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A new agent for contrast-enhanced intravascular ultrasound imaging in vitro:
polybutylcyanoacrylate nanoparticles with drug-carrying capacity

Congying Wang® ), Haodong Jiang®, Jia Zhu and Yunpeng Jin
The Department of Cardiology, The Fourth Affiliated Hospital of Zhejiang University School of Medicine, Yiwu, Zhejiang, China

ABSTRACT ARTICLE HISTORY

This study prepared and evaluated polymeric polybutylcyanoacrylate (PBCA) nanoparticles (NPs) that can Received 17 August 2023
be used as a new agent for contrast-enhanced intravascular ultrasound (IVUS) imaging with drug delivery ~ Accepted 20 March 2024
capacity. The nanoformulation was successfully developed using suspension polymerisation and KEYWORDS
characterised in terms of size, size distribution, zeta potential, morphology, stability, toxicity effects, Polybutylcyanoacrylate;
imaging effects and drug release study. The results showed that the nanoparticles were round and nanoparticle; intravascular
hollow, with a particle diameter of 215.84+25.3nm and a zeta potential of —22.2+4.1mV. In vitro ultrasound; contrast
experiments, the nanoparticles were safe, non-toxic, and stable in nature with the capacity to carry and agent; drug delivery
release drug (ant-miR-126). Moreover, the nanoparticles can match the high-frequency probe of

commercially IVUS as a contrast agent to improve the resolution of imaging (the mean echo intensity

ratio in the vascular wall increased significantly from 10.89+1.10 at baseline, to 24.51+1.91 during

injection and 43.70+0.88 after injection, respectively p<.0001). Overall, a new nano agent with

drug-carrying capacity was prepared, which can be used in combination with IVUS for simultaneous

diagnosis and targeted therapy of coronary atherosclerosis.

Introduction frequencies of commercial microbubble contrast agents are
typically <10MHz, while transducers used in coronary IVUS
typically operate at frequencies >20MHz, making them poor
excitation sources for microbubbles [10]. While this can be
partially addressed by some approaches such as dual-frequency
transducer, radial modulation, subharmonic or second har-
monic imaging, bandwidth limitations on commercial IVUS
transducers generally result in a reduction in either transmit
pressure or receive sensitivity, or both [11]. The resonant fre-
quencies of polymer-sheathed nanoparticles are higher than
those of commercial microbubble contrast agents that can
meet IVUS standards [12]. Moreover, the resonant frequency
was observed to be higher in the smaller particle size [13]. As
far, an agent that can be used to directly match commercial
IVUS has not yet been reported.

Alkylcyanoacrylate (ACA) is a medical adhesive that exhib-

Intravascular ultrasound (IVUS) is a commonly used clinical
examination by intervening to deliver a tiny high-frequency
ultrasound probe (25-60MHz) to the coronary artery lesion for
imaging. As a well-known medical imaging technique, IVUS
plays a crucial role in the diagnosis, treatment guidance and
post-treatment evaluation of coronary artery disease. However,
the spatial and contrast resolution of IVUS are still relatively
inadequate. This is mainly reflected in the insufficient discrim-
ination between intravascular thrombus and hyperplastic
intima, the insufficient discrimination between blood and
lipid-rich plaques, the inability to clearly display images of
microstructures, such as intima-media and intima-media rup-
ture, and the inability to clearly display neoplastic trophoblas-
tic vessels within plaques, which ultimately results in the
insufficient ability to discriminate between plaque-loaded and
vulnerable plaques [1, 2]. Contrast-enhanced IVUS imaging its high reactivity. In the presence of alkaline substances or a
extends the capabilities of IVUS imaging by improving the wet environment, ACA readily polymerises to form polyalkyl-
contrast between the lumen and the intima of the blood ves- Ccyanoacrylate (PACA) [14]. As a drug carrier, PACA shows
sel [3-6]. Microbubbles can be used as a contrast agent for 9dreat promise as a nanomaterial due to its biodegradability,
ultrasound and enhance cellular uptake of drugs [7]. The com- favourable biocompatibility, and non-immunogenic nature.
bination of IVUS and microbubbles permit simultaneous diag- Nanoparticles (NPs) composed of PACA can carry different
nosis and treatment of coronary atherosclerosis [8]. However, ~drugs to produce various biological effects, and can be easily
the commercially available IVUS diagnostic technique is not modified chemically or physically to realise targeted drug
well suited to microbubble contrast agents [9]. The resonant delivery, which is one of the hot spots in the research of drug
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delivery system at present. Commonly used monomers of
ACA are methylcyanoacrylate (MCA), ethylcyanoacrylate (ECA),
butylcyanoacrylate (BCA), isobutylcyanoacrylate (IBCA), etc.
Since the degradation rate of PACA in vivo is inversely pro-
portional to the length of alkyl chain, and the cytotoxicity
decreases with the chain lengthening, polybutylcyanoacrylate
(PBCA) is the most widely and intensively researched nano-
material. PBCA stands out from other nanoparticle materials
with its high adsorption, low toxicity and excellent biode-
gradability. Its strong modifiability also allows it to be modi-
fied by different substances, thus obtaining different
physicochemical properties and targeting functions, which
greatly broadens its scope of use [15]. In this study, polymeric
PBCA NPs were synthesised and assessed across various
dimensions. The NPs can be used as a new agent for
contrast-enhanced IVUS imaging with drug transport capacity.

