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This study aimed to investigate the effect of double-layer nano-infusion on restenosis in animal models
of coronary atherosclerosis (CAD). For this purpose, forty Apolipoprotein E (APOE) gene mice
(ApoE~") were fed with 1.25% cholesterol, 10% fat, and 88.75% standard diet to establish CAD models.
They were classified into the control group with paclitaxel nanoparticles (PTX-NPs) and the observation
group with balloon infusion of PTX combined with vascular endothelial growth factor (VEGF) double-
layer nanoparticles (V-P-NPs). The vascular endothelial healing and the occurrence of vascular
restenosis were assessed. Results showed no significant differences in the particle size, distribution, and
Zeta-potential between PTX-NPs and V-P-NPs (P>0.05). According to the transmission electron
microscope (TEM), the nanoparticles had good dispersity, and the structure of the inner and outer layers
of V-P-NPs was obvious. There were insignificant differences between the entrapment efficiency of
PTX in PTX-PNS and the PTX and VEGF in V-P-NPs (94.32%, 95.66%, 97.89%) and drug-loading
rate (28.91%, 30.12%, 29.91%) (P>0.05). The vascular endothelial healing degree of the observation
group was better than that of the control group under optical coherence tomography (OCT). The
restenosis, including the stenosis (6.91+7.59)%, proliferation (0.12+0.02), and the maximum intima
thickness (0.07+0.09)mm of the observation group was decreased compared with the control group
((24.01+12.78)%, (0.28+0.01), (0.19+0.08)mm) (P<0.05). Then the double-layer nano-infusion therapy
was conducive to healing vascular endothelial tissue and could effectively inhibit vascular restenosis,
with clinical adoption value.

Copyright: © 2022 by the C.M.B. Association. All rights reserved

Introduction

As a common clinical

Paclitaxel (PTX) is an anti-proliferation drug that

disease, cardiovascular has been adopted for the treatment of cardiovascular

disease has high morbidity, disability, and even
mortality, which brings serious effects on people’s
daily life. Coronary atherosclerotic heart disease
(CAD) is one of them (1, 2). CAD is chronic heart
disease. It is mainly caused by insufficient coronary
blood supply due to atherosclerotic stenosis, which
leads to heart ischemia and hypoxia (3). Currently, the
main clinical treatment methods for CAD are
percutaneous transluminal coronary angioplasty
(PTCA) and scaffold implantation (4, 5). However,
according to the statistical results of clinical treatment,
restenosis occurs in many CAD patients after PTCA
or scaffold implantation, which has aroused people’s
concern (6). Through the analyses, it has been
proposed that vascular restenosis is closely related to
the metastasis of vascular smooth muscle cells
(VSMC) to intima (7). Further research is needed to
effectively prevent the proliferation of VSMC.

diseases for a long time, which can not only inhibit
the proliferation of VSMC but also prevent restenosis
(8, 9). Nonetheless, PTX can also inhibit the recovery
of vascular endothelial injury due to certain damage to
the endothelium of blood vessels during surgical
treatment (10). As a growth and proliferation factor of
endothelial cells (EC), vascular endothelial growth
factor (VEGF) helps directly control the growth of
EC, relieve vascular endothelial injury, and promote
the repair of vascular endothelial (11). VEGF can
promote the survival of EC by inhibiting the
proliferation of VSMC, thus preventing thrombosis
and inflammation (12). Consequently, VEGF
combined with PTX has a certain preventive effect on
vascular restenosis after the surgery of CAD.
However, VEGF expression is mainly controlled by
small interfering RNA (siRNA) molecules (13). Due
to the hydrophilicity of siRNA, it isn’t easy to be
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absorbed by cells, with a short half-life period, which
affects the role of VEGF (14). Therefore, these
problems need to be solved by improving the drug
delivery systems.

The double-layer nanoparticle is a vital drug
delivery system that is being explored at present (15).
The double-layer nanoparticle is classified into the
shell and content according to the different substances
of the nano-carrier. Then, different therapeutic drugs
are put into the inner and outer layers of double-layer
nanoparticles to facilitate the multi-step release of
drugs. Presently, double-layer nanoparticles have been
applied in anti-breast cancer research, which has
achieved good results (16). Moreover, double-layer
nanoparticles are adopted for the -cardiovascular
scaffold coating to prevent restenosis, but the scaffold
implantation is limited by the location of the lesion.
To comprehensively explore the prevention of
restenosis in CAD patients with double-layer
nanoparticles administration, balloon infusion is
adopted for administration. A drug balloon is a new
technology that can distribute drugs evenly distributed
on the blood vessel wall. It has a good adoption effect
on the stenosis of blood vessels, with the wide
recognition of people (17).

