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Purpose: Herein, this study is to prepare folic acid (FA)-conjugated lipid nanobubbles (NBs) 

that highly load artesunate (Arte; FA-ALNBs), as an ultrasound (US)-triggered Arte delivery 

system for imaging-guided, tumor-targeted chemotherapy.

Materials and methods: The morphology, size, zeta potential, and stability of the FA-ALNBs 

were detected by optical microscopy and dynamic light scattering analysis. The cellular uptake 

of the FA-ALNBs was evaluated by confocal laser scanning microscopy and flow cytometry.

Results: The FA-ALNBs showed uniform spheroidal structure, with 781.2±5.3 nm in average 

diameter, great physiological stability, and ~91.9%±1.1% encapsulation efficiency of Arte. 

Using focused US, about 36.1%±2.5% of the entrapped Arte was trigger-released from the 

FA-ALNBs. Owing to the US contrast property, FA-ALNBs showed an enhanced US signal 

in vitro when using an ultrasonic diagnostic apparatus with a 1-MHz linear transducer. Due to 

the FA receptor-mediated endocytosis effect, FA-ALNBs can be efficiently internalized by cells, 

showing an uptake ratio of about 56.4%±3.1%. FA-ALNBs showed an enhanced, dose-dependent 

cell-killing ability, while FA-ALNBs plus US irradiation exhibited a stronger anticancer effect 

in vitro. Post intravenous injection into tumor-bearing mice, FA-ALNBs showed an enhanced 

US contrast effect with increase in time, indicating the increasing accumulation of FA-ALNBs 

in tumor tissue, which peaked at 4 hours post injection. Focused US irradiation was conducted 

on the tumor region at 4 hours post injection of FA-ALNBs, which showed a greater tumor sup-

pression effect after 30 days of treatment compared with all other treatment groups. Moreover, 

FA-ALNBs showed negligible systemic toxicity in vivo.

Conclusion: This versatile US-triggered drug delivery system with great anticancer efficacy 

was assessed both in vitro and in vivo, revealing great potential as a cancer theranostic agent 

for future application.

Keywords: nanobubbles, artesunate, ultrasound imaging, ultrasound-triggered drug release, 

cancer theranostics

Introduction
In recent years, breast cancer has attracted increasing attention due to its high morbidity 

and mortality in women.1,2 As breast cancer presents with high proliferation, invasion, 

and metastasis, affected patients have low disease-free survival and overall survival 

rates.3 Traditional therapeutic methods for breast cancer include surgery, chemotherapy, 

radiation, and hormonal therapy.1 Among these, chemotherapy is widely used and 

generally accepted by the patients.

Although various synthetic anticancer drugs have shown significant therapeutic 

effects, their adverse side effects also threaten human health. In recent decades, 
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plant extracts have provided a better alternative, with 

minimal side effects.4,5 Artesunate (Arte), a natural drug 

extracted from Artemisia annua, has been widely applied 

as an antimalarial agent over the last few decades.6–8 Arte 

is recommended by the WHO due to its good clinical effi-

cacy and tolerability.9 The efficacy of Arte in the treatment 

of various cancers, such as cancer of the liver, lung, and 

breast, has also been demonstrated in the recent decades.10–12 

However, poor water solubility and low bioavailability 

of Arte limit its extensive clinical application.11 Various 

types of nano-carriers are widely used as delivery systems 

to increase the solubility and sustained release of Arte. 

For instance, Zhang et al designed novel Arte-loaded BSA 

nanoparticles to enhance the antitumor effects of Arte.9 

Pang et al prepared Arte-modified nano-graphene oxide for 

chemophotothermal cancer therapy.11 Nevertheless, novel 

carriers are still required to improve the efficacy of Arte.

