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Ultrasound triggered image-guided 
drug delivery to inhibit vascular 
reconstruction via paclitaxel-loaded 
microbubbles
Xu Zhu1,2,*, Jun Guo1,3,*, Cancan He1,2, Huaxiao Geng1,2, Gengsheng Yu1,2, Jinqing Li4, 
Hairong Zheng5,6, Xiaojuan Ji1,2 & Fei Yan5

Paclitaxel (PTX) has been recognized as a promising drug for intervention of vascular reconstructions. 
However, it is still difficult to achieve local drug delivery in a spatio-temporally controllable manner 
under real-time image guidance. Here, we introduce an ultrasound (US) triggered image-guided drug 
delivery approach to inhibit vascular reconstruction via paclitaxel (PTX)-loaded microbubbles (PLM) 
in a rabbit iliac balloon injury model. PLM was prepared through encapsulating PTX in the shell of 
lipid microbubbles via film hydration and mechanical vibration technique. Our results showed PLM 
could effectively deliver PTX when exposed to US irradiation and result in significantly lower viability 
of vascular smooth muscle cells. Ultrasonographic examinations revealed the US signals from PLM 
in the iliac artery were greatly increased after intravenous administration of PLM, making it possible 
to identify the restenosis regions of iliac artery. The in vivo anti-restenosis experiments with PLM and 
US greatly inhibited neointimal hyperplasia at the injured site, showing an increased lumen area and 
reduced the ratio of intima area and the media area (I/M ratio). No obvious functional damages to liver 
and kidney were observed for those animals. Our study provided a promising approach to realize US 
triggered image-guided PTX delivery for therapeutic applications against iliac restenosis.

Congenital or acquired cardiovascular morbidity stenosis brings serious threats to human health. Clinically, per-
cutaneous transluminal angioplasty and stenting were widely used for treatments of vascular stenosis. However, 
restenosis often occurs due to the vascular structure contusion during operation1,2. The main pathophysiological 
mechanisms involved in restenosis mainly attribute to endothelial injury and neointimial hyperplasia3. Following 
endothelial injury, a layer of platelets and fibrin are deposited over the damaged endothelium. Within hours to 
days, inflammatory cells begin to infiltrate the injured area. After that, vascular smooth muscle cells (VSMCs) 
located in the vessel media commences DNA synthesis. These activated VSMCs migrate through the internal 
elastic lamina towards the luminal surface. The continued replication and the production of extracellular matrix 
by these cells result in a neointima and an increase in the intimal thickness3.

To date, various pharmacological agents were developed for the prevention and treatment of restenosis4,5. 
Paclitaxel (PTX), an amitotic inhibitor widely used in cancer chemotherapy, has been recognized as a prom-
ising drug for intervention of vascular reconstructions in recent years6–10. Its several chemical properties, such 
as hydrophobicity, ability to concentrate into the arterial intima layer and prolonged effect on cells even after 
brief exposure periods, make it an ideal drug for intervention of vascular reconstructions. Still, the shortage 
that is significant toxic effects on liver and kidney functions are still unavoidable11. In order to address this issue, 
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local delivery of PTX through injection catheters, balloon catheters and coated balloons has developed12,13. 
Drug-eluting techniques (DES), such as balloons and stents covered with PTX, have also shown promising pro-
gress in decreasing restenosis and revascularization rates14,15. However, studies have revealed a possible increase 
in the rate of stent thrombosis with DES due to decreased endothelialization of stented regions16,17. In addition, 
the polymer coating on DESs may induce inflammatory responses that could also induce stent thrombosis18. 
These limitations have prompted us to search for other local drug delivery modalities to inhibit restenosis and to 
avoid systemic adverse effects.

Microbubbles (MBs) are small air- or gas-filled microspheres with specific acoustic properties that make them 
be useful as US contrast agents for sonographic examinations. Besides, MBs are also important drug delivery 
vehicles that can stably carry drugs in the blood circulation19. Under US irradiation, drugs are able to be control-
lably released from MBs and to be delivered into the targeted regions. In this study, we prepared the PTX-loaded 
MBs (PLM) and investigated the efficacy of PLM combined with US against restenosis in rabbit iliac balloon 
injury model. The functional damages to liver and kidney of these animals were also demonstrated.