The animal model of CAD was established, which
was treated with double-layer nano-infusion. The
changes in atherosclerosis and the restenosis after
local injection in vivo were assessed. It was hoped to
provide an effective and feasible clinical treatment for
patients with restenosis after the surgery of CAD.

Materials and methods
Model establishment and grouping

The Apolipoprotein E gene knockout mice (ApoE 7
), a CAD animal model widely recognized by the
international academic community, were selected as
the research objects. Forty ApoE ” - mice (ApoEKO;
B6.129 P2-ApoE tmlUnc, Jackson Laboratory, Bar
Harbor, USA) were fed a standard diet of 1.25%
cholesterol, 10% fat, and 88.75% to establish the
CAD model. The mice were 12 months old, male, and
weighed 480-500g. During the model establishment,
the forty mice drank freely. The CAD model mice
were averagely classified into the control group and
observation group. Mice in both groups were treated
with balloon infusion of nano drugs. The control
group was only infused with PTX nanoparticles, and

the observation group was treated with balloon
infusion of PTX combined with the double-layer
nanoparticles of VEGF. The adoption value of these
two treatment methods was compared by evaluating
the vascular endothelial healing and the occurrence of
vascular restenosis in the two groups. The differences
in age, gender, and weight weren’t considerable
between the two groups (P>0.05), and the experiment
was feasible. Besides, this experiment was approved
by the relevant veterinary medical committee.

Preparation of double-layer nanoparticles

To prepare the double-layer nanoparticle loaded
with VEGF in the shell and PTX in the kernel (V-P-
NPS), the first step was to prepare the PXT-loaded
nanoparticles (PXT-NPs). The specific methods were
as follows.

Firstly, 30mg of PXT (provided by Nanjing Zelang
Biotechnology Co., LTD.) and 100g of polylactic-co-
glycolic acid (PLGA) copolymer (provided by Sigma-
Aldrich LLC., USA) were weighed and dissolved in
dichloromethane. An ultrasonic probe crusher (CV26,
Sonics & Materials, Inc., USA) was adopted to disturb
the fused liquid at 30% power for 5 minutes every 40s
and stop for 10s, during which 20mL 1% polyvinyl
alcohol (PVA) was dropped into the fused liquid. The
ultrasonic interference was followed for 10min (under
an ice bath). The obtained liquid was then stirred at
room temperature to volatilize methylene chloride.
Subsequently, after it was centrifuged at 23,000rpm
for 30min, it was washed with distilled water and
centrifuged 3 times. Finally, the nanoparticles were
suspended in 2mL distilled water, and they were dried
and frozen (-80°C) for 24h to obtain PTX-NPs.

As for the preparation of V-P-NPs, 3g of VEGF
plasmid (donated by Beijing Hospital) and the PXT-
NPs obtained from the above steps were dissolved in
500uL distilled water and dropped into 2mL
dichloromethane solution (ice bath containing 50mg
PLGA). Colostrum was obtained by mixing at a speed
of 20,000rpm for 5min with a high-speed mixer
(purchased from IKA, Germany). Then, the colostrum
was dropped to 15ml 1% PVA (under ice bath), with a
stir in 3 gears of blender for 20min, and the multiple
emulsion could be obtained. It was stirred for 3h
under the greenhouse to make dichloromethane
volatile. The over-speed centrifuge was employed at
23,000rpm for 30 min, and it was washed with
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distilled water and centrifuged 3 times. Finally, the
nanoparticles were suspended in 2mL distilled water
and dried and frozen (-80°C) for 24h to obtain V-P-
NPs.

Characterization of nanoparticles

Firstly, the nanoparticle size analyzer (Malvern Co.,
Ltd., Britain) was adopted to measure particle size,
particle size distribution, and Zeta-potential through
the principle of dynamic light scattering. All
nanoparticles were detected 3 times to take the
average, and the result was X+SD.