Nano- or microbubbles (NBs or MBs) and small air- or 

gas-filled nanospheres are important drug delivery vehicles, 

as they can stably transport drugs in the blood circulation.13,14 

Moreover, it was found that these bubbles exhibit alternate 

growing and shrinking under an external ultrasound (US) 

field.15 By increasing US frequency and pulse length, these 

bubbles could be destroyed, extending the application of NBs 

or MBs in site-specific drug delivery.16 In addition, the con-

trollable drug release could enhance efficacy, while reducing 

undesirable side effects. Furthermore, due to their acoustic 

properties, NBs or MBs could act as US contrast agents for 

US imaging to guide drug delivery and tumor therapy.17–20 

For example, Zhu et al developed a kind of MBs loaded with 

paclitaxel for US-triggered imaging-guided drug delivery, to 

inhibit vascular reconstruction.19 Lv et al prepared folic acid 

(FA)-functionalized mesoporous silica nanoparticle-loaded 

MBs via US-triggered destruction for enhanced targeted 

tumor therapy.15

Herein, we report tumor-targeting molecule FA-

conjugated lipid NBs that highly load Arte (FA-ALNBs), as 

a multifunctional platform for tumor theranostics (Figure 1). 

The morphology, size, and stability of the resulted FA-

ALNBs were characterized using optical microscopy and 

dynamic light scattering (DLS) analysis. Under US irradia-

tion, the FA-ALNBs not only enhanced the US contrast but 

also effectively trigger-released Arte. The cellular uptake 

of FA-ALNBs was detected both by confocal fluorescence 

microscopy and flow cytometry via labeling fluorescent dye to 

the NBs. The cytotoxicity of the FA-ALNBs with or without 

US irradiation was evaluated by a classic cell counting kit-8 

(CCK-8) assay. As an US contrast agent, US imaging capacity 

was used to monitor the tumor accumulation of FA-ALNBs. 

The targeted anticancer efficacy of FA-ALNBs with or with-

out US irradiation was then demonstrated both in vitro and 

in vivo. The obtained FA-ALNBs, which show great bio-

compatibility in vitro and in vivo, would be potential tumor 

theranostic agents for future nanomedicine applications.

Materials and methods
Materials
Disaturated phosphatidylcholine (DSPC), 1,2-distearoyl-sn-

glycerol-3-phosphoethanolamine-N-(folate [polyethylene 

glycol]-2000) (DSPE-PEG
2000

-FA), and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-(carboxy [polyeth-

ylene glycol]-2000) were supplied by Ponsure Biotechnology 

(Shanghai, China). Arte was purchased from Chongqing Huali 

Konggu Co., Ltd. (Chongqing, China) with purity $99.0%. 

Perfluoropropane (C
3
F

8
) and all other chemicals were 

obtained from Sigma-Aldrich Co. (St Louis, MO, USA).

Figure 1 synthesis and application schematic.
Notes: (A) Formation of Fa-alnBs. (B) Tumor Us imaging. (C) Us-triggered drug release for tumor therapy application.
Abbreviations: arte, artesunate; DsPe, 1,2-distearoyl-sn-glycerol-3- phosphoethanolamine; Fa-alnB, folic acid conjugated lipid nBs that highly load arte; nBs, 
nanobubbles; Peg, polyethylene glycol; Us, ultrasound. 
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Preparation and characterizations of 
Fa-alnBs
According to the previous reports,21 the DSPC and DSPE-

PEG
2000

-FA (4:1 molar ratios) were mixed with Arte (1 mg/mL, 

dissolved in dimethyl sulfoxide [DMSO]). The mixture was 

then dissolved in chloroform. Afterward, the chloroform 

was removed under nitrogen flow at room temperature. 

The dried mixture was hydrated in 5 mL PBS at 60°C, and 

then was added to C
3
F

8
. Next, the mixture was processed 

by mechanical vibration for 80 seconds. The unloaded Arte 

was eliminated via dialysis in deionized water for 6 hours, 

resulting in the Arte-encapsulated and FA-conjugated NBs 

(FA-ALNBs). As contrast, the FA-ALNBs without FA 

(ALNBs) and FA-ALNBs without Arte (FA-LNBs) were 

also prepared according to the method mentioned before.

characterizations
The morphology, size, zeta potential, and stability of the 

FA-ALNBs were detected by optical microscopy (Olympus 

Corporation, Tokyo, Japan), transmission electron micros-

copy (TEM, SU8010; Hitachi Ltd., Tokyo, Japan), and DLS 

analysis using a Zetasizer Nano ZS system (Malvern Instru-

ments, Malvern, UK). The cellular uptake of the FA-ALNBs 

was evaluated by confocal laser scanning microscopy (LEXT 

OLS4100; Olympus) and flow cytometry (FACSCanto II; 

BD, Bedford, MA, USA). The absorption spectra of the 

nanoparticles were detected on a Lambda 35 UV–vis spec-

trometer (PerkinElmer Inc., Waltham, MA, USA).