Materials and methods
Materials

Several important materials were used for the research.
Specifically, ant-miR-126 and BCA were purchased from
GenePharma (Suzhou, China) and Macklin (Shanghai, China),
respectively. Trehalose and Tween 80 were obtained from
Solarbio (Beijing, China). Poloxamer 188, also known as Pluronic
F68 or poly (ethylene glycol)-block-poly (propylene gly-
col)-block-poly (ethylene glycol) was purchased from Aladdin
(Shanghai, China). Phosphate-buffered saline (PBS) was pur-
chased from KeyGEN BioTECH (Jiangsu, China). Primary rat aor-
tic endothelial cells and primary endothelial cell culture system
were supplied by iCell Bioscience Inc. (Shanghai, China). Three
porcine aortas were excised from three normal male domestic
pigs (4- or 5-month-old) with a mean bodyweight of 81+4kg
at the animal laboratories, Zhejiang University, China.
Furthermore, ox-LDL was obtained from YiyuanBiotech
(Guangzhou, China). All other materials are analytical-grade.

It should be noted that all reagents and compounds were
used as received without further purification unless specified
otherwise. All the equipment was calibrated and operated
according to the manufacturer’s instructions. All experiments
were repeated at least three times. All research complied with
the Guide for the Care and Use of Laboratory Animals and
were approved in advance by Zhejiang University Ethics
Committee (Approval No.: ZJU15781).

Preparation of IVUS-resistant ant-miR-126 PBCA NPs

This study presents a methodology for the development of
IVUS-resistant ant-miR-126 PBCA NPs, utilising a suspension
polymerisation technique followed by sonication centrifugation.
Initially, an IVUS probe underwent sonication for one minute
within a 50ml test tube. Electron microscopy was used to
assess the probe’s integrity, providing insight into the ideal
parameters for creating IVUS-resistant structures. The optimal
method of preparation involved three primary steps:

The first step entailed the creation of Drug Aqueous
Solution |, where the RNA drug 2 OD and 0.5g of BCA were
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dissolved in 20ml of 0.01 M HCl. This was followed by the sec-
ond step, preparing Drug Aqueous Solution II, which required
dissolving 1% w/v Poloxamer 188 in 20ml of 0.01 M HCI.

Subsequently, in the third step, Drug Aqueous Solution |
was incorporated into Drug Aqueous Solution Il. This com-
bined solution underwent shearing using a high-speed dis-
perser (510 type, SCIENTZ, Ningbo, China) for 90s at a rate of
8,000-15,000rpm. Then, the solution was stirred at 600-
800rpm for 4h on a heatable magnetic stirrer (MS-H280-pro,
DLAB, Beijing, China). The polymerisation process was halted
by neutralisation with 0.1M NaOH, which yielded a pH of
6.7-7.0. An additional hour of stirring followed. Centrifugation
of the solution at 15,000rpm for 60min allowed for separa-
tion, with the supernatant washed three times with ultrapure
water, involving centrifugation for 10min at 15,000rpm for
each washing. The resulting NPs were then resuspended in
1% w/v trehalose dihydrate and freeze-dried, ultimately pro-
viding drug-loaded PBCA NPs. A crucial point in the third
step was pH monitoring post-polymerisation using precision
pH strips. If the solution turned pink (indicative of a high pH),
it was adjusted to a pH of 6.7-7.0 using HCl. Finally, the
IVUS-resistant blank PBCA NPs (no drugs carried) were syn-
thesised following the above-mentioned protocol, with the
only exception being the omission of ant-miR-126 (2 OD)
from the medium. The experiment involves ultra-micro spec-
trophotometer (nanophotometer np80, Implen, Germany) and
pure water metre (HHitech, Shanghai, China).