Secondly, transmission electron microscopy (TEM)
was adopted to observe the morphology of
nanoparticles, including form and size. The specific
steps were as follows.

Img of nanoparticle powder was weighed and
dissolved in 1mL distilled water. A drop of the
obtained V-P-NPS solution was placed on a copper
mesh, which was air-dried overnight at room
temperature. Then, the TEM was employed for
observation.

Thirdly, the drug-loading rate and entrapment
efficiency of nanoparticles were determined by high-
performance liquid chromatography (HPLC). The
specific approach was as follows.

The 5mg nanoparticles were dissolved in 1mL
dichloromethane, and the dichloromethane was
volatilized by ventilation. The free PTX and VEGF
were dissolved in 1mL acetonitrile and filtered. Then,
the 20uL sample was injected into a reverse C18
column (150x4.6 mm, Sum) with an acetonitrile-water
ratio of 1:1 at a flow rate of 1mL/min. The ultraviolet
absorption of A=227nm was detected 3 times as
above, the average value was taken, and the result was
X+SD. Equations (1) and (2) showed the calculation
of drug-loading rate(Z) and entrapment efficiency(B),
respectively.

NPs
S

B— % «100% 2]
S

In Equations [1] and [2], NPs g, represented the

amount of drug in nanoparticles, ANPs represented

the total number of nanoparticles, NPSprugs)

represented the measured drug content in

nanoparticles, and NPs represented the theoretical
drug content in nanoparticles.

Balloon medication method

All mice were anesthetized with 3% pentobarbital
sodium, whose injuries were all induced by the same
balloon. Electrocardiograph (ECG) monitoring was
performed. The balloon was introduced into the
femoral artery (the size of the balloon was chosen
based on the outer diameter of the abdominal aorta),
and the nanoparticles were injected at a dose of
1mg/kg. The control group was infused with PXT-
NPs, and the observation group was infused with V-P-
NPs. The nanoparticles were delivered through a
GENIE catheter to the site of injury. Then, the
catheter was removed after a 2-3 arm pressure was
given for more than 5 minutes, and the proximal end
of the femoral artery was ligated. The mice were fed
aspirin (100 mg/day) and clopidogrel hydrogen sulfate
(50 mg/day) for three consecutive days after surgery.
After 4 weeks of a normal cholesterol diet, the
endothelial cells and restenosis were observed.

Vascular endothelial healing

After 4 weeks of normal feeding, the endothelial
tissues of mice were observed by optical coherence
tomography (OCT). The imaging wire was located at
the distal end of the OCT catheter. The OCT was
placed on a conventional conductance wire and then
moved from the distal end of the vessel to the
proximal end at a speed of 1.5mm/s for morphological
analysis. When the OCT was completed, the mice
were euthanized, and arterial samples were obtained
(fixed with 10% formalin) that were stained with
hematoxylin-eosin (H&E). The histological analysis
was performed with an optical microscope (OM).

Restenosis analysis

Postoperative target vessel stenosis was measured
by quantitative coronary angiography (QCA),
including the number of stenosis vessels, endothelial
cell proliferation index, and maximum intima
thickness. The artery was injected with normal saline.
After it was frozen with liquid nitrogen, it was cut into
Sum segments and stained with H&E. OM was
adopted to observe the lumen area and the new intima
area, both of which were measured by the
computerized surface survey.
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Statistical methods

SPSS22.2 was employed for statistical processing.
The measurement data were expressed as mean *
standard deviation. All data followed a normal
distribution, and the t-test was adopted. Percentage
(%) was how count data were represented, and the
data were tested by y* test. The difference was
statistically considerable, with P<0.05.

Results and discussion
Particle size, distribution,
nanoparticles

Figure 1 shows the detection results of particle size,
distribution, and Zeta-potential of PTX-PNs and V-P-
NPs. The particle size of PTX-PNS was
(270.29£1.89) nm, the particle size dispersion
coefficient was 0.152+0.02, and the mean value of
Zeta-potential was (-4.11+0.29) mV. The particle size,
distribution, and Zeta-potential of V-P-NPs were
(251.12+1.19) nm, 0.155+0.02, and (-7.11+0.11) mV,
respectively. The particle sizes of PTX-PNS and V-P-
NPS ranged from 120nm to 300nm, which conformed
to the permeability standard of the wvascular inner
layer, so it could be applied to research. Moreover, the
difference wasn’t considerable between the particle
size distributions and Zeta-potential.
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Figure 1. Particle size distribution and Zeta potential
analysis of nanoparticles.

