DL NBs in vivo

In order to study the adhesion of Mag-Tar-DL NBs in LSS areas, we
separately injected DL NBs, Tar-DL NBs and Mag-Tar-DL NBs into the
LSS model mice through tail vein way. The dose of injected NBs is 0.5
mg/kg. In Fig. 8, the white dashed box corresponds to the silver clip, and
the yellow dashed box represents the LSS area situated behind the silver
clip. Within the DL NBs group, it is evident that DL NBs transiently
traverse the LSS region within 1 min, exhibiting minimal adhesion to
this area. Conversely, Tar-DL NBs pass through the LSS region and
demonstrate a certain degree of adherence attributable to the antibody
targeting effect. After 1 min of injection, the echo of Tar-DL NBs can still
be observed in the LSS region. Subsequently, over a 3-min period, the
number of Tar-DL NBs adhering to the LSS area gradually diminishes
and eventually disappears due to the continuous influence of blood flow.
In the Mag-Tar-DL NBs group, due to the combined effect of antibody
targeting and magnetic targeting, a substantial number of NBs can be
observed within the LSS region within 1 min of injection. Despite the
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continuous impact of blood flow, Mag-Tar-DL NBs can continue to
remain in the LSS region under the magnetic targeting force. Even after
3 min of injection, Mag-Tar-DL NBs that remain within the LSS region
due to the magnetic field.

3.13. Treatment effect of Mag-Tar-DL NBs in vivo

To study the therapeutic effect of Mag-Tar-DL NBs, the mice were
divided into 5 groups randomly after batch modeling (Control group, US
group, R406 group, Tar-DL NBs + US group, Mag-Tar-DL NBs + US
group) (Fig. S7). The treatment started from the third day after the
successful modeling (Fig. 9A and B). The same as the R406 group, both
the Tar-DL NBs and Mag-Tar-DL NBs were administered with the same
R406 dose of 5 mg/kg. After consecutive 12-day treatment, the
abdominal aorta of LSS area was taken out, paraffin-embedded and
sectioned. H&E staining and IHC staining were performed. The staining
results showed that compared to the LSS group, there was no significant
decrease in the expression of inflammatory factors on the endothelial
surface in the US group. In addition, the expression levels of inflam-
matory factors in endothelial cells of other treatment groups showed a
decreasing trend to varying degrees (Fig. 9C). Image J software was used
to quantitatively analyze the inflammatory factors on the endothelium.
The results showed that LSS can induce the endothelium of the
abdominal aorta of mice to express a large number of inflammatory
mediators and adhesion factors. Under normal circumstances, mono-
cytes, white blood cells and platelets in the blood hardly adhere to the
vascular endothelium. Under the stimulation of LSS, the endothelium
begins to express a large number of inflammatory mediators and adhe-
sion factors such as VCAM-1 and ICAM-1. Monocytes are more likely to
adhere to the vascular endothelium, invade the vascular intima and
evolve into foam cells. Under the action of long-term LSS, local vascular
inflammation can easily develop into atherosclerotic plaque [40].
Therefore, Effective delivery of R406, a SYK inhibitor, can significantly
impede the progression of atherosclerosis. Through the combined
application of magnetic and antibody targeting, Mag-Tar-DL NBs accu-
mulate and release R406 within areas of LSS, optimizing therapeutic
impact. The IHC staining results showed that, in Mag-Tar-DL NBs + US
group, the expression of TNF-o, IL-6 and VCAM-1 in the vascular
endothelium was significantly lower than LSS group. In addition,
through analyzing the IHC staining results of other therapeutic groups,
we found that in the other therapeutic groups containing R406, the in-
flammatory factors in the LSS region showed varying degrees of
decrease. In the IL-6 and VCAM-1 IHC staining results, Mag-Tar-DL NBs
+ US group showed little difference in treatment efficacy compared to
other treatments. In the IHC staining results of TNF-a, among the groups,
the therapeutic effect of Mag-Tar-DL NBs was the best. The cause of this
situation may be due to the short treatment cycle, and the difference in
treatment effectiveness is not very significant. However, the results still
show a good downward trend. It indicated the potential application of
Mag-Tar-DL NBs in anti-atherosclerosis (Fig. 9D-F).

4. Conclusion

In summary, this study has successfully developed Mag-Tar-DL NBs
utilizing the double emulsion method and the biotin-avidin bridging
technique. These NBs have exhibited excellent characteristics, including
magnetic responsiveness, targeted antibody delivery, biocompatibility,
anti-inflammatory effects, and US imaging capabilities in both in vitro
and in vivo settings. Abnormal hemodynamics such as LSS can provoke
an inflammatory response in the arterial intima and lead to athero-
sclerosis. To address this issue, we utilized a surgical technique to
construct the LSS model and deployed Mag-Tar-DL NBs with dual tar-
geting effects to deliver R406 to the LSS area. Subsequently, UTMD was
employed to facilitate the rapid in situ release of R406 from the Mag-Tar-
DL NBs to inhibit inflammation in the LSS area. As expected, guided by
an external magnetic field and targeted antibodies, Mag-Tar-DL NBs
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accumulated in the LSS area and inhibited inflammation, thereby pre-
venting the progression of atherosclerosis. Importantly, this study pro-
vides a controllable drug delivery system under US imaging guidance,
which improves the efficiency of anti-atherosclerosis therapy and offers
a promising new method for drug delivery in large and medium arteries.
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