Materials and Methods
Preparation of PLM.  Lecithin (Sinopharm Chemical Reagent Ltd. Co., Shanghai, China), cholesterol 
(KeLong Chemical Reagent Ltd. Co., Chengdu, China) and PTX (Chengdu Yuancheng Biotechnology Ltd. Co., 
Chengdu, China), all in ethyl ether (3 : 1 : 0.3, weight ratio), were added to the reaction bottle. The mixture was 
kept in water bath at 55 °C by a rotary evaporator until the ethyl ether was completely evaporated. Then a given 
amount of PBS, PEG 4000, dextran 40000 and span 80 was added and mixed. After that, the air was displaced with 
the nitrogen gas. After being vibrated and centrifuged at 300 rpm for three minutes, 125 μ l of 3% human serum 
albumin was added to the resulting PLM. For the control lipid MBs (LM), the same procedure was performed 
instead of PTX addition.

Characteristics of PLM.  The size and size distribution of the control MBs and PLM were determined by 
an optical particle counter with a 0.5 μ m diameter lower detection limit (Accusizer 780; Particle Sizing Systems, 
Santa Barbara, CA, USA). In brief, 100 μ l of MBs were detected and the experiments were repeated 3 times. In 
order to determine the drug encapsulation efficiency (EE), a given amount of PLM was destructed by adding 1% 
Triton X-100 and extracted by 1 ml chloroform. The extraction was dried and dissolved with 1 ml methanol. 20 μ l 
of samples were used for analysis with an Agilent 1200 HPLC system (Agilent Technologies, USA) equipped with 
an Eclipse XDB-C18 (4.6 ×  150 mm, 5 μ m particle size). The methanol and water mixture (70 : 30 in volume) was 
used as the mobile phase. The flow rate was set at 1.0 ml/min and the detection wavelength was at 227 nm. As for 
the stability test, the MB concentrations, size and drug EE were examined after the freshly prepared PLMs were 
left to stand for 0.5, 6, 18 or 32 hours.

Drug release efficiency under US irradiation.  1 ml of PLM was placed in the 1.5 ml eppendorf tube 
sealed with parafilm (the lid was removed). The tube was inverted and positioned onto the surface of the trans-
ducer. The gap between the tube and transducer was filled with the ultrasonic coupling agent. The following US 
parameters were used: 1 MHz transducer, 1.5 MPa US intensity. The irradiation time is 10 s. After US treatment, 
these tubes were centrifuged for 20 min at 15,000 g. The supernatant was transferred into a new tube and extracted 
by chloroform. The PTX amounts were determined by HPLC as stated above. The released efficiency was calcu-
lated according to the following formula: The drug release efficiency (%) =  free PTX/total PTX ×  100.

Cell culture and viability detection.  Rat aortic VSMCs were isolated by enzymatic dispersion accord-
ing to the previous report with some slight modification20. Cells were cultured in Dulbecco’s Modified Eagle’s 
media/F-12 supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin 
at 37 °C in an incubator with 5% CO2. After a 3- to 5-generation subculture, the VSMC cells were seeded on 
96-well plates with 5000 cells/well and allowed to grow overnight. The cells were divided into four groups accord-
ing to the different treatment as follows: 1) PBS, no US and MBs were used; 2) only US treatment; 3) LM +  US; 4) 
PLM (containing 10 μ g PTX) without US; and 5) PLM +  US. 1.0 MHz US transducer was used. The US parameter 
was set at 1.5 MPa US intensity for 10 s. After treatment, these cells were further cultivated for 24 h, followed by 
detection with CCK-8 reagent according to the production instruction.