In vitro characterization of IVUS-compatible PBCA NPs
loaded with ant-miR-126

Morphological observation of blank PBCA NPs and
ant-miR-126 loaded PBCA NPs

A 2ml sample of ant-miR-126 loaded PBCA NPs was washed
three times with 0.1M PBS (pH 7.4) and centrifuged at
1,500rpm for 15min. The supernatant was discarded, and the
NPs were fixed with 2.5% glutaraldehyde phosphate buffer
for 1h. Subsequently, the NPs were fixed with 1% osmium
tetroxide fixative for approximately 2h, followed by three
washes with 0.1M phosphate buffer or distilled water, each
lasting 5min. The NPs were dehydrated using a gradient eth-
anol series, including 30%, 50%, 70%, and 90% ethanol for
10-15min each. The NPs were then infiltrated with a 1:1 mix-
ture of acetone embedding medium for 1-2h. Polymerisation
was carried out at 37°C for 12h, followed by an additional
24-36h at 60°C. The samples were sectioned, stained with
saturated uranyl acetate for 30min and lead citrate for
5-8min, and observed and photographed using transmission
electron microscopy (JEM-1230(80KV), JEOL, Japan) and scan-
ning electron microscopy (Quanta250, FEI, USA). The same
procedure was performed on blank PBCA NPs, excluding the
addition of ant-miR-126 to the culture medium.

Size, size distribution, zeta potential of blank NPs and
ant-miR-126 loaded PBCA NPs

A 2ml sample of ant-miR-126 loaded PBCA NPs was centri-
fuged and washed three times with PBS at room temperature
at 1,500rpm for 5min. The sample was then transferred to a
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cuvette, and the particle size and zeta potential were mea-
sured using a zeta potential and particle size analyser (90Plus/
BI.MAS Brookhaven, USA). The same procedure was performed
on blank PBCA NPs, excluding the addition of ant-miR-126 to
the culture medium.

Stability of blank NPs and ant-miR-126 loaded PBCA NPs
To evaluate the stability of blank NPs, three 0.1 ml samples of
blank PBCA NPs were washed three times with PBS at room
temperature at 1,500rpm for 5min, and stored at 4°C. After
24h, 48h, 72h, and 7days, observe the NPs and capture
images using transmission electron microscopy to compare
the time of NPs rupture. The same method as above is used
to measure the stability of ant-miR-126 loaded PBCA NPs.

Toxicity assessment of blank NPs and ant-miR-126
loaded PBCA NPs

Primary rat aortic endothelial cells (after 50 pug/mL ox-LDL
treatment for 24h) were cultured in 96-well plates at a den-
sity of 5,000 cells/well. Treatment with addition of PBCA NPs
(0, 0.1, 0.5, 1, 2, 4, 10mg/ml) was carried out according to
experimental grouping, and the cells in 96-well plates to be
tested were replaced with the same medium at 100 per
well. 10l of CCK8 reagent was added to each well, and the
cell viability was observed after 48h of incubation in the
incubator.

In vitro experiments of ant-miR-126-loaded PBCA NPs
for IVUS-targeted drug delivery and enhancing its
resolution

Three porcine aortas were excised from healthy pigs as exper-
imental vessels (all without significant plaque), injected with
fresh blood, and imaged with IVUS. First, record the initial
image. Then, 2ml of PBCA NPs were injected through a guide
catheter near the imaging catheter while keeping the imag-
ing catheter in a fixed position. Images were observed and
recorded after an acute IVUS operation. After waiting for
1min, the IVUS procedure was repeated, and images were
observed. Ultimately, the acquired images were subjected to
a comparative and analytical examination. The OptiCross™
Intravascular Ultrasound catheter (40MHz, Boston Scientific,
USA) with a mechanical rotating transducer was used to per-
form IVUS.

