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Purpose: Apatinib, an oral small-molecule antiangiogenetic medicine, is used to treat patients
with advanced hepatocellular carcinoma. However, its systemic toxic side effects cannot
be ignored. The ultrasound (US)-targeted nanobubble destruction technology can minimize
systemic drug exposure and maximize therapeutic efficacy. The aim of this study was to develop
novel GPC3-targeted and drug-loaded nanobubbles (NBs) and further assess the associated
therapeutic effects on hepatocellular carcinoma cells in vitro.

Materials and methods: Apatinib-loaded NBs were prepared by a mechanical vibration
method. GPC3, a liver tumor homing peptide, was coated onto the surface of apatinib-loaded
NBs through biotin—avidin interactions to target liver cancer HepG2 cells. The effects of different
treatment groups on cell proliferation, cell cycle, and apoptosis of HepG2 cells were tested.
Results: The NBs could achieve 68% of optimal drug encapsulation. In addition, ligand binding
assays demonstrated that attachment of targeted NBs to human HepG2 liver cancer cells was
highly efficient. Furthermore, cell proliferation assays indicated that the antiproliferative
activities of GPC3-targeted and apatinib-loaded NBs in combination with US (1 MHz, 1 W/cm?,
30 s) were, respectively, 44.11%12.84%, 57.09%16.38%, and 67.51%=%2.89% after 24, 48,
and 72 h of treatment. Treatment with GPC3-targeted and apatinib-loaded NBs also resulted
in a higher proportion of cells in the G1 phase compared with other treatment groups such as
apatinib only and nontargeted apatinib-loaded NBs when US was utilized.

Conclusion: US-targeted and drug-loaded nanobubble destruction successfully achieved
selective growth inhibition and apoptosis in HepG2 cells in vitro. Therefore, GPC3-targeted
and apatinib-loaded NBs can be considered a novel chemotherapeutic approach for treating
liver cancer in combination with US.

Keywords: ultrasound, apatinib, lipid nanobubble, liver cancer, GPC3, targeted delivery

Introduction
Hepatocellular carcinoma (HCC), one of the most common malignant tumors, ranks
fourth in incidence and is the third leading cause of cancer death in People’s Republic
of China.! Women aged 50 or older are at high risk of suffering from HCC.? Early-
stage HCC is eligible for hepatectomy, which can improve liver function and the
patients’ quality of life, but is also limited to Barcelona Clinic Liver Cancer (BCLC)
A stage.’* Due to the lack of representative early symptoms and effective early-stage
diagnostic methods, most patients present advanced liver cancer at first diagnosis and
are ineligible for hepatectomy.

Chemotherapy is one of the most effective approaches for treating HCC patients.
However, traditional chemotherapeutics require further assessment to maximize drug
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toxicity in killing cancer cells, while minimizing side effects
such as asthenia, nausea, hypersensitive reactions, peripheral
pain, and vomiting.*® Thus, a novel targeted drug delivery
system is imminently required, which can minimize systemic
drug exposure and maximize therapeutic efficacy.

In the past decades, a lot of efforts have been made in
developing new drug delivery and release systems, including
water-soluble prodrugs, microemulsions, liposomes, and
nanoparticles.” > The ultrasound (US)-targeted nanobubble
destruction (UTND) method has become a new trend for
drug delivery to solid tumors.'*!* Compared with other drug
delivery systems, UTND has multiple significant advan-
tages. First of all, nanobubbles (NBs) are easily prepared by
modified emulsification processes? and used as US contrast
agents to visualize tumors. In addition, NBs in combination
with US can induce acoustic cavitation, stimulating cell
membrane permeabilization and improving drug uptake by
tumor cells.?!2¢ Previous studies particularly paid attention
to nontargeted NBs that are easily accumulated in the reticu-
loendothelial system, resulting in lower drug concentration
at the tumor site. To increase therapeutic efficacy and reduce
systemic toxicity, it is essential to construct targeted and
drug-loaded NBs, carrying tumor-specific ligands such as
antibodies and peptides.