Animal model and in vivo US imaging.  New Zealand White rabbits, at the age of two months with about 
0.7 kg body weight, were obtained from the Animal Laboratory Center at Chongqing Medical University. The 
animals were fed water and chow ad libitum throughout the experiment. All animal experimental protocols were 
reviewed and approved by the Chongqing Medical University Animal Care Committee. The methods were car-
ried out in accordance with the approved guidelines. Iliac restenosis were modeled according to the previous 
report21. Briefly, after the rabbits were anesthetized with 10% chloraldurate (3 ml/kg), a 2 F Fogarty embolectomy 
catheter (Baxter Edwards Healthcare Corp., Irvine, CA) was advanced from the femoral artery to the iliac artery. 
The saline-inflated balloon was moved backward and forward within the iliac arterial lumen for 3 times to pro-
duce a substantial endothelial injury. Then 80,000 U of penicillin were administrated by muscle injection for three 
days to prevent infection. Three weeks post the iliac balloon injury, 8 ×  107 PLM or Sonovue were injected into 
the auricular veins of rabbits. The US imaging transducer was positioned the iliac arterial regions which were 
received balloon injury. Ultrasonography was performed using an ESAOTE Imaging System with the following 
parameters: probe, LA522; grain, 55% dB; focal depth, 10 mm; transmit power, 17%; mechanical index, 0.11; 
dynamic range, 12 dB, frame rate, 10 Hz; and center frequency, 3–9 MHz.

In vivo local drug delivery mediated by PLM and US.  Twelve New Zealand White rabbits were used 
and modeled as stated above. After three weeks, these animals were randomly divided into four groups: 1) no 
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treatment; 2) PLM; 3) PTX +  US; 4) PTX +  LM +  US and 5) PLM +  US. PLM or free PTX was injected via ear 
margin veins and the dose of PTX was kept constant with 125 μ g for each rabbit. The MB perfusion was moni-
tored by an US imaging probe as described above and the local MB destruction at the balloon injured iliac arteries 
was performed with a 1 MHz low frequency focal transducer. The US power was set at 1.5 MPa US intensity and 
the US time was set for 10 seconds. 2 h after US treatment, the artery fragments received US irradiation were iso-
lated and homogenated, followed by centrifugation for 15 min at 15,000 g. The supernatant was removed and the 
PTX concentrations were detected by ultraviolet-visible spectrometry.

In vivo inhibition effect of PLM on iliac restenosis.  Fifty-five New Zealand White rabbits were used 
to evaluate the in vivo inhibition effect of PLM on iliac restenosis. Three weeks post the iliac balloon injury, the 
rabbits were randomly divided into five groups: 1) PLM +  US; PLM (containing 125 μ g PTX) was administrated 
by intravenous injection via ear margin veins. 2) LM +  US; the equal concentration of plain MBs were used. 3) 
PTX +  US; the equal amount of PTX as PLM was injected. 4) only US; 5) control; no US and MBs were used. The 
balloon injured iliac arteries were received US irradiation as stated above.

Histological analysis.  The animals were sacrificed one week after US treatment and the balloon injured iliac 
arteries were harvested. The tissue samples were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. 
The sections (5 μ m thick) were cut with a paraffin section machine (RM2235; Leica, Heidelberg, Germany), fol-
lowed by staining with haematoxylin/eosin staining (Rowley Biochemical Institute, Danvers, MA, USA). Images 
of the cross-sections of the vessels were photographed with an Olympus BX-51 optical microscope. After the 
digitized images were obtained, areas were measured and calculated by the Meta-Morph image analysis system 
for each cross-section. The area of lumen, the area of intima area and the tunica media were determined. The ratio 
of the intima area to the media area (I/M ratio) was calculated for assessing the degree of intimal hyperplasia.

Immunohistochemical analysis.  The expression of α -smooth muscle actin (α -SMA) was used to iden-
tify the proliferated smooth muscle cells in the neointima. In brief, sections prepared from paraffin-embedded 
samples were immunohistologically stained with α -SM actin immunohistochemical kit (Beijing Biosynthesis 
Biological Co., Ltd). The immunohistochemical score (IHS) was performed to evaluate the expression level of 
α -SMA according to the previous report22. In brief, IHS was calculated by multiplying an approximation of the 
percentage of positively stained cells by an estimate of the staining intensity. The approximation of percentage of 
positive cells between 0–25% of positively stained cells was scored as 1, 26–50% as 2, 51–75% as 3, and 75–100% 
as 4. The staining intensity was set as follows: 0 =  no expression, 1 =  weak, 2 =  moderate, and 3 =  strong. The 
number of positive cells per section was counted in five random fields (× 400 magnification).