Therapeutic efficacy of IVUS-compatible ant-miR-126
loaded PBCA NPs

Primary rat aortic endothelial cells were cultured and identi-
fied using von Willebrand factor (vWF) immunofluorescent
staining. The experiment included a normal group, a drug
solution group, a blank PBCA NPs group, and an ant-miR-126
loaded PBCA NPs group (drug loading content of 0.5 OD).
The experimental procedure involved the preparation of drug
solutions, PBCA NPs, and ant-miR-126 loaded PBCA NPs fol-
lowing the steps described in this paper. The extracts were

obtained by sonication for 1min and filtration, and then the
extracts were incubated with the cells for 16 h. The expression
of miR-126 (miR-126-3p) in the cells was detected using
quantitative PCR (gPCR) [16].

Cellular injury models were established by inducing endo-
thelial cell damage with ox-LDL (50pg/ml) for 24h. In the
drug group, pre-treatment with drug-loaded PBCA NPs was
performed before modelling (specific dosage and duration
determined in pre-experiments). Oil red O staining and bio-
chemical assays were used to determine the levels of total
cholesterol (TC) and free cholesterol (FC) in the cells, indicat-
ing the presence of injury. After 24h of injury, cell viability
was measured using CCK-8 assay, apoptosis was analysed by
flow cytometry, nitric oxide (NO) levels and lactate dehydro-
genase (LDH) leakage were measured using enzyme linked
immunosorbent assay (ELISA) [17], and the expression of
miR-126 in the cells was detected using qPCR.

Analysis of contrast-enhanced sequences

All recorded sequences were analysed using automated algo-
rithms to detect, quantify, and visualise perfusion in
contrast-enhanced image sequences. In brief, a human oper-
ator delineated the inner and outer boundaries of the subset
and defined the region of interest on the first frame of that
subset. For example, to monitor plaques, the operator pro-
vided luminal-boundary contours as well as contours indicat-
ing the intima/media interface. The images underwent
contrast enhancement, resulting in noticeable changes in
specific regions. These changes were then measured and dis-
played in a quantified and visual manner. To quantify this
enhancement, the greyscale levels of the difference images
on the region of interest (ROI) were averaged to generate the
statistic of mean enhancement in ROl (MEIR).

Statistical analyses

Data were summarised using simple descriptive statistics.
Unless otherwise stated, continuous variables were expressed
as mean and standard deviation. The quantification of
enhancement after microbubble injection was represented as
the percentage of enhancement compared to the baseline
image before injection (% AMEIR) and was evaluated using
parametric or non-parametric analyses as appropriate. For
selected regions (vascular wall), a paired-sample Student’s
t-test was used to compare the statistic A-MEIR values. The
changes in enhancement after NPs injection between differ-
ent vascular regions (vascular wall) were compared using
independent-sample t-tests. A p-value of less than .05 was
considered statistically significant.

Results and discussion

Preparation of PBCA NPs and ant-miR-126 loaded
PBCA NPs

PBCA NPs and ant-miR-126 loaded PBCA NPs were success-
fully synthesised using suspension polymerisation and



acoustic centrifugation techniques. The BCA monomer exhib-
its high self-polymerisation activity and polymerise itself into
PBCA NPs in acidic medium without requiring energy input,
and exhibits high stability, making the preparation of PBCA
relatively simple [18]. Additionally, PBCA NPs have a higher
resonant frequency, making them more suitable for the oper-
ating frequencies of commercial IVUS transducers. The utilisa-
tion of PBCA NPs as contrast agents can enhance the contrast
between the lumen and intima of blood vessels, thereby
improving the resolution and diagnostic capabilities of IVUS
imaging. Currently, there is extensive research focused on
nanoscale synthetic polymers as drug carriers, which offer
enhanced safety and reliability compared to viral vectors.
These polymers provide an excellent approach for controlled
release and targeted delivery of drugs [19, 20].