Arte encapsulation efficiency (EE) and 
release
The Arte concentration was detected by a UV–vis spectrom-

eter at Arte absorption peak wavelength (280 nm). The Arte 

EE was calculated as described in the following equation:

 

EE (%)
Arte Arte

Arte
total unloaded

total

=
−

×100%

 

In addition, the cumulative release efficiency (CRE) 

of Arte with or without US irradiation was evaluated. A 

total of 1 mL of FA-ALNBs was placed in EP tube and 

sealed with parafilm. After filling up by ultrasonic coupling 

agent, the EP tube was placed onto the surface of the US 

transducer. After 1 minute US irradiation, these tubes were 

processed by centrifugation with 10,000 g for 30 minutes. 

The US irradiation was generated by a 1 MHz transducer 

with 1 MPa US intensity. The supernatant was collected and 

extracted by CHCl
3
 and the absorbance at 292 nm wavelength 

was detected. The CRE was calculated as described in the 

following equation:

 

CRE (%)
Arte

Arte
free

total

= ×100%

 

cell culture and cellular uptake
Murine mammary adenocarcinoma cells (4T1 cell) were 

provided by American Type Culture Collection (Manassas, 

VA, USA). The 4T1 cells were cultured in Roswell Park 

Memorial Institute (RPMI)-1640 (pH 7.2) supplemented 

with 10% FBS and 1% penicillin–streptomycin solution, 

and maintained in a humidified atmosphere of 5% CO
2
 in 

air at 37°C.

For cellular uptake, fluorescein isothiocyanate (FITC) 

was applied to label the ALNBs and FA-ALNBs. A total of 

1 mg FITC was dissolved in 1 mL DMSO and then mixed 

with the NBs with slight stir for 10 minutes. Afterward, the 

mixture was dialyzed in deionized water for 12 hours to 

remove the free FITC, resulting in FITC-labeled NBs. 4T1 

cells were cultured for 24 hours in FA-free medium, and 

then free FITC, ALNBs, FA-ALNBs, and FA-ALNBs + FA 

(with same FITC concentration) were incubated with the 

4T1 cells for 6 hours. The treated cells were washed with 

PBS three times and fixed with 4% paraformaldehyde. After 

that, the cells were stained with 0.2 mg/mL of DAPI solution 

for 10 minutes. The cells were divided into two sections. 

One section cells were imaged by confocal laser scanning 

microscopy to capture the fluorescence images. And the other 

section cells were analyzed by flow cytometer to detect the 

fluorescence signal (F) of the cells. The calculation equation 

was as follows: Uptake ratio (%)
F

F
FITC

DAPI

= ×100%, where F
FITC

 

was the cellular fluorescence value of FITC or FITC-labeled 

NBs treated cells, and F
DAPI

 was the cellular fluorescence 

value of DAPI-treated cells.

in vitro hemolysis test
For hemolysis test of FA-ALNBs, 1 mL whole blood was col-

lected from a healthy mouse. Through centrifugation, the red 

blood cells (RBCs) were separated. FA-ALNBs at different 

concentrations in PBS were incubated with RBCs. After 

1 hour incubation at 37°C, the treated RBCs were centrifuged 

at 10,000 rpm for 1 minute. The absorbance of the superna-

tants was detected by UV-vis spectrophotometer at 541 nm. 
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The hemolytic percent (HP) was calculated according to the 

following equation:

 

HP (%)
A A

A A
t nc

pc nc

=
−

−
×100%

 

where A
t
, A

pc
, and A

nc
 are the absorbance value of the 

supernatant of the test sample, water-treated sample (posi-

tive control), and PBS-treated sample (negative control), 

respectively.