Examinations of liver and kidney functions.  30 Young New Zealand rabbits were randomly divided into 
three groups, including normal group, sham group and US irradiation group. The iliac artery stenosis model was 
established. As for the animals of US irradiation group, the PLM was administrated and received US irradiation as 
stated above. One week later, the blood samples (1 ml for each rabbit) were collected through ear marginal veins. 
The total protein (TP), aspartate aminotransferase (ALT), aspartate aminotransferase (AST), glutamic pyruvic 
transaminase (GPT), alkaline phosphatase (ALP), L-lactate dehydrogenase, blood urea nitrogen (BUN), cre-
atinine (CREA) and uric acid (URCA) were determined with HITACHI 7600(JAPAN) automatic biochemistry 
instrument.

Statistical analysis.  Data are expressed as mean ±  standard deviation. One-way analysis of variance 
(ANOVA) was used to compare the variables among different treatment groups in vitro experiment. The two-way 
ANOVA was performed to determine the differences between treated animals and control animals. Analysis was 
performed with SPSS 18.0 software. P <  0.05 was considered as the level of significance.

Results
Preparation and characterization of PLM.  PLM was prepared by thin-film rehydration and mechanical 
vibration method through the following several steps, film-forming, solvent evaporation, hydration, gas displace-
ment and mechanical vibration (Fig. 1A). The resulting PLM appeared milky and had a uniform distribution 
(Fig. 1B,C). The PLM was submicron size with an average particle diameter of 772.9 ±  6.2 nm, significantly larger 
than of the plain MBs (456.5 ±  5.8 nm) (Fig. 1D). Typically, it produced (8.64 ±  1.38) ×  109 bubbles per milliliter 
and achieved 93.51 ±  2.07% PTX encapsulation efficiency. The stability test including PLM concentrations, bub-
ble size and drug leakage revealed there were gradually decreased bubble concentrations and increased bubble 
size when PLM were left to stand for a period of time (0.5 h to 32 h) (Fig. 1E,F). Also, a few drug leakage (< 5%) 
was found after 32 h (Fig. 1G). Nevertheless, PLM was relatively stable since there was still over 90% drug EE after 
32 h.

Drug release efficiency and cell proliferation inhibition.  The drug release efficiencies of PLM were 
determined with US or without US exposure. As shown in Fig. 2A, there was just 9.94 ±  1.41% of PTX to be 
released when no US was used. By contrary, significantly higher drug release efficiency could be obtained, achiev-
ing 22.05 ±  2.44% under US irradiation. Since vascular smooth muscle cell (VSMC) proliferation causes intimal 
thickening in restenosis, we first examined the cell proliferation inhibition effects of PLM combined with US on 
VSMCs. Figure 2B demonstrated that the cell viability was 97.71 ±  1.15% and 95.28 ±  2.34% for only US treat-
ment and LM +  US, respectively. In contrast, treatment using of PLM without US had an 87.16 ±  1.93% cell via-
bility, lower than that of PBS control treatment (P <  0.05). As expected, the combination of PLM and US showed 
the highest cell inhibition effect, achieving 67.93 ±  2.52% cell viability (p <  0.05 vs PLM and p <  0.01 vs PBS).



www.nature.com/scientificreports/

4Scientific Reports | 6:21683 | DOI: 10.1038/srep21683

In vivo US imaging of PLM.  Next, we further examined the in vivo US imaging capability of PLM in the 
rabbit iliac restenosis model. Figure 3A showed that PLM had a comparable US contrast capability with the 
commercial Sonovue agent. Both of them exhibited a fast iliac artery perfusion within a couple of seconds. There 
had no US signals in the iliac artery before injection of MBs. After administration of PLM or Sonovue, the US 
signals greatly increased in the iliac artery. The gray values from PLM scattering were 24.05 ±  8.54, 75.91 ±  14.43, 
126.74 ±  21.42, 171.56 ±  34.21, 249.04 ±  40.71 and 226.78 ±  32.42 after PLM perfusion for 0.1 s, 0.5 s, 1 s, 3 s and 
10 s, respectively (Fig. 3B). Similarly, the gray values from Sonovue scattering were 25.37 ±  8.27, 78.68 ±  16.75, 
131.37 ±  24.38, 222.32 ±  32.58, 247.02 ±  45.35 and 181.20 ±  43.65 at the corresponding perfusion time, respec-
tively (Fig. 3C). In contrast, the gray values from tissue background were not significantly changed after injection 
of PLM or Sonovue. Notably, the regions of iliac restenosis artery could be observed about 1 s after MB perfusion, 
indicating the feasibility of US imaging guided drug delivery.