Thus, we hypothesized that GPC3-targeted and drug-
loaded NBs used in combination with UTND might provide
a new approach for targeted chemotherapy. In this study,
we coupled the Anti-GPC3 (liver cancer homing peptide)
antibody with apatinib-loaded NBs to test the hypothesis that
GPC3-coated and drug-loaded NBs can enhance antitumor
efficacy via UTND.

Materials and methods

Ethics statement

Approval from institutional research ethics committee of
Harbin Medical University Cancer Hospital was obtained
prior to the use of the HepG2 cells for research purposes.

Cell lines and culture

Human hepatocellular carcinoma HepG2 cells were a gener-
ous gift from the Institute of Cancer Research affiliated to
Harbin Medical University (Harbin, People’s Republic of
China). The cells were grown in HyClone minimum Eagle’s
medium (MEM) (Thermo Fisher Scientific, Shanghai,
People’s Republic of China) at 37°C in a humidified incuba-
tor containing 5% CO,, supplemented with 10% fetal bovine
serum (FBS; GIBCO, Carlsbad, CA, USA), 100 pg/mL

streptomycin, and 100 U/mL penicillin (GIBCO). Exponen-
tially growing cells were used in all experiments.

Preparation of apatinib-loaded NBs

DSPC and DSPE-PEG2000 were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). NALNBs were produced
by a modified emulsification process.'®?’” An appropriate
amount of lipid mixture (DSPC and DSPE-PEG2000 at a
molar ratio of 9:1) and a given amount of apatinib (Hengrui
Medicine Co., Ltd., Jiangsu, People’s Republic of China)
were added into lipid components. The phospholipids
were dissolved in chloroform and methanol (2:1, v/v). The
resulting solution was moved to a round bottom flask, with
the solvent removed by rotary vacuum evaporation at 55°C.
The dried phospholipid samples were hydrated at 40°C
with 4 mL PBS (pH 7.4). Next, the vial was degassed, and
perfluoropropane (C3F8; Research Institute of Physical and
Chemical Engineering of Nuclear Industry, Tianjin, People’s
Republic of China) was added. The compounds were then
mechanically vibrated for 45 s in a dental amalgamator (YJT
Medical Apparatuses and Instruments, Shanghai, People’s
Republic of China). The mixture was resuspended in 4 mL
sterile PBS, and centrifuged at 800 rpm for 3 min. Finally,
the supernatant was collected as nontargeted and apatinib-
loaded NBs (NALNBs). Unloaded NBs (nondrug loaded)
were similarly prepared but without apatinib addition.

Preparation of GPC3-targeted and
apatinib-loaded NBs (TALNBs)

TALNBs were also produced by a modified emulsification
process.” There were some dissimilarities between TALNBs
and NALNBs. The production process included the follow-
ing 3 steps. First, biotinylated apatinib-loaded nanobubbles
(BALNBs) were prepared as described above just replac-
ing DSPE-PEG2000 with DSPE-PEG2000-biotin (Avanti
Polar Lipids). The obtained BALNBs were subsequently
washed with PBS and centrifuged at 800 rpm for 3 min to
remove excess unbound lipids. To ensure there were no
unbound lipids, an additional centrifugation was performed.
Then, 50 pg of streptavidin (SA; Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, People’s Republic of
China) per 10® NBs was added to the washed dispersion.?
The resulting NBs were then incubated at 4°C for 30 min,
washed 3 times by centrifugation as described earlier, to
remove unbound streptavidin and obtain BSALNBs. Next,
20 ug of biotinylated Anti-GPC3 antibody (Beijing Bio-
synthesis Biotechnology Co., Ltd.) per 10® NBs was added
to the NBs and incubated at 4°C for another 30 min. The
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mixture was then washed with PBS to remove unbound
antibodies and obtain TALNBs. NBs were quantified on
a hemocytometer (Biirker-Tiirk, Wertheim, Germany),
with the size determined by a Zetasizer Nano ZS90
analyzer (Malvern Instruments Ltd., Worcestershire, UK).

