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a b s t r a c t

Previous studies have demonstrated that circulating DNA-encapsulated microbubbles (MBs) combined
with focused ultrasound (FUS) can be used for local blood-brain barrier (BBB) opening and gene delivery.
However, few studies focused on how to increase the efficiency of gene delivery to brain tumors after the
released gene penetrating the BBB. Here, we proposed the use of folate-conjugated DNA-loaded cationic
MBs (FCMBs). When combined with FUS as a trigger for BBB opening, FCMBs were converted into
nanometer-sized vesicles that were transported to the brain parenchyma. The FCMBs can selectively
aggregate around tumor cells that overexpressed the folate receptor, thus enhancing gene delivery via
folate-stimulated endocytosis. Our results confirmed that FCMBs can carry DNA on the surface of the MB
shell and have good targeting ability on C6 glioma cells. In addition, the optimized FUS parameters for
FCMBs-enhanced gene delivery were confirmed by cell experiments (center frequency ¼ 1 MHz; acoustic
pressure ¼ 700 kPa; pulse repetition frequency ¼ 5 Hz; cycle number ¼ 10000; exposure time ¼ 1 min;
FCMBs concentration ¼ 4 � 107 MB/mL). In vivo data also indicated that FCMBs show better gene
transfection efficiency than MBs without folate conjugation and the traditional approach of directly
injecting the gene. This study described our novel development of multifunctional MBs for FUS-triggered
gene delivery/therapy.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction tumors varies due to the protective structure of the cerebral cap-
Over the past few decades, numerous studies have reported on
treatment outcomes from gene therapy for central nervous system
diseases, such as neurodegenerative diseases and brain tumors
(e.g., glioblastoma multiforme, GBM). Compared with chemo-
therapy, gene therapy genetically modifies or kills source cells,
achieving tumor elimination without systemic toxicity [1,2]. How-
ever, the treatment efficiency of current gene therapies for brain
).
his work.
illaries, referred to as the blood-brain barrier (BBB) and blood-
tumor barrier (BTB), which prevents foreign therapeutic agents
from entering the tumor tissue. While the obstacle of the BBB and
BTB could be bypassed via direct trans-cranial gene injection or by
viral and non-viral gene carriers, limited gene diffusion area and
low gene transfection efficiency are major issues with these tech-
niques [3,4]. In addition, because glioma cells are typically sur-
rounded by normal neural cells, a non-invasive, localized and
targeting gene delivery platform needs to be developed to prefer-
entially transfect brain tumor cells while sparing healthy tissues.

Microbubbles (MBs) are gas-filled microspheres consisting of a
biocompatible shell and lipids, proteins or polymers that are
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typically utilized to enhance the contrast ability of ultrasound im-
aging. The physical structure of MBs makes them as suitable drug or
gene carriers that can prolong the half-life of the therapeutic sub-
stances and also enable the triggered release of internalized agents
at regions of interest via focused ultrasound (FUS) sonication [5,6].
Furthermore, the shell of the MBs can be conjugated with targeting
markers, allowing selective aggregation of MBs to target cells for
specific molecular theranostic purposes. The mechanical in-
teractions (e.g., cavitation and radiation force) between FUS andMBs
have been widely utilized to locally and temporally increase the
permeability of BBB/BTB, allowing particles smaller than 187 nm to
transvascularly enter the brain tissue [7]. Previous studies have
demonstrated that the drug-loaded MBs can be converted into
5e500 nm drug-containing vesicles following FUS sonication. These
vesicles cross the vascular and enter surrounding cells by acoustic
microstreaming, thereby improving drug accumulation [8].
Although the transfection efficiency of DNA-loaded MBs with FUS
has been confirmed, few studies have focused on developing a tar-
geted gene delivery method to improve the delivery of therapeutic
genes into brain tumor cells after penetrating the BBB/BTB.

DNA replication in malignant tumor cells requires a high con-
sumption of folate [9]. In order to obtain sufficient folate, folate re-
ceptors (FR) are frequently overexpressed on the surfaces of cancer
cells, including C6 glioma cells, but in the absence of normal tissues.
The FR has a high affinity for folate (KD~10�10 M). After folate
binding, the cell membrane surrounding the folate-FR complex in-
vaginates into an endosome. Then, the endosome is acidified and the
folate molecule is released into the cytosol. The physiological
property of the FR makes it amenable for use in FR-targeted stra-
tegies for tumor diagnostics and therapeutics [10]. Several in vitro
and in vivo studies have shown that proper conjugation of folate to
the substance surfaces (e.g., drug or DNA) can enhance drug delivery
to FR-positive tumors via folate-stimulated endocytosis [10].