The characterization of nanoparticles

Figure 2 shows the morphology and size of PTX-
PNs and V-P-NPs under TEM. The dispersity of PTX-
NPs and VV-P-NPs were all fine, both of which showed
the spheroidal particles. The right image of Figure 2
shows the TEM observation result of V-P-NPs, from
which the shell and inner layer structure of the
double-layer nanoparticle could be observed. It
indicated that the preparation of the double-layer
nanoparticle of V-P-NPs was successful.
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Figure 2. The results of TEM. (The left showed the results
of PTX-NPs, and the right showed those of V-P-NPs).

Drug-loading rate and entrapment efficiency

Figure 3 shows the entrapment efficiency
calculation results of PTX in PTX-PNs and PTX and
VEGF in V-P-NPs. The entrapment efficiency of PTX
in PTX-PNs was 94.32%, and that of PTX and VEGF
in V-P-NPs were 95.66% and 97.89%, respectively.
Therefore, the entrapment efficiency of effective
drugs in PTX-PNs and V-P-NPs was very high.
Figure 4 showed the drug-loading rate results of PTX
in PTX-PNs and PTX and VEGF in V-P-NPs that
were calculated by weight ratio. The drug-loading rate
of PTX in PTX-PNs was 28.91%, and that of PTX and
VEGF in V-P-NPs was 30.12% and 29.91%,
respectively. The results showed that there was an
insignificant difference in drug amount between the
two nanoparticles (P>0.05).
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Figure 3. The results of entrapment efficiency.
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Figure 4. The results of the drug-loading rate.

Vascular endothelial healing

Figure 5 showed the healing of vascular
endothelium in the two groups of mice under OCT.
Figure 5A showed the normal OCT examination
results of the vascular endothelium, and Figure 5B
showed the vascular endothelium of mice in the
control group. Through the comparison, the
endothelial healing and proliferation of VSMC were
inhibited in the control group. Figure 5C showed the
changes in vascular endothelial of mice in the
observation group, and the degree of complete
endothelial healing was markedly better than that in
the control group. Figure 6 showed the histological
observation results of the vascular endothelium in
mice under the corresponding OM, which reflected
that the examination results were consistent with OCT
results.

Figure 5. The results of the OCT examination.

Comparison of restenosis results

QCA was adopted to detect the number of narrow
blood vessels, endothelial cell proliferation index, and
maximum intima thickness of the mice in the two

groups (Figure 7). In the control group, the stenosis of
coronary arteries and vessels was (24.01+£12.78) %,
the proliferation index was (0.28+0.01), and the
intima thickness was (0.19+£0.08) mm. In the
observation group, the stenosis of coronary arteries
and vessels was (6.91+7.59) %, the proliferation index
was (0.12+0.02), and the intima thickness was
(0.07£0.09) mm. According to the comparison, the
restenosis of the observation group was remarkably
lower than that of the control group (P<0.05). Figure
8 shows the typical cross-sectional morphological
images of coronary vessels of the mice in the two
groups. After comparing the cross-sectional
morphology of normal blood vessels, the morphology
of blood vessels in the observation group was much
more similar to normal blood vessels compared with
the control group.

Figure 6. The observation results of OM (x200).

With the continuous development of China’s
industrialization and the increasing contact with
western countries, people’s living habits and diet have
been greatly affected, which leads to an increased
incidence of CAD in China. It has even become a fatal
disease more harmful than cancer (18). In the course
of CAD treatment, the prevention of coronary artery
restenosis is a big problem. It has been proposed that
PTX helps reduce the reconstruction of the restenosis
and the blood supply at the lesion of vascular disease
(19). However, when the vascular endothelium is
damaged during surgery, the adoption of PTX isn’t
conducive to the healing of the endothelial tissue. The
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transduction of the VEGF signal can affect the
generation of blood vessels and promote the healing
of vascular endothelial injury (20). Hence, in this
experiment, a double-layer nanoparticle with VEGF
as the shell and PTX as the kernel was established,
which was applied in the surgical treatment of CAD
patients by balloon perfusion.