Detection of streptavidin-conjugated
with biotinylated and apatinib-loaded

nanobubbles (BSALNBs)

After BSALNB production, 0.05 ng of FITC-labeled strepta-
vidin (Beijing Biosynthesis Biotechnology Co., Ltd.) per
108 NBs was added for incubation at room temperature with
gentle shaking for 30 min.?* Next, the mixture was washed
with PBS 3 times to remove unbound FITC-labeled strepta-
vidin and obtain BSALNBs. The fluorescence intensity of
FITC was detected on a flow cytometer (Becton Dickinson
Co., Ltd., Franklin Lakes, NJ, USA). The mean fluorescence
intensity of FITC in BSALNBs reflected the relative levels
of streptavidin incorporated into BALNBsS.

Measurement of Anti-GPC3 antibody

concentration on the surface of TALNBs
Relative levels of the Anti-GPC3 antibody bound to TALNBs
were detected by measuring the mean fluorescence intensity
of ALEXAA488. Results were compared among NALNBs,
BALNBs, and BSALNBs. The biotinylated Anti-GPC3 anti-
body was incubated, respectively, with NALNBs, BALNBEs,
and BSALNBs at 4°C for 30 min, and washed with PBS 3
times to remove the unbound antibody. Then, NALNBs,
BALNBSs, and BSALNBs were incubated with ALEXA-
labeled goat anti-rabbit IgG (Beijing Biosynthesis Biotech
Co., Ltd.) at 4°C for 1 h and washed with PBS 3 times to
remove unbound IgG. Attention was paid to avoid light dur-
ing incubation with ALEXA-labeled IgG. Relative levels of
the Anti-GPC3 antibody bound to NBs were detected on a
flow cytometer (Becton Dickinson Co., Ltd.).

Targeted binding of TALNBs to HepG2

cells in vitro

The binding capacity of TALNBs for GPC3-positive hepato-
cellular carcinoma cells was assessed. HepG2 cells (5x10%/mL)
were cultured in Costar 6-well plates as monolayers in 90%
MEM containing 10% FBS for 24 h. The medium was supple-
mented with 1% penicillin/streptomycin and maintained in
a humidified atmosphere containing 5% CO, at 37°C. Static
binding of TALNBs was performed. Briefly, TALNBs and
NALNBs (1x10® NBs/mL) were added to 6-well plates,
respectively, and incubated with HepG2 cells for 1 h; analysis

was performed by scanning electron microscopy (Hitachi,
Tokyo, Japan).

Apatinib encapsulation efficiency (EE) of
drug-loaded NBs

The content of apatinib loaded was determined by ultraviolet
(UV) measurements (GBC Scientific Equipment Inc.,
Victoria, Australia). A freshly prepared solution of apatinib
was used to construct standard curve. Samples with 0.5, 1,
1.5, and 2 mg of apatinib, respectively, were added to the
lipid mixture to produce drug-loaded NBs. After shaking,
the NB suspensions were centrifuged at 800 rpm for 3 min.
Next, solutions containing free apatinib were collected, and
apatinib concentrations were determined on a UV—visible
spectrometer. The amounts of uncombined apatinib were
obtained by absorption measurements using a standard curve.
EE (%) was calculated using the following formula:

Total apatinib — Free apatinib

Drug EE = x 100%

Total apatinib

US destructibility of TALNBs in vitro

UTND was assessed by a previously developed method.>
Briefly, NBs were exposed to US at a frequency of 1 MHz
and an output intensity of 3.5 W/cm? using a 20 mm probe
(Institute of Ultrasound Imaging, Second Affiliated Hospital
of Chongqing Medical University, Chongqing, People’s
Republic of China). Each US cycle included 4 frames of 30 s
at a duty cycle of 50%. After US exposure, NB concentra-
tions were determined on a hemocytometer (Biirker-Tiirk).
The NBs were divided into 4 groups: blank (no sonication),
unloaded NBs, NALNBs, and TALNBs.