In vitro anticancer efficacy
First, FA-LNBs with the concentrations of 0, 50, 100, 250, 

and 500 µg/mL were cultured with 4T1 cells. After 24 hours 

treatment, the cells were treated with RPMI-1640 media 

containing 10% CCK-8 for 20 minutes in an incubator. The 

absorbance of the cells at 450 nm wavelength was detected 

by a Multimode Plate Reader (EnVision; PerkinElmer) to 

characterize the cell viability. In addition, Arte, ALNBs, 

and FA-ALNBs with the same concentrations of Arte 

(0, 10, 20, 30, and 40 µg/mL) with or without 1 minute US 

irradiation were treated with 4T1 cells for 6 hours. After 

that, the cells were incubated for further 24 hours. The cell 

viability was also evaluated by CCK-8 assay.

animal model
Female Balb/c nude mice (5 weeks old) were provided 

from Vital River Laboratory Animal Technology Co., Ltd. 

(Beijing, China). The tumor model was established by sub-

cutaneous injection of 150 µL PBS containing 5×106 4T1 

cells into the right back regions of the mice. After about 

7 days, the tumor growth was observed by naked eye and 

the tumor volume was detected using a caliper. The tumor 

volume was calculated according to the following equation: 

Volume = (length) × (width)2/2. The animals’ experiments 

were conducted in accordance with the Guidance Suggestions 

for the Care and Use of Laboratory Animals. This study, 

involving all animal experimental procedures was approved 

by the Ethics Committee of Traditional Chinese Medicine 

Department, Gansu Provincial Hospital.

in vivo Us imaging
First, FA-ALNBs were dispersed in PBS and then mixed 

with agarose gel to form a pie-shaped phantom. The US 

images were captured by using a US imaging system from 

the horizontal section of the phantom. Furthermore, previ-

ous to and after 2, 4, and 6 hours intravenous injection of 

FA-ALNBs into tumor-bearing mice, the US images of the 

tumor regions were also captured.

In vivo anticancer efficacy
When the tumor volume of the mice reached 60 mm3, 4T1 

tumor-bearing mice were randomly divided into seven groups 

(n=5): group 1: saline (control); group 2: US only; group 3: 

free Arte; group 4: ALNBs; group 5: ALNBs plus US irra-

diation (ALNBs + US); group 6: FA-ALNBs; and group 7: 

FA-ALNBs plus US irradiation (FA-ALNBs + US). Different 

samples with equivalent Arte dose of 6 mg kg−1 were intra-

venously injected into the tumor-bearing mice. After 4 hours 

of injection, US wave was irradiated on the tumor region. 

An UTG-1025 US transducer with working intensity of 

2 W/cm2 and 1 MHz frequency (Chongqing) was applied for 

in vivo treatment. During the course of treatment, the tumor 

volume and body weight of the mice were monitored every 

3 days. The relative tumor volumes were calculated accord-

ing to the following equation: relative tumor volume = V/V
0
, 

where V
0
 represents the initial tumor volume.

in vivo biosafety evaluation
After the treatment, the mice were sacrificed to collect the 

major organs, including heart, liver, spleens, lung, and 

kidneys. These organs were successively fixed in 4% parafor-

maldehyde, embedded in paraffin, dehydrated, and sliced into 

5.0 µm sections. According to the recommended protocols, 

the sections were stained with H&E and examined by a light 

microscope. In addition, 150 µL of FA-ALNBs at a dose of 

10 mg/kg was intravenously injected into healthy mice (n=5). 

Before and after 3 and 7 days, the whole blood was collected 

for complete blood counts evaluations.

statistical analysis
Data were shown as mean ± SD. Two-tailed Student’s t-test 

was used to analyze the statistical significance of two groups. 

The differences were considered significant for *P,0.05 and 

highly significant for **P,0.01.

Results and discussion
Preparation and characterization of 
Fa-alnBs
The prepared FA-ALNBs were uniformly distributed, as 

seen on light microscopy and TEM images (Figure 2A). The 

size of the FA-ALNBs varied from 650 nm to 910 nm, with 

an average particle diameter of 781.2±5.3 nm (Figure 2B). 