Figure 1.  Characterization of PLM. (A) Schematic diagram of a PLM constructed for drug delivery. PTX was 
encapsulated into the shell of gas-filled MBs. (B) A typical bottle of PLM after mechanical activation. (C) An 
optical microscope of PLM, scale bar =  10 μ m. (D) The bubble size distributions of the control MBs and PLM. 
(E–G) The MB concentrations, bubble size and drug EE of PLM after the freshly prepared PLMs were left to 
stand for 0.5, 6, 18 or 32 h.
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Drug local delivery mediated by PLM and US.  To further determine whether PLM and US can promote 
local drug delivery, an experimental scheme over time was shown in Fig. 4A. The iliac restenosis animals were 
developed through balloon injury method, followed by treatment with PLM plus US after three weeks in these 
animals. To realize imaging-guided drug local delivery, the experimental setting was setup as Fig. 4B, where 
the rabbit was lying supine and the iliac restenosis region was positioned with two US transducers. The one is 
high frequency imaging transducer and the other is low frequency drug delivery transducer. Upon the PLM was 
injected into the ear margin veins, the imaging transducer would be used to observe and identify the restenosis 
region of iliac artery. It could favor to orientate US focus accurately for the drug delivery transducer by examining 
whether the US signal intensity from PLM scattering does decrease or not. After receiving US irradiation, the iliac 
restenosis artery and the control artery fragments were isolated and homogenated (Fig. 4C). The amounts of PTX 
in the homogenate of iliac restenosis artery were determined. Obviously, Fig. 4D showed there were 5.20-, 2.13-, 
1.54-fold increase of PTX amounts in the artery treated with PLM +  US than that of artery treated with PLM 
without US, free PTX+ US or free PTX+ LM+ US groups (P <  0.01).

In vivo inhibition effect of PLM on iliac restenosis.  To determine the inhibition effect of PLM 
against restenosis in vivo, the restenosis inhibition effects were evaluated one week after intervention treat-
ment. Figure 5A showed the representative histological sections of the artery at the injured site after treatment. 
Neointimal hyperplasia at the injured site was significantly inhibited by PLM and US (left panel) compared with 
the control (right panel). The PTX and US showed no significant effect on neointimal formation, similar with the 
effects of LM+ US and only US-treated groups. Also, there was a significantly larger lumen area to be observed in 
the animals received PLM +  US treatment. Quantitatively, there was 2337.03 ±  206.05 μ m2 of lumen area for the 
animals received with PLM+ US, significantly higher than that of 1274.35 ±  43.78 of lumen area for the control 
animals. No significant increase of lumen area was found in these animals received with PTX+ US, LM+ US and 
only US treatment, with 1547.25 ±  90.93, 1642.83 ±  374.18, 1587.97 ±  132.16, respectively (Fig. 5B). Figure 5C 
demonstrated the intimal area/media area (I/M) ratios on the day 28 (a week after intervention treatment) among 
the groups. PLM+ US treatment resulted in the most significant reduction in I/M ratio compared to the control 
and other treatment groups. Notably, the significant reduction of disorder cell arrangement and irregular cell 
shape were observed in the PLM and US treatment group (Fig. 5D) in comparison with that of the control group 
(Fig. 5E).