Size, size distribution, and zeta potential of NPs

Particles with a diameter smaller than 700nm possess the
capability to traverse the interstices within the endothelium
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of blood vessels with plaque burden and manifest their phys-
iological influences [21]. Using the zeta potential and particle
size analyser (90Plus/BI-MAS Brookhaven, USA), it was deter-
mined that the PBCA NPs and ant-miR-126 loaded PBCA NPs
(Figure 1) met the required specifications in this investigation.
The average particle size of PBCA NPs is about 215.8+25.3nm,
and the average particle size of ant-miR loaded PBCA NPs is
about 427.5+80.1nm, both particle sizes are concentrated.
The results also showed that PBCA NPs and ant-miR-126
loaded PBCA NPs were formed with stable negative zeta
potential (Figure 2). The zeta potential of PBCA NPs is mea-
sured to be —22.2+4.1 mV, while the zeta potential of ant-miR
loaded PBCA NPs is determined to be —22.7+7.2mV.

Evaluation of the NPs’ morphology

Whether loaded with drugs or not, electron micrographs of
NPs show smooth spherical structures without apparent break-
points or pitting (Figures 3-5). The good morphology exhib-
ited by the NPs laid the foundation for further experiments.

Figure 1. The size, size distribution of (A) blank polybutylcyanoacrylate (PBCA) nanoparticles (NPs) and (B) ant-miR-126 loaded PBCA NPs.
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Figure 2. Zeta potential distribution of (A) blank PBCA NPs and (B) ant-miR-126 loaded PBCA NPs.

Evaluation of the NPs’ stability

Prior research has demonstrated that PBCA NPs have reason-
able stability as they are stable polymer-based nanocarriers.
The aforementioned phenomenon can be ascribed to the
inherent rigidity of their matrix or shell, which enables them
to sustain their structural integrity for a prolonged duration
[22-24]. The study revealed that both the blank and
ant-miR-126 loaded NPs exhibited structural integrity without
substantial breakage following a 7-day storage period at a
temperature of 4°C. This finding suggests that the NPs pos-
sess relatively good stability.

Evaluation of ant-miR-126 loading efficiency

An assessment of the loading efficiency was not conducted
as the loaded ant-miR-126 could not be detected. Given the
potential impact of enhanced loading efficiency on treatment
effectiveness, future studies can focus on addressing this par-
ticular issue.

Cytotoxicity studies

The results have demonstrated that the primary rat aortic
endothelial cells are able to survive even in the presence of
PBCA NPs, indicating low toxicity of the NPs (Figure 6).
Therefore, NPs can be considered safe and non-toxic, suitable
for further research and potential clinical applications. In
short, it can be stated that the PBCA NPs exhibit favourable
biocompatibility, thereby ensuring their potential for exten-
sive investigation and utilisation within the human body in
forthcoming research and applications. However, one limita-
tion in particular for the cardiovascular field is reported
off-target effects in organ systems, in which systemically
injected miRNA-loaded PBCA NPs accumulate to a much
higher extent than the targeted heart or vessel wall [25, 26].
It has been shown that a reduction in miR-126 levels
decreases anti-tumor immune responses to some extent [27].
Therefore, in this study, the combination of IVUS and PBCA
NPs is expected to enable targeted drug delivery and avoid
undesired off-target effects. Future work is necessary to
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Figure 3. Morphology of blank PBCA NPs under transmission electron microscopy.

Figure 4. Morphology of ant-miR-126 loaded PBCA NPs under transmission electron microscopy.
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Figure 5. Scanning electron microscopy schematic diagram of blank PBCA NPs extraction solution (A1), ant-miR-126 loaded PBCA NPs extraction solution (B1).

Smooth and full NPs can be seen, for example, where these arrows indicate.

Figure 6. Schematic diagram of toxicity testing of PBCA NPs drug carrier. *
indicates p <.05 compared with the control group.

investigate targeting efficiency and off-target effects in in
vitro experiments.

In vitro for contrast-enhanced intravascular ultrasound
imaging

The challenge of combining contrast agents for ultrasound
imaging (e.g. ultrasound contrast agents) with IVUS and their
lack of therapeutic effects has not been adequately resolved
at present. Numerous studies have attempted to solve the
above issues by optimising imaging analysis methods [3-5],
improving ultrasound devices [28, 29], and developing novel
ultrasound contrast agents that can be directly combined
with existing IVUS devices and contain drugs [12]. Despite
the progress made, there are still problems, such as low
imaging rates, difficulties in commercialisation and wide-
spread adoption, and a low safety profile. In addition, drug
loading, controlled drug release, and targeted delivery capa-
bilities have achieved some success in clinical applications for
NPs [18-20].