Traditional targeting of MBs has been modified with special
antibodies or ligands on the surface of the MB shell, which can bind
to disease-associated molecular markers expressed on endothelial
cells such as endothelial markers (VEGFR2) and intercellular
adhesion molecule (ICAM-1) [11,12]. These vascular targeting
pathways permit the selective attachment of MBs to the vessel of
the tumor, thereby releasing the payload of MBs into the tumor and
potentially affecting nearby normal tissues. However, an effective
treatment for glioma must penetrate the BBB/BTB with few side
effects to normal tissue. In this study, we constructed a DNA-loaded
(luciferase plasmid) folate-inserted cationic MBs (termed FCMBs)
for BBB/BTB opening and selective gene delivery (Fig. 1). In
conjunction with FUS, the DNA-loaded FCMBs are broken down
into DNA-containing vesicles that have increased BBB/BTB perme-
ability. After crossing the BBB/BTB, the folate ligands on the vesicles
of FCMBs aggregate at FR-overexpressing cancer cells and delivery
gene to the tumor cells via endocytosis, increasing the efficiency of
brain-gene delivery in a rat GBM model.

2. Materials and methods

2.1. Preparation of plasmid DNA

In this study, we used a plasmid encoding the red firefly lucif-
erase gene (pFLuc, Thermo Fisher Scientific IL, USA) with expres-
sion driven by a cytomegalovirus promoter. pFLuc, a reporter gene,
was used to evaluate FUS-mediated transfection efficiency in vitro
DNA loading efficiencyð%Þ ¼ weight of pFLuc loaded on 109FCMBs
total weight of pFLuc added in 109FCMBs
and in vivo via bioluminescence imaging. pFLuc was extracted from
E. coli DH5a by plasmid extraction kit (NucleoBond Xtra Maxi EF,
Macherey-Nagel, Düren, Germany). The purity and concentration of
the extracted DNA were determined by a spectrophotometer with
an UV absorption wavelength at 260/280 nm (NanoDrop 2000,
Thermo Fisher Scientific, IL, USA). The quality of purified pFLuc was
analyzed by subsequent electrophoresis and enzyme restriction to
ensure that the vesicles of DNA were in full agreement with the
DNA map of the provider.

2.2. Preparation of FCMBs and pFLuc-loaded FCMBs

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Po-
lar Lipids, AL, USA), 1,2-dipalmitoyl-3-trimethylammonium-pro-
pane (DPTAP, Avanti Polar Lipids), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]
(DSPE-PEG 2K, Avanti Polar Lipids) (molar ratio of 31.5:3.9:1.8)
were dissolved in chloroform. The chloroformwas then removed via
an evaporator (R-210, Büchi Labortechnik AG, Flawil, Switzerland).
The folate-conjugated lipids were fabricated by direct covalent
bonding of folate (Sigma-Aldrich, MO, USA) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DSPE-PEG 2K-Amine, Avanti Polar Lipids) via amide bond
formation (Fig. S1). A solution of folatewas prepared in DMSOwith a
concentration of 4.4 mg/mL, activated with carbodiimide (molar
ratio of 1:12.5) at 60 �C for 1 h. Then, the folate solution was mixed
to the solution of DSPE-PEG 2K-Amine (1.6 mg/mL in PBS) in a molar
ratio of 4:1 to prepare DSPE-PEG 2K-folate at 60 �C. The morphology
of FCMBs could be imaged via bright field microscope images, while
the green fluorescence image of FCMBs were observed by embed-
ding 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
2-1,3-benzoxadiazol-4-yl) (DSPE-NBD, Avanti Polar Lipids) into the
lipid shell of FCMBs. The cationic property of DPTAP enables spon-
taneous attachment to the DNA by electrostatic interaction. The lipid
film was then mixed with glycerol-PBS (5 mL/mL), DSPE-PEG 2K-
folate and C3F8 gas. The solutionwas shaken in an agitator for 45 s to
form FCMBs. Then, the unreacted lipids were removed from FCMBs
via centrifugation (2 min, 2000 g). The CMBs (DSPE-PEG 2K, DPPC,
and DPTAP, without folate) and normal MBs (DSPE-PEG 2K, and
DPPC, without folate) were prepared to compare the characteristics
of FCMBs. For preparation of pFLuc-loaded MBs, pFLuc was mixed
with FCMBs and CMBs, gently rotated for 30 min, and then centri-
fuged at 2000 g for 1 min to separate unloaded pFLuc from well-
conjugated pFLuc-FCMBs/pFLuc-CMBs.