Immunohistochemical analysis.  Since α -SMA was used to identify the proliferated smooth muscle cells in 
the neointima, we further examined the expression of α -SMA through immunohistochemical staining. Figure 6A 
showed the representative immunohistological sections of the artery at the injured site at 7 days after treatment. 
The α -SMA positive cells appear brownish black in the cytoplasm which could be seen in both the tunica intimal 
and the tunica media. Most of the cells in the control artery were the positive ones (left panel). By contrary, the 
number of positive cells from PLM+ US treated artery was significantly decreased in comparison with the control 
and other intervention groups (P <  0.05) (Fig. 6B). The HIS score was 4.40 ±  0.89 in PLM+ US group, which had 
significantly lower than that of the control artery with a 8.40 ±  2.51 HIS score (P <  0.05) (Fig. 6C). The magnified 
sections from PLM +  US treated artery and control artery were presented in the Fig. 6D,E, showing significantly 
stronger staining in the control artery in comparison with PLM +  US treated artery.

Figure 2.  Drug release and in vitro cell growth inhibition. (A) US promoted PTX release from PLM in vitro. 
*P <  0.05. (B) Cell viability of VSMC after treatment with PBS, US, LM +  US, PLM or PLM +  US. After different 
interventions, the cells were cultured for another 24 h at 37 °C. Cell viability was determined by CCK-8 assay. 
*P <  0.05,**P <  0.01.
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Safety of PLM+US treatment.  In order to assess the safety of PLM+ US treatment, we examined the 
liver and kidney functions on these animals. Table 1 showed the amounts of the total protein (TP), aspartate ami-
notransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), glutamic pyruvic transam-
inase (GPT) and L-lactate dehydrogenase (LDH) did not significantly changed in the PLM+ US-treated animals, 
compared with normal and non-intervention control rabbits. It indicated treatment with PLM+ US had not func-
tional liver injury on the intervention animals. Similarly, no significant changes were found in the amounts of 

Figure 3.  US imaging of PLM and Sonovue in the rabbit iliac arteries. (A) The rabbits were administrated 
with PLM (Top two rows) or Sonovue (bottom two rows) at the same bubble concentrations. After bubble 
perfusion, US images were obtained at 0.1 s, 0.5 s, 1 s, 3 s or 10 s. (B,C) The quantitative analysis of US signal 
intensities of selected regions after PLM or Sonovue perfusion at different times. The arrows are for the regions 
of iliac artery restenosis. Red boxes are for selected regions of the rabbit iliac arteries. White boxes for selected 
regions of tissue background. *P <  0.01.
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blood urea nitrogen (BUN), creatinine (CREA) and uric acid (URCA) for these animals (Table 2), demonstrating 
relatively normal kidney function after PLM+ US treatment.

Discussion
It is widely believed that the mechanisms of vascular restenosis mainly attribute to VSMCs proliferation and 
neointimal hyperplasia after the endothelial injury23,24. Documents have demonstrated PTX can inhibit VSMCs 
proliferation and reduce the neointimal hyperplasia6–10. In our study, we used MBs, an ultrasound contrast agent, 

Figure 4.  Overview of the experimental protocol. (A) Experimental protocol over time (days) is shown, with 
each vertical line on the x-axis representing a time point at intervals of one week. The arrows represent the 
time point of animal treatments, corresponding to balloon injury, start therapy and evaluation, respectively. 
(B) Diagram shows the experimental setting, with the rabbit lying supine and the site of iliac artery restenosis 
received with US imaging and therapy. Partial enlarged drawing of iliac artery restenosis which was perfused 
with PLM and received with therapy under US imaging is shown (inset). (C) The isolated fragments of the 
iliac artery with restenosis and without restenosis were presented. Scale bar: 2 mm. (D) The in vivo drug local 
delivery efficiency was determined by examining PTX amounts in the isolated iliac arteries.
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to act as drug carriers to prepare the PLM and successfully achieved US-visible PTX delivery for treatment of 
vascular restenosis in the rabbit iliac restenosis model. The US-visible drug delivery platform with PLM possesses 
many advantages. Firstly, the poor water solubility of PTX can be overcome by encapsulating them into the lipid 