The zeta potential of the FA-ALNBs was detected to 

be −31.2±1.2 mV (Figure 2C). The stability test revealed a 
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negligible change in bubble size when FA-ALNBs were left 

to stand in water and saline, or at pH=6.8 and pH=7.4, for 

48 hours, (Figure 2D and E), indicating the great stability 

of the FA-ALNBs. Their stability is due to PEG and lipid 

encapsulation, which can also improve the poor water 

solubility of loaded Arte (Figure 1A). In addition, PEG, as 

a surfactant, can form a water barrier on the surface of the 

phospholipid membrane and prolong the retention time in the 

blood circulation.22–24 Figure 2F shows the UV-Vis spectra 

of FA-ALNBs, which exhibited absorbance peak similar to 

Arte at wavelengths of 280 nm, demonstrating the existence 

of Arte in FA-ALNBs.

After calculating, the FA-ALNBs achieved 91.9%±1.1% 

EE of Arte. The high Arte EE might contribute to both the 

optimized formulation and the preparation process, produc-

ing relatively small bubble sizes compared with those of 

traditional MBs.19 The drug release efficiency of FA-ALNBs 

with or without 1 minute US exposure by a low-frequency 

focus US was detected. As shown in Figure 3A, upon US 

irradiation with 1 MPa US pressure and 1 MHz frequency 

for 60 seconds, the drug release ratio was found to increase 

with increasing irradiation time. The highest Arte release 

rate was 41.6%±3.5% after US irradiation for 60 seconds. 

This result indicated that the FA-ALNBs have a good 

US-triggered drug release capability. The drug release 

mechanism is likely due to the US-mediated FA-ALNBs 

destruction (Figure 1C). In addition, as shown in Figure 3B, 

FA-ALNBs showed intense US imaging signal compared 

with the control (FA-Arte lipid NPs), which does not contain 

gas core, indicating that the NBs endow the FA-ALNBs with 

enhanced US imaging capacity (Figure 1B).

in vitro cellular uptake and hemocompatibility
To evaluate the cell targeting effect of obtained FA-ALNBs, 

FITC was used to label the ALNBs and FA-ALNBs via 

physical absorption. As shown in Figure 4A, much more 

intense FITC green fluorescence was observed in the peri-

nuclear region of FA-ALNBs-treated cells compared with 

that of free FITC, ALNBs, and FA-ALNBs + FA-treated 

cells, indicating that a sufficient amount of FA-ALNBs enter 

the cells. In addition, the cellular uptake ratio of FA-ALNBs 

was quantified as 52.1%±2.6% by flow cytometry, which was 

higher than that of free FITC, ALNBs, and FA-ALNBs +  

FA blocking (Figure 4B). The high cellular uptake of 

Figure 2 Morphology and stability characterization.
Notes: (A) Bright microscopy and TeM images, (B) size distribution, and (C) zeta potential of the Fa-alnBs. (D) size changes of Fa-alnBs in water and saline, and 
(E) ph 6.8 and 7.4 condition. (F) absorbance spectra of free arte and Fa-alnBs.
Abbreviations: arte, artesunate; Fa-alnB, folic acid conjugated lipid nanobubbles that highly load arte; nBs, nanobubbles; TeM, transmission electron microscopy; 
Us, ultrasound.
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Figure 3 in vitro arte release and Us imaging.
Notes: (A) Drug cumulative release behavior under Us irradiation with a frequency of 1 Mhz over 60 seconds. (B) Us images and corresponding statistical result of control 
(Fa-arte lipid nPs) and Fa-alnBs phantom. **P,0.01 vs control group.
Abbreviations: Fa-alnB, folic acid conjugated lipid nBs that highly load arte; nBs, nanobubbles; Us, ultrasound.