The current investigation showcases the impact of NPs by
means of a quantitative analysis of greyscale values in IVUS
imaging. When analysing the images before and after
enhancement, the qualitative analysis of the enhanced region
can be observed in different vessel wall areas (Figure 7). After
quantitative analysis, the echo enhancement of vessel wall
regions was statistically significant (Table 1, Figure 8). After
injection of PBCA NPs, the MEIR in the vessel wall increased
significantly (10.89+1.10 at baseline, 24.51+1.91 during injec-
tion, and 43.70+0.88 after injection, respectively, p<.0001).
The MEIR value is equivalent to the difference between the
average gray value of the ROI (the average gray value of the
vessel wall) and the overall average gray value (the average
gray value of the vessel wall and the vessel lumen).

The qualitative analysis of the pre- and post-injection
images showed a gradual decrease in signal in the luminal
region of the vessel and a significant improvement in the ves-
sel wall region, as depicted in Figure 7. Quantitatively, the
vessel wall MEIR showed a significant increase after injection
of PBCA NPs. In this in vitro setting, it was observed that
PBCA NPs entered the vessel lumen first after intravenous
administration and became visible in the vessel wall after a
delay of 5 to 10s. Meanwhile, the prepared NPs can be
detected by the high-frequency IVUS, which also proves that
the NPs have relatively higher resonant frequencies and can
be well matched with the IVUS.

Drug release study

Under conditions characterised by vascular injury, hypoxia,
and shear stress alterations, the expression of miR-126-3p in
endothelial cells is enhanced. This upregulation subsequently
leads to the downregulation of sprouty-related EVH1
domain-containing protein 1 (SPRED1) and phosphoinositol-3
kinase regulatory subunit 2 (PI3KR2). Consequently, the down-
stream recombinant c-raf proto-oncogene serine/threonine
protein kinase (RAF1)/extracellular regulated protein kinase
(ERK) pathway and phosphatidylinositol 3-kinase (PI3K)/
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Figure 7. Depiction of qualitative representation of enhancement. Unprocessed images are displayed (a) before, (b) during, and (c) after injection of PBCA NPs.
Corresponding processed images are displayed in (d—f). Enhancement is graded from minimal (blue) to maximal (red). Values are a percentage of the maximum

grey level intensity difference.

Table 1. Depiction of quantitative representation of enhancement.

Area (px)  Mean StdDev Mode Min Max

After injection 3.326 78.075 38.480 43 0 253

During 3.178 58.427 32321 44 0 228
injection

Baseline 2972 39.912 22957 31 0 150

protein kinase B (AKT) pathway are activated, thereby facili-
tating the activation of the vascular endothelial growth factor
(VEGF) signalling pathway. This activation ultimately promotes

angiogenesis. In contrast, downregulation of miR-126-3p can
cause the upregulation of SPRED1 and PI3KR2, and then
inhibit the downstream RAF1/ERK pathway and PI3K/AKT
pathway respectively, thereby inhibiting VEGF signalling path-
way, leading to the obstruction of angiogenesis [30-35].

This study observed a decrease in the expression levels of
SPRED1 and PI3KR2 in the model group (rat aortic endothelial
cell injury model) when compared to the control group. In
comparison to the model group, the therapy group (treated
with the ant-miR-126 loaded PBCA NPs) exhibited
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Figure 8. The mean enhancement in region of interest (MEIR) after PBCA NPs
injection in the vascular wall regions.

Figure 9. Relative expression of SPRED1 and PI3KR2 in each group. The control
group was performed on normal rat aortic endothelial cells, the model group
was performed on a rat aortic endothelial cell injury model, and the treatment
group was treated with the addition of the ant-miR-126 loaded PBCA NPs to
the rat aortic endothelial cell injury model. * indicates p<.05 compared with
the control group, # indicates p <.05 compared with the model group.

upregulation of SPRED1 and PI3KR2. Following cellular injury,
miR-126 was upregulated in the model group, resulting in the
downregulation of downstream SPRED1 and PI3KR2. The ther-
apy group inhibited miR-126, so the downstream SPRED1 and
PI3KR2 were higher than those in the model group (Figure 9).
Given the inherent limitations in directly detecting the pres-
ence of loaded ant-miR-126, our ability to establish its release
and subsequent functional impact is contingent upon observ-
ing the resultant alterations in downstream molecular pro-
cesses. Furthermore, the elucidation and clarification of the
treatment effect and specific mechanism of action are yet to
be revealed and explicated by a substantial body of pertinent
research.