Figure 5.  Efficacy assessment of iliac artery restenosis. (A) Representative H&E-stained arterial cross-
sections from different treatment groups in a rabbit model of iliac artery restenosis (top). Zoomed-in H&E-
stained arterial cross-sections highlight the different vascular remodeling from the different treatment groups 
(bottom). I, intima; M, media; E, externa. Scale bar, 100 μ m. (B,C) Quantitative analysis of luminal area and 
intima-to-media area ratio from the different treatment groups. (D,E) Representative zoomed-in H&E-stained 
arterial cross-sections from PLM +  US group and control group highlight the significant reduction of disorder 
cell arrangement and irregular cell shape (red arrows). Scale bar: 100 μ m.
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shells of MBs25. Secondly, MBs, as a contrast agent only stayed in the blood pool, can limit the drugs in the cir-
culation due to their large particle size. This would greatly increase the bioavailability of PTX and decrease the 
potential damage to other unwanted tissues or organs. More importantly, taking advantages of MBs in both US 
imaging and US-triggered drug release, it is possible to achieve an US-visible drug delivery to the local vascular 
restenosis site.

Although US-triggered drug delivery using MBs holds a great promise for many disease treatments due to its 
minimal invasiveness, locally enhanced drug delivery and proven safety record. The limited drug loading capacity 
of lipid monolayer MB shells has become a major obstacle to their therapeutic utility26. In our current study, we 

Figure 6.  Immunohistochemical staining for α-SMA proteins. (A) Representative anti-α -SMA antibody-
stained arterial cross-sections from different treatment groups in a rabbit model of iliac artery restenosis. Scale 
bar, 50 μ m. (B,C) Quantitative analysis of α -SMA-positive cells and the immunohistochemical score (HIS) from 
the different treatment groups. Representative zoomed-in H&E-stained arterial cross-sections from PLM +  US 
group (D) and control group (E) highlight the significant reduction of intimal hyperplasia and irregularly 
shaped cells (red arrows). Scale bar: 100 μ m.
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optimized the formulation and preparation process which achieved 93.51 ±  2.07% of PTX encapsulation effi-
ciency. The high PTX encapsulation efficiency might not only contribute to the optimized formulation, but also 
contribute to the preparation process that produced relative small bubble size than that of the conventional MBs. 
In addition, some functional materials including PEG4000, Dextran T40 and Span 80 were used when preparing 
PLM. PEG4000 is a polymer, it can form a water barrier on the surface of the phospholipid membrane, and pro-
long the retention time in the blood circulation, and increase the stability of PLM. Dextran T40, a high permea-
bility sugar, can increase the viscosity of the solution, and the hydrogen bond on the sugar can also interact with 
the hydrogen bond of the surface of PLM, making PLM be more stable. Span 80, as a foaming agent, can stabilize 
lipid membranes and increase the yield of PLM. These functional materials further improve the stability of PLM 
and partly contribute to high PTX encapsulation efficiency.

The results of the drug release experiments showed that there had a significant higher concentration of PTX 
released into the solution after US irradiation (Fig. 2A), indicating PLM had a good US-triggered drug release 
capability. Meanwhile, the VSMC proliferation experiments further demonstrated a significant higher cell prolif-
eration inhibition effect when these cells were received PLM +  US treatment (Fig. 2B). The enhanced cell prolif-
eration inhibition effect may partly attribute to the increased drug concentrations due to the US-mediated PLM 
destruction. It should also be pointed out that the accompanying physical mechanical energy as the microstream-
ing, micro-jet and shave wave from MB cavitation would further favor these US-released drugs to enter into the 
targeted cells. Numerous evidences have showed that the sonaporation effects would produce many nanoscale or 
microscale holes in the cell membrane surface when cells are exposed to US irradiation in the presence of MBs. 
Thus results in greatly increased cell membrane permeability27,28. Therefore, the simultaneous contributions from 
the locally released drugs and increased permeability can account for the enhanced PTX efficacy against VSMC 
proliferation.