US-mediated drug delivery in vitro

HepG2 cells (3x10° cells/well) were seeded in 6-well plates
for overnight growth to allow cell attachment and cultured in
MEM containing 10% FBS at 37°C. Afterward, the cells were
equally divided into the following treatment groups: (a) culture
medium only (negative control); (b) apatinib only; (c) NAL-
NBs only; (d) TALNBs only; (¢) TALNBs + US. In treatment
groups (b)—(e), the apatinib dose was 10 umol/L. In treatment
groups (¢) and (d), NALNBs (1x10% NBs/mL) and TALNBs
(1x10® NBs/mL) were incubated with HepG2 cells for 1 h,
and free NBs that did not bind to the cells were washed with
PBS 3 times. In treatment group (e), after incubation with
TALNBs and washing with PBS, the cells were exposed to a
20 mm diameter transducer (Institute of Ultrasound Imaging,
Second Affiliated Hospital of Chongqing Medical University),
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which was immersed into the cell culture medium, 2 mm
above the cell suspension. US parameters were: frequency, 1
MHz; intensity, 1.0 W/cm?; irradiation, 30 s/well.

Cell viability assay

After exposure to the US pulse, the cells were harvested
and counted. Then, 8x103 cells/well were seeded into
96-well plates, and cultured for 24, 48, and 72 h, respec-
tively. After 3 PBS washes, 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (cell counting kit-8 [CCK-8]; Beyotime
Institute of Biotechnology, Jiangsu, People’s Republic of
China) was added to the samples. Absorbance of formazan
at 450 nm was determined on a microplate reader (BioTek,
Winooski, VT, USA).

Cell cycle analysis

HepG2 cells treated in different groups for 24 h were digested
with trypsin-EDTA and washed twice with PBS by centrifu-
gation at 1,000 rpm for 5 min. Next, the cells were fixed
with 5 mL of 75% ethanol and incubated at 4°C overnight.
Afterward, the cells were incubated with 0.25 mg/mL ribo-
nuclease solution at 37°C for 30 min, followed by staining
with 50 uL/mL propidium iodide in the dark for 30 min. In all
groups, cell cycle stages were analyzed by flow cytometry
(Becton Dickinson Co., Ltd.).

Cell apoptosis analysis

HepG2 cells treated in different groups for 24 h were stained
with an apoptosis kit (Hangzhou Longji Biological Tech-
nology Co., Ltd, Hangzhou, People’s Republic of China)
following the manufacturer’s instructions. Propidium iodide
at a concentration of 0.5 pg/mL was incubated with the cells,
and apoptosis was analyzed on a flow cytometer (Becton
Dickinson Co., Ltd.).

Statistical analysis

The SPSS 13.0 software package (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. Data are mean + SD.
The various groups were compared by one-way analysis of
variance with a Dunnett method. Two-sided P<<0.05 was
considered statistically significant.

Results

Preparation and characterization of
TALNBs

As schematically shown in Figure 1A, NBs loaded with apa-
tinib were initially prepared; apatinib, mixed with other lipid

components, forms the outer lipid shell of NBs. Subsequently,
TALNBs were fabricated by conjugating apatinib-loaded
NBs with biotinylated Anti-GPC3 antibody based on the
biotin—streptavidin—biotin linkage.?® Due to specific binding
of the Anti-GPC3 antibody, the ligand overexpressed on the
surface of HCC,?'3* TALNBs can bind to tumor cells. After
NB irradiation with an adequate intensity US pulse, drug can
be released into tumor site (Figure 1B).

The synthesized NALNBs had a size distribution of
752.7£16.3 nm and a polydispersity index of 0.2110.03.
Meanwhile, TALNBs had a size distribution of 811.6+45.8 nm
and a polydispersity index of 0.1810.04. No significant par-
ticle size difference was observed between TALNBs and
NALNBs (Figure 1C and D).