A B
24/01 0/28
S
0/12

Control Observation Control ~ Observation
group group group group
C
0/19
=
=

0/07

Control  Observation
group group

Figure 7. Comparison of restenosis. (A: restenosis; B:
proliferation index; C: maximum intima thickness).

A

Figure 8. Cross-sectional morphology of coronary vessels.

The complete healing degree of vascular
endothelium in the observation group was signally
better than that in the control group under the OCT,
which was consistent with the results of OM. It

demonstrated that VEGF delivered by V-P-NPS could
promote not only the proliferation of vascular
endothelial tissue but also accelerate the healing of
vascular endothelial tissue, which was consistent with
the conclusion made by Amoli et al. (2012) (21).
Furthermore, the double-layer nanoparticle could
prevent the repair and inhibition of endothelial tissue
by PTX. Zhang et al. (2021) (22) proposed that the
double-layer nanoparticle was a hot topic of current
research. Xia et al. (2020) (23) found that double-
layer nanoparticle was conducive to controlling the
action sequence of combined drugs, facilitating one-
time treatment of diseases, or alleviating the effects of
adverse drugs, with an ideal adoption value.
Moreover, through this experiment, the restenosis of
the observation group (stenosis (6.91+7.59) %), the
proliferation index (0.12+0.02), and the maximum
intima thickness (0.07+£0.09) mm) were obviously
decreased compared with the control group
((24.01+£12.78) %, (0.28+0.01), (0.19+£0.08) mm)
(P<0.05). It indicated that V-P-NPS had a certain
inhibitory effect on the occurrence of restenosis after
the surgery of CAD, and the promotion of vascular
endothelial healing by VEGF was of great
significance for the prevention of restenosis. It was
consistent with the conclusions of Chang et al. (2018)
(24). Bagyura et al. (2017) (25) also proposed that
VEGF could promote the proliferation of vascular
smooth muscle cells, which supported the results of
this work.

Firstly, the characterization of nanoparticles was
analyzed, and the particle sizes of PTX-PNs and V-P-
NPs were (270.29+1.89) nm and (251.12+1.19) nm,
respectively. Particles with the size of 120-300nm are
relatively easy to penetrate into the inner layer of
blood vessels, which has been proposed in other
research (26). The sizes of PTX-NPs and V-P-NPs
prepared were within this range, so they could be used
in the experiment. The size, distribution, and Zeta-
potential of PTX-NPs and V-P-NPs had no
considerable differences, which demonstrated that
PTX-NPs had certain research feasibility. According
to the results of the TEM of PTX-PNs and V-P-NPs,
the dispersity of nanoparticles was good. The
dispersity of nanoparticles in liquids was very
important (27), and the nanoparticles prepared in this
experiment had good dispersity, which met the
requirements. The structures of the inner and outer
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layers of V-P-NPs were obvious, which indicated that
the preparation of the double-layer nanoparticle was
successful. The entrapment efficiency of PTX in PTX-
NPs and PTX and VEGF in V-P-NPs were 94.32%,
95.66%, and 97.89%, respectively, all of which were
quite high. Oh et al. (2022) (28) proposed that high
drug loading capacity and stable encapsulation were
conducive to exerting the drug effects. The drug-
loading rate of PTX-NPs and V-P-NPs were 28.91%,
30.12%, and 29.91%, respectively. There was no
considerable  difference  between  entrapment
efficiency and drug-loading rate (P>0.05), with
certain stability. In summary, the PTX-NPs and V-P-
NPs used in this experiment had a good adoption
effect, and the research results were reliable.

Conclusions

The animal model of CAD was established and
treated by the double-layer nano-infusion technique.
The development and changes of atherosclerosis and
restenosis after local injection were assessed. The
results reflected that the infusion therapy of double-
layer nanoparticles was beneficial to the healing of
vascular endothelial tissue, and it could inhibit
vascular restenosis with a certain clinical adoption
value. Nevertheless, this study isn’t a clinical practice
study, and further clinical research is needed to
determine whether it can be effectively applied to
clinical practice. Nonetheless, to a certain extent, this
study provided support for subsequent clinical studies,
and it also shows a good adoption prospect of the
infusion of the double-layer nanoparticles.
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