Data from ultrasonography suggested that PLM had an excellent US imaging capability in the iliac artery. 
It would not only facilitate to identify the region where restenosis occurs, but also would make it possi-
ble to track PTX delivery in vivo in a real-time manner. Combined with low frequency focal US irradiation, 
a spatio-temporally controllable drug delivery could be achieved. Although it is inevitable that a part of PTX 
would be released at a distal place other than the stenosis place due to the high blood flow speed in artery, there 
were more PTX released at the stenosis place since the PLM were busted at the stenosis place (Fig. 4D). Also, the 
cavitation effect would produce sonoporation in the artery wall, favoring the released PTX to penetrate into the 
artery wall. To date, drug-eluting stents are considered the best way to treat restenosis currently, but they may 
reduce the flexibility of the artery and limit the repeatability of the procedure16,29. Other various methods, such 
as double-balloon catheters and porous balloons, are also widely investigated for carrying drugs on the surface 
of the balloon to inhibit restenosis. However, all of them are still difficult to achieve the controllable drug release, 
especially under the real-time imaging-guided conditions. Our study provided a promising approach to realize 
US image-guided PTX delivery for therapeutic applications for iliac restenosis.

The results of in vivo animal experiments indicated that the lumen area of the iliac artery was obviously 
increased and I/M ratios were significantly reduced after the PLM +  US treatment. It showed that the hyperplasia 
VSMC was the acting targets of PTX. Previous documents also showed PTX may inhibit the migration and pro-
liferation of VSMC, even induce the apoptosis of the VSMC30,31. As expected, the pathologic hyperplasia degree 
of the damaged artery was reduced effectively, and the area of the lumen was increased significantly by using the 
PLM +  US intervention (Fig. 5A,B). Notably, the efficacy of intervention had no difference between PTX +  US 
group and only US group, indicating that PTX +  US did not improve the enough local drug concentration in the 
artery restenosis region in the absence of MBs. In our study, we also found the lumen area of the iliac artery in 
the group with only US irradiation was larger than that in the group without any intervention, and the ratios of 
the intima area and media area were also reduced. In fact, document has demonstrated there were some helpful 
effects on the vascular structure reconstruction of the damaged artery by low-frequency US irradiation32. The 
possible mechanisms may include US-induced various effects, such as the mechanical effect, US cavitation and 

Groups TP (g/L) ALT (U/L) AST (U/L) ALP (U/L) GGT (U/L) LDH (U/L)

Normal 50.94 ±  4.02 11.60 ±  5.59 102.40 ±  90.64 116.42 ±  27.47 3.80 ±  2.77 1165.16 ±  764.84

Operation 45.28 ±  4.84 15.40 ±  3.65 76.00 ±  57.68 129.18 ±  28.85 5.00 ±  2.00 419.74 ±  326.97

PLM +  US 48.80 ±  5.15 14.60 ±  3.65 91.80 ±  90.53 103.98 ±  27.53 2.40 ±  1.52 769.62 ±  632.86

Table 1.  The assessment of liver function after PLM + US treatment (n = 10). Note: TP, total protein; ATL, 
aspartate aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GPT, glutamic pyruvic 
transaminase; LDH, L-lactate dehydrogenase.

Groups BUN (mmol/L)
CREA 

(μmol/L)
URCA 

(μmol/L)

Normal 18.58 ±  23.88 53.94 ±  30.76 45.02 ±  69.59

Operation 15.63 ±  10.74 63.10 ±  39.77 41.86 ±  36.70

PLM +  US 18.76 ±  16.01 48.16 ±  9.61 32.28 ±  26.94

Table 2.  The assessment of kidney function after PLM + US treatment (n = 10) of the experimental groups 
Note: BUN, blood urea nitrogen; CREA, creatinine; URCA, uric acid.
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the production of the free radicals of ROS33,34. Furthermore, no obvious toxicity to liver and kidney functions was 
observed in these animals, indicating PLM +  US may provide a safe and effective way to prevent and control the 
artery restenosis.

Conclusions
In summary, we developed an US-triggered image-guided drug delivery system for therapeutic applications to 
iliac restenosis. The resulting PLM had a high drug encapsulation efficiency and US-controllable release capabil-
ity. More importantly, the PLM could be visually tracked in the iliac artery which not only can favor the identifi-
cation of iliac restenosis, but also achieve local drug release by low frequency US transducer. Our study provided a 
promising approach to realize US image-guided PTX delivery for therapeutic applications against iliac restenosis.
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