Conjugation of Anti-GPC3 polyclonal

antibodies with drug-loaded NBs
Conjugation of Anti-GPC3 polyclonal antibodies with
apatinib-loaded NBs was assessed by flow cytometry
(Figure 2). First, NALNBs without FITC were used as
blank control. Fluorescence intensities of BALNBs after
incubation with FITC-labeled streptavidin showed that
about 91.8%14.1% of BALNBs were successfully conju-
gated with FITC-labeled streptavidin (Figure 2A). Next,
Figure 2B shows the fluorescence intensities of BALNBs
and BSALNBs after incubation with biotinylated Anti-
GPC3 polyclonal antibodies and ALEXA488-labeled goat
anti-rabbit IgG (secondary antibody for Anti-GPC3), with
NALNBSs used as blank control, similarly. The results
showed that about 74.3%=3.9% of BSALNBs were success-
fully conjugated with Anti-GPC3 polyclonal antibodies and
ALEXAA488-labeled goat anti-rabbit IgG. Meanwhile, the
fluorescence intensity of BALNBs was only 49.5%%5.5%.
These findings indicated that the fluorescence intensity of
BSALNBs was significantly higher than that of BALNBs
(P<0.05), suggesting successful conjugation of Anti-GPC3
polyclonal antibodies.

Binding affinity of TALNBs for HepG2

cells

HepG2 cells were incubated with TALNBs and NALNBEs,
respectively. Scanning electron micrographs showed that
there was no binding of NALNBs to HepG?2 cells (Figure 2E,
4,000x and 10,000, respectively). In contrast, large amounts
of TALNBs were targeted to the surface of HepG2 cells
successfully (Figure 2D, 4,000x and 10,000x%, respec-
tively). HepG2 cells (no treatment) were used as the control
(Figure 2C, 4,000x).
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Figure | Schematic diagram of TALNBs constructed for drug targeted delivery and particle size analysis.
Notes: (A) Fabrication of TALNBs. (B) Schematic diagram of the targeted therapeutic strategy by UTND for synergistic chemotherapy. (C) Average particle size of NALNBs
determined by laser particle size analysis. (D) Average particle size of TALNBs determined by laser particle size analysis. No significant difference in particle size was found

between NALNBs and TALNBs (P>0.05).

Abbreviations: TALNBs, GPC3-targeted and apatinib-loaded nanobubbles; UTND, ultrasound-targeted nanobubble destruction; NALNBs, nontargeted and apatinib-loaded

nanobubbles.

Apatinib EE of drug-loaded NBs

The encapsulated amounts of apatinib were determined
by centrifuging unbound apatinib from the NBs. Table 1
shows that about 65% of apatinib was encapsulated into
NBs when loading 0.5 mg of apatinib. This resulted in a
drug concentration of 16 pg/10% NBs, with an NB concen-
tration of 4.91x10® NBs/mL. With increasing amounts of
loaded apatinib, EE increased first before decreasing, while
the concentration decreased gradually. After loading 2 mg
of apatinib, EE was only about 40%, resulting in a drug

concentration of 93 ng/108 NBs, with an NB concentration of
2.12x108 NBs/mL. Considering that 1 mg of apatinib loaded
may result in optimal EE (about 68% EE), this amount of
apatinib was used to prepare TALNBs.

In vitro US destructibility of TALNBs

US destructibility of TALNBs was assessed for NALNBEs,
unloaded NBs, and blank (no sonication). The correspond-
ing fold line diagram of NB concentration versus sonication

time is shown in Figure 3. Attenuation half-life (¢, ) values

172
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Figure 2 In vitro analysis of TALNBs.