According to the above research findings, it is posited
that the PBCA NPs can be used in combination with IVUS for
simultaneous diagnosis and targeted therapy of coronary

atherosclerosis. The force generated on the NPs is due to the
absorption of ultrasound momentum, called the ultrasound
radiation force. In the absence of this force, NPs in laminar
flow exhibit lateral migration towards the vessel axis, which
prevents NPs from contacting the endothelium [36]. However,
the ultrasound radiation force is able to propel the flowing
NPs into contact with the vessel wall, where they enter the
vascular layer through the endothelial gap [13]. Therefore,
the drug-loaded PBCA NPs can accumulate at the periphery
of blood vessels, and penetrate into the lesion through the
endothelial clefts in the affected area, by the ultrasonic radi-
ation force from IVUS. Subsequently, the PBCA NPs can be
naturally hydrolysed, release the internal drugs and achieve
targeted drug delivery (Figure 10). MiR-126 is located on
chromosome 9 with a length of 85nt and is the most abun-
dant miRNA expressed in vascular endothelial cells. At pres-
ent, many studies have shown that it is positively correlated
with the formation of new nutrient vessels and the progres-
sion of coronary heart disease [37]. Simultaneously, it is also
abundantly expressed in platelets, plays a key role in the
process of platelet activation, and exhibits an inverse rela-
tionship with platelet inhibition. Therefore, the current accu-
mulating evidence shows that miR-126 may be used as a
potential new therapeutic target to inhibit the formation of
new nutrient vessels, delay or even reverse the progression
of coronary heart disease, and inhibit the function of plate-
lets [38, 39]. The ant-miR-126 used in this study inhibits the
function of miR-126 through strong competitive binding
with the mature miR-126 in vivo, preventing the complemen-
tary pairing of miR-126 and its target gene mRNA, so as to
achieve the therapeutic purpose.

Conclusions and recommendations

In this study, polymeric nanoparticles, PBCA NPs, were syn-
thesised using butyl cyanoacrylate as monomer in a suspen-
sion polymerisation scheme. By adjusting the parameters
during the manufacturing process, the NPs compatible with
the use of IVUS were successfully optimised. These NPs are
ideal as empty drug carriers.

The resultant nanoparticle drug carrier exhibited spherical
particles with hollow centres, with an average diameter of
216nm. The NPs possessed a stable negative surface poten-
tial of —22.2mV. In vitro experiments suggest that these NPs
are non-toxic, stable, and compatible with the high-frequency
probe of IVUS. By enhancing ultrasound signals, they effec-
tively enhance the resolution of IVUS. Under the radiation
force of IVUS, these NPs can pass through gaps in the vascu-
lar endothelium of lesions, concentrate at the margins, pene-
trate the lesion, and eventually decompose naturally, releasing
the encapsulated drugs. In this way, an IVUS-PBCA NPs tar-
geted drug delivery system is created.

In this study, ant-miR-126-loaded PBCA NPs were further
prepared. These drug-loaded NPs share similar physicochemi-
cal properties with the blank carrier, demonstrate safety and
stability, and have been shown to successfully release the
encapsulated ant-miR-126 in vitro. This release further sup-
presses the expression of cellular miR-126, enabling gene
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Figure 10. Schematic diagram of intravascular ultrasound (IVUS)-PBCA NPs targeted drug delivery system. Abbreviations: LDL, low density lipoprotein.

regulation that influences a series of downstream proteins
and triggers their effects. In combination with IVUS in the
future, targeted gene regulation can be achieved.

Future work involves further in vivo experimentation,
potentially using experimental pigs as test subjects for mod-
elling vulnerable coronary artery plaques. Through compara-
tive experiments, the IVUS-PBCA NPs targeted drug delivery
system will be applied for targeted gene regulation. The
expression of target genes and changes in protein molecules
within downstream pathways will be monitored. This approach
aims to achieve simultaneous diagnosis and targeted therapy
of coronary atherosclerosis.
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