Figure 4 in vitro cellular uptake and hemocompatibility.
Notes: (A) Fluorescence images of 4T1 cells after 4 hours incubation with free FiTc, FiTc-labeled alnBs and Fa-alnBs, and FiTc-labeled Fa-alnBs + Fa blocking. 
(B) Uptake ratio analysis of 4T1 cells after 4 hours incubation with free FiTc, FiTc-labeled alnBs and Fa-alnBs, and FiTc-labeled Fa-alnBs + FA blocking using the flow 
cytometry. **P,0.01 vs other tested groups. (C) hemolysis ratio of rBcs after 3-hour incubation with Fa-alnBs at different concentrations of MBs. The inset shows the 
photograph of rBcs exposed to distilled water (+), PBs (−), and rilMBs-Fa with different concentrations of MBs followed by centrifugation.
Abbreviations: Arte, artesunate; FA-ALNB, folic acid conjugated lipid NBs that highly load Arte; FITC, fluorescein isothiocyanate; NBs, nanobubbles; RBC, red blood cells; 
Us, ultrasound.
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FA-ALNBs is likely due to the FA target effect via the FA 

receptor-mediated endocytosis pathway.25,26

In addition, as shown in Figure 4C, FA-ALNBs at 

a concentration range of 10–400 µg/mL induced a low 

hemolysis ratio that was similar to the negative control. 

This finding indicated that FA-ALNBs featured appropriate 

hemocompatibility characteristics.

In vitro anticancer efficacy
As shown in Figure 5A, cells treated with FA-LNBs with or 

without US irradiation for 24 hours exhibited no significant 

viability decrease, indicating no cytotoxicity of FA-LNBs and 

FA-LNBs + US irradiation. In addition, free Arte, ALNBs, 

and FA-ALNBs with the same Arte concentration (ranging 

between 0 and 40 µg/mL) showed enhanced cell-killing 

ability in a dose-dependent manner (Figure 5B). Meanwhile, 

under 1 minute US irradiation, FA-ALNBs caused the 

highest cell death rate (Figure 5C). The enhanced in vitro 

anticancer efficacy of FA-ALNBs may be partly attributed 

to the efficient FA-mediated active target effect and partly 

to the increased drug concentration due to the US-mediated 

FA-ALNBs destruction.15 In addition, it was reported that 

under US irradiation, the NBs together with microstreaming, 

micro-jet, and shave wave from cavitation would further 

favor these US-released drugs to enter the cells.19 Compelling 

evidence shows that sonoporation can generate numerous 

nanoscale or microscale holes in the cell membrane when 

cells are exposed to focused US irradiation in the presence 

of NBs, greatly increasing cell membrane permeability.27,28 

Therefore, the simultaneous contributions of the locally 

released drugs and increased permeability could account for 

the enhanced Arte anticancer efficacy.

in vivo Us imaging
As shown in Figure 6A, prior to the injection of FA-ALNBs, 

US images exhibited uniform hypoecho in solid tumor 

Figure 5 In vitro anticancer efficacy.
Notes: (A) in vitro cytotoxicity of different concentrations of Fa-lnBs and Fa-lnBs + Us. (B) cell viability of cells incubated with free arte, alnBs, and Fa-alnBs 
(at the same concentration of arte). *P,0.01 vs other tested groups. (C) cell viability of cells incubated with free arte + Us, alnBs + Us, and Fa-alnBs + Us (at the same 
concentration of arte). **P,0.01 vs other tested groups.
Abbreviations: arte, artesunate; Fa-alnB, folic acid conjugated lipid nBs that highly load arte; Us, ultrasound; nBs, nanobubbles. 

Figure 6 in vivo Us imaging.
Notes: (A) Us images and (B) quantitative data of tumor region at pre-injection and 2, 4, and 6 hours post injection of Fa-alnBs. **P,0.01 vs other tested time points. 
red circle and yellow dotted line are tumor region.
Abbreviations: arte, artesunate; Fa-alnB, folic acid conjugated lipid nBs that highly load arte; nBs, nanobubbles; Us, ultrasound. 

0

2,000

4,000

6,000

8,000

10,000

0 h 2 h 4 h 6 h

U
S 

in
te

ns
ity

 (a
u)

B

**

4 h 6 h
High 

Low 

Pre-injectionA
6 mm

2 h

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2019:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1848

gao et al

tissues. After systemic injections of FA-ALNBs, with the 

time increase from 2 to 6 hours, the US signal was clearly 

enhanced, showing a peak value at 4 hours post injection 

(Figure 6A). The quantitative results showed that the tumor 

US signal intensity of mice at 4 hours post injection of 

FA-ALNBs was about 7.3 folds that of pre-injection mice 

(Figure 6B). These results suggest that the FA-ALNBs 

could also act as highly sensitive US probes that enhance 

US imaging. This would not only facilitate the delineation 

of the tumor region, but would also make it possible to track 

Arte delivery in vivo, in a real-time manner.