Notes: (A) Binding ability of BALNBs with FITC-labeled streptavidin was determined by flow cytometry. Comparison of fluorescence intensities for NALNBs (red line,
control) and FITC-labeled BALNBs (blue line), indicating successful binding of FITC-labeled streptavidin with BALNBs. (B) Fluorescence intensities detected by flow
cytometry for different NBs types after incubation with Anti-GPC3 polyclonal antibodies and Alexa488-labeled IgG. Purple line (blank control), Alexa488-labeled NALNBs;
yellow line, Alexa488-labeled BALNBs; green line, Alexa488-labeled BSALNBs. (C) Scanning electron micrographs of HepG2 cells (no treatment). Magnification 4,000x.
(D) Scanning electron micrographs of HepG2 cells after incubation with TALNBs. Magnification 4,000x and 10,000, respectively. (E) Scanning electron micrographs of
HepG2 cells after incubation with NALNBs. The cells were washed with PBS 3 times before imaging. In comparison with NALNBs, TALNBs bound better with HepG2 cells.
Magnification 4,000x and 10,000, respectively.

Abbreviations: TALNBs, GPC3-targeted and apatinib-loaded nanobubbles; BALNBs, biotinylated apatinib-loaded nanobubbles; NALNBs, nontargeted and apatinib-loaded
nanobubbles; FITC, fluorescein isothiocyanate; NBs, nanobubbles; BSALNBs, biotin—streptavidin and apatinib-loaded nanobubbles.

for unloaded NBs, NALNBs, and TALNBs were 65, 50, and
45 s, respectively, with no significant difference between the
3 types NBs (P>0.05).

Cell viability after US irradiation

Cell proliferation in different treatment groups was evalu-
ated by CCK-8 assay, with untreated cells used as negative
control. Figure 4 shows the cell proliferation inhibitory
rates at 24, 48, and 72 h, respectively, for different treat-
ment groups. The cell proliferation inhibitory rates were
44.11%=%2.84%, 57.09%16.38%, and 67.51%%2.89% at 24,

Table | Effects of drug loading on NB concentration, drug EE,
and drug concentration of apatinib-loaded NBs

Drug loaded Concentration EE (%)* Drug concentration
(mg/4mL)  (10° NBs/mL) (ug/10® NB)

0.5 4.91£0.07 64.59+4.00 16.45£1.01

1.0 3.78+0.19 68.11+2.16 45.05+1.77

1.5 2.80+0.17 31.09+2.20 41.62+0.51

2.0 2.124+0.07 39.59+1.60 93.38+6.62

Note: °Drug EE, n=3.
Abbreviations: NB, nanobubble; EE, encapsulation efficiency.

48, and 72 h for treatment group (e), respectively. Compared
with other treatment groups, group (¢) showed significantly
higher rates (P<<0.05), suggesting that US-mediated TALNB
destruction effectively inhibited cell proliferation.

NB concentration (x10® NB/mL)

-+ Blank (no sonication)
19| == Unloaded NBs
-+ NALNBs
-~ TALNBs
0 - . - : .
0 30 60 90 120

Sonication time (s)

Figure 3 Ultrasonic destruction of TALNBs in the blank, unloaded NB, and NALNB
groups.

Notes: The acoustic destructibility of TALNBs and NALNBs showed no statistically
significant differences compared with unloaded NBs (P>0.05). Data are mean * SD.
Abbreviations: NB, nanobubble; TALNBs, GPC3-targeted and apatinib-loaded
nanobubbles; NALNBs, nontargeted and apatinib-loaded nanobubbles.
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Figure 4 Quantitative growth inhibition assay in HepG2 cells after different
treatments.

Notes: The proliferation inhibitory rates of cells were assessed by CCK-8 assay
at 24, 48, and 72 h after treatment. Data are mean = SD (n=3). The proliferation
inhibitory rate of the TALNBs + US group was significantly higher than those of the
other groups at all time points (P<<0.05). *P<<0.05 compared with group (e).
Abbreviations: NALNBs, nontargeted and apatinib-loaded nanobubbles; TALNBs,
GPC3-targeted and apatinib-loaded nanobubbles; US, ultrasound.

Cell cycle arrest after US irradiation

Cell cycle distribution in different treatment groups was
analyzed by flow cytometry. Figure 5 compares cell cycle
stages in the control and treatment groups. Accordingly, cell
proportions for treatment group (e) in the GO/G1, S, and
G2/M phases were 67.69%14.65%, 19.83%12.41%, and
12.48%12.43%, respectively. In comparison with the other
groups, group (¢) showed a significantly higher proportion
of cells in the GO/G1 phase (P<<0.05) and markedly reduced
amounts of cells in the S phase (P<<0.05), indicating that
US-mediated delivery of TALNBs induced a significant G1
phase arrest and a concomitant reduction of the S phase.

Cell apoptosis after US irradiation

Apoptotic rates in different treatment groups were determined
by flow cytometry (Figure 6). Accordingly, the apoptotic rate
in the TALNBs + US treatment group was 53.6%=%7.9%.
In comparison with other treatment groups, administration of
TALNBs + US led to a significantly increased apoptotic rate
(P<0.05), indicating a significant increase of cell apoptosis
efficiency by ultrasonic destruction of TALNBSs.

Discussion

Many drugs for HCC treatment have passed clinical trials.
Especially, apatinib, a novel and selective inhibitor of VEGF
receptor 2, has emerged as a focal point for effectively
improving treatment compliance and prolonging the survival
period of patients with advanced gastric cancer*** and
HCC 3¢ Apatinib has a wide range of tumor inhibitory effects

both in vivo and in vitro, via competitive binding of the
VEGFR-2 site.’”*® Furthermore, clinical studies of apatinib
in HCC have shown promising clinical efficacy.’**

The UTND technology is considered a novel approach
for controlling drug delivery and contrast-enhanced US
imaging.***? The apatinib API (Active Pharmaceutical
Ingredient) used by us is lipophilic, but poor soluble in water.
NBs are composed of amphiphilic phospholipids. Loading
apatinib into the shell of NBs could increase the solubility
of apatinib in PBS, simultaneously achieving satisfactory
drug EE. In addition, apatinib encapsulation could prevent
nonspecific killing of normal cells. Multiple studies have
indicated that the affinity of binding to tumor cells could be
enhanced by conjugating targeted antibodies or peptides with
NBs.2024 Therefore, NBs may be actively targeted to HCC
cells via GPC3 receptors overexpressed on their surface.

GPC3 was initially found to encode a protein of the
human glypican family.* It is anchored to the cell mem-
brane via a glycosylphosphatidylinositol (GPI) anchor.*
In addition, studies have indicated that GPC3 might serve as
a specific target, which is highly expressed in HCC but not
in normal liver cells and nonneoplastic liver lesions.”’! By
carrying the Anti-GPC3 antibody, NBs could be held in place
before ultrasonic damage. Meanwhile, the drug is released
directly to cancer cells rather than going through systemic
circulation, thereby increasing treatment efficacy.

In this study, TALNBs were synthesized by combining
an Anti-GPC3 antibody to apatinib-loaded NBs through
biotin—avidin interactions. Although this binding method was
successful in vitro, its clinical feasibility might be hampered
by many factors. First, not all HCC tumors always express
GPC3.%2 Besides, GPC3 can be secreted into the blood in
some GPC3-positive HCC patients.”> TALNBs might bind
to free GPC3 in the blood, resulting in increasing blood con-
centration of apatinib, thus causing a side effect. Also, NBs,
as foreign bodies, may stimulate in vivo the immune system
unnecessarily. Furthermore, various in vivo factors, such as
tumor vessels, blood flow rate, and wall shear stress, might
alter the binding affinity of TALNBs for tumors. Each avidin
consists of 4 subunits, combining with 4 biotin molecules.
In the process of fabricating TALNBs, the biotin—avidin
interactions were used, thus leading to larger size distribu-
tion than NALNBs. TALNBs were able to yield a drug EE
of 68%, corroborating previous findings.? The amounts of
NBs decreased as more drug was loaded, which could be
explained by the disruption of the whole NB structure during
apatinib loading. By scanning electron microscopy, we found
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Figure 5 Flow cytometric analysis of the cell cycle in HepG2 cells after different treatments.
Notes: (A) HepG2 cells were assessed by flow cytometry 24 h after treatment. G1/M phase was significantly increased in the TALNBs + US group (e) compared with the
other groups (a—d) (P<<0.05). (B) Quantitative cell cycle analysis in HepG2 cells from 3 independent experiments. Data are mean + SD. *P<<0.05 compared with group (e).