In vivo anticancer efficacy and toxicity evaluation
Guided by US imaging, at 4 hours post injection of FA-

ALNBs, 1 minute US irradiation was administered to the 

tumors. As expected, the tumor growth was remarkably 

suppressed by the FA-ALNBs + US intervention. Moreover, 

free Arte, US only, ALNBs, ALNBs + US, and FA-ALNBs 

had incomplete tumor inhibition effects, but were better than 

control group (Figure 7A). The greater anticancer efficacy 

of FA-ALNBs + US compared with that of other groups 

was likely due to the following reasons: 1) the increased 

accumulation of FA-ALNBs induced by the FA receptor-

mediated target effect; 2) higher locally effective Arte 

concentration triggered by US irradiation; and 3) the US 

irradiation could destroy the bubble and generate physical 

shock to kill tumor cells. During the course of the 1-month 

treatment, the body weight of the mice gradually increased 

in all groups (Figure 7B), and the H&E staining images 

of the all treated groups showed no obvious histological 

lesions, which was similar to those of the control group 

(Figure 7C). Furthermore, the results of complete blood 

counts, including white blood cells, RBCs, hemoglobin, 

mean platelet volume, hematocrit, mean corpuscular hemo-

globin concentration, and mean corpuscular volume, in 

FA-ALNBs-injected mice at 0, 3, and 7 days post injection 

were similar to values obtained pre-injection (Figure 8A 

and B). These results indicate that the FA-ALNBs had no 

systemic toxicity in vivo, which is ideal for future clinical 

application in anticancer therapy.

Conclusion
We developed an US-triggered drug delivery system for 

targeted antitumor therapeutic applications. The obtained 

FA-ALNBs with uniform spheroidal structure and great 

physiological stability had high drug EE. Under US irra-

diation, the FA-ALNBs showed US-controllable release 

capability and US contrast effect. The high FA receptor-

mediated cellular uptake was demonstrated by both confo-

cal microscopy and flow cytometry. According to the US 

contrast results, maximum accumulation of FA-ALNBs 

was observed at 4 hours post injection of FA-ALNBs. Com-

bined with US irradiation, FA-ALNBs showed significant 

anticancer efficacy both in vitro and in vivo. Moreover, the 

FA-ALNBs displayed no obvious systemic toxicity. Our 

results collectively suggest that the proposed FA-ALNBs 

could be a promising US-triggered Arte delivery system 

for imaging-guided tumor-targeted chemotherapy.

Figure 7 (Continued)
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Figure 8 in vivo toxicity evaluation.
Notes: (A and B) Blood levels of WBc, rBc, hgB, MPV, hcT, Mchc, and McV of control and Fa-alnBs-treated mice at 0, 3, and 7 days post injection.
Abbreviations: arte, artesunate; Fa, folic acid; hcT, hematocrit; hgB, hemoglobin; Mchc, mean corpuscular hemoglobin concentration; McV, mean corpuscular volume; 
MPV, mean platelet volume; nBs, nanobubbles; rBc, red blood cells; Us, ultrasound; WBc, white blood cells.

Figure 7 In vivo anticancer efficacy.
Notes: (A) relative tumor volume and (B) body weight of tumor-bearing mice after intravenous injection with saline (control), Us only, free arte, alnBs, alnBs + Us, 
Fa-alnBs, and Fa-alnBs + Us. **P,0.01 vs control group and other groups. (C) h&e staining images of the major organs from the saline (control), Us only, free arte, 
alnBs, alnBs + Us, Fa-alnBs, and Fa-alnBs + US treated mice (magnification: ×100).
Abbreviations: arte, artesunate; nBs, nanobubbles; Fa-alnB, folic acid conjugated lipid nBs that highly load arte; Us, ultrasound.
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