Abbreviations: Dip, diploid; NALNBs, nontargeted and apatinib-loaded nanobubbles; TALNBs, GPC3-targeted and apatinib-loaded nanobubbles; US, ultrasound.

that Anti-GPC3 antibody conjugation with apatinib-loaded
NBs significantly increased their attachment to HepG2 cells.
We also found that the half-life of TALNBs was shorter
compared with that of NALNBs, which might be directly
related to differences in their surface static charges. Avidin is

rich in charged amino acids.> Previous studies showed that
inclusion of charged species in the NB surface can disrupt
the stability of the NB monolayer shell.*** In this study, US
parameters were: frequency, 1 MHz; intensity, 1.0 W/cm?;
irradiation, 30 s/well. Applying this level of US pulses alone
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Figure 6 Flow cytometric analysis of cell apoptosis in HepG2 cells.

Notes: (A) HepG2 cells were assessed by flow cytometry 24 h after different treatments. The apoptotic rate was significantly higher in the TALNBs + US group (e) compared
with the other groups (a—d) (P<0.05). (B) Quantitative apoptotic rate analysis in HepG2 cells from 3 independent experiments. Data are mean + SD. *P<<0.05 compared

with the TALNBs + US group.

Abbreviations: Pl, propidium iodide; NALNBs, nontargeted and apatinib-loaded nanobubbles; TALNBs, GPC3-targeted and apatinib-loaded nanobubbles; US, ultrasound.

may not induce significant adverse effects on cell viability,
as shown previously.> CCK-8 analysis carried out at 24, 48,
and 72 h after treatment revealed that the cell proliferation
inhibitory rate for TALNBs was improved significantly after
US application. Use of TALNBs + US also led to a higher
proportion of cells in the G1 phase, in accordance with a pre-
vious report.’” The mechanism behind US mediated delivery
of drug-loaded NBs might be associated with the following
influencing factors. First, physical interactions between
the Anti-GPC3 antibody and GPC3 receptors contribute to

the adhesion of TALNBs on the surface of HepG2 cells,
improve local drug release, and shorten the time required
for drug delivery into HepG2 cells. Second, applying US to
NBs can lead to NB oscillation; after exposure to US, the
drug-loaded NBs can be destroyed for enhanced delivery and
release of the encapsulated drugs.’®** Third, US exposure
of NBs creates a critical transmembrane shear force, which
leads to increased permeability and drug release through the
cell membrane.® ¢ Although, the above results indicated
that tumor cells could be inhibited to a certain extent in the
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apatinib only, NALNBs only, TALNBs with or without US
groups, the inhibitory effects of TALNBs combined with
US were the most significant, which may be due to many
factors, including sonoporation, cavitation effects, and the
anticancer activity of apatinib. In vitro, the TALNBs + US
group showed higher apoptosis efficiency compared with
the other treatment groups. In order to avoid nonspecific
destruction of NBs in blood circulation, US is applied to
the tumor site rather than entire liver in vivo. However, the
whole liver cannot be uniformly sonicated unlike cultured
cells. We did not explicitly examine the dose of TALNBs
and US’s pulse energy for TALNB application in vivo
experiments. Therefore, a great deal of in vivo preclinical
studies is required to evaluate the clinical applicability of
the above approach.

Conclusion

Overall, we produced TALNBs for US-mediated delivery
of drugs to HCC cells. This study demonstrated that US-
targeted and drug-loaded nanobubble destruction success-
fully achieves selective growth inhibition and apoptosis in
HepG2 cells in vitro. Therefore, TALNBs mediated by US
may represent a novel and effective therapeutic approach
for HCC.
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