2.3. Characteristics of DNA-loaded FCMBs

The size and concentration of FCMBs were measured by a
coulter counter (Multisizer 3, Beckman Coulter Inc., CA, USA). The
efficiency of conjugating folate onto FCMBs was measured by a
spectrophotometer (Cary 50, Agilent, CA, USA) with UV absorption
at 280 nm. The zeta-potential of FCMBs was analyzed by a dynamic
light-scattering system (DLS, Nanosizer-S, Malvern, London, UK).
The DNA loading efficiency of pFLuc-FCMBs was analyzed using a
reverse method with the spectrophotometer. Serial amounts of
pFLuc (5e120 mg) were added into 109 FCMBs. The unbound DNA
was removed by centrifugation (2 min, 2000 g). The liquid phase
was evaluated to determine the amount of residual DNA after
pFLuc-FCMBs production. The DNA loading efficiency of pFLuc-
FCMBs was estimated as follows:
� 100%



Fig. 1. The purpose of this study. With FUS sonication, the DNA-loaded FCMBs are destroyed into DNA-containing and folate-inserting vesicles that have increased BBB/BTB
permeability. After crossing the BBB/BTB, the folate ligands on the vesicles of DNA-FCMBs aggregate at FR-overexpressing cancer cells, enhancing the efficiency of brain-gene
delivery.
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To evaluate the ultrasonic stability, pFLuc-FCMBs were placed
into an agar phantom with 3000-fold dilution at 37 �C and imaged
by a commercial 7.5-MHz ultrasound imaging system (model
t3000, Terason, MA, USA) for 1 h. The normal MBs and pFLuc-CMBs
were used for comparison. The acquired images were then con-
verted to contrast to noise ratio:

Contrast to noiseðdBÞ ¼ 20� log
IFCMBs � IBK

IBK
;

where IFCMBs is denoted as the backscatter intensity of pFLuc-
FCMBs and IBK is denoted as the backscatter intensity of the wa-
ter sample. The acoustic threshold at which stable cavitation and
inertial cavitation occurred with pFLuc-FCMBs and 1-MHz FUS
(V302, Panametrics, MA, USA) was examined by 0.5-MHz FUS
passive cavitation detection (V389, Panametrics) (Fig. S2). The
subharmonic frequency component and inertial cavitation dose
(ICD) are indices of stable cavitation and inertial cavitation,
respectively [5].

2.4. Tumor cell targeting capability of pFLuc-FCMBs vesicles

The C6 glioma cells were incubated in streptomycin, penicillin,
Ham's Nutrient Mixture F-12 (DMEM/F12), Dulbecco's Modified
Eagle's medium, and supplemented with 10% fetal bovine serum at
37 �C. Noted that it had been reported that the C6 cells had over
9000 cell surface folate receptors per cell [13]. One day before the
experiments, C6 cells (1 � 105) were seeded in a 6-well plate. Into
each well, we added normal MB vesicles, pFLuc-CMBs vesicles, or
pFLuc-FCMBs vesicles. Note that the vesicles were produced byMBs
(3 � 109 MB/mL) with FUS destruction (acoustic pressure of
700 kPa, cycle number (CN) of 10000, pulse repetition frequency
(PRF) of 5 Hz, and exposure duration of 4 min). The FUS sonicated
solution was then performed centrifugation (10000 g, 5 min) to
remove the free folate and free pFLuc. Following 10 min of vesicles
targeting with the inverted setup at RT, the dishes were then
washed the cells with DPBS in order to remove untargeted vesicles.
Blocking tests were performed by pre-incubating C6 cells with
folate acid for 10 min and washed with DPBS. Then, cells were then
incubated with the pFLuc-FCMBs vesicles with targeting procedure.
The tumor cell targeting capability of these MBs were monitored by
an inverted microscope (Eclipse Ti, Nikon, Tokyo, Japan), equipped
with 60 � 1.0 NA oil lens (Nikon). The targeting efficiency of these
vesicles to the cells was assessed by estimating the green fluores-
cence intensity around the cells within the images via ImageJ.
2.5. In vitro gene transfection of pFLuc via pFLuc-FCMBs vesicles

Prior to the experiments, 3� 104 C6 cells were seeded in 24-well
dishes. NormalMB vesicles, pFLuc-FCMBs vesicles, were placed into
the wells (2 mg pFLuc/well) for performing targeting procedure. In
order to investigate the gene transfection ability of pFLuc-FCMBs
vesicles, the cells were monitored 48 h following treatment to
measure the expression of pFLuc by bioluminescence imaging
(IVIS-200, Xenogen Corporation, Ca, USA). Thirty seconds prior to
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imaging, D-luciferin/DPBS (150 mg/mL, Biosynth AG, Staad,
Switzerland) into each well. Image analysis of all acquired frames
was performed by quantifying maximum radiance (in photons/sec/
cm2/steradian, p/s/cm2/sr) of each wall via Living Image 3.0 soft-
ware (Caliper Life Sciences, MA, USA).

After finishing the treatment, the cell viability was estimated by
Alarma blue assay (AbDSerotec, Oxford, UK) with a plate reader
(Tecan Infinite M200, Tecan Trading AG, Switzerland). The cell
viability was calculated according to the data sheet.

2.6. In vitro gene transfection of pFLuc via FUS and pFLuc-FCMBs

Prior to the experiments, 3� 104 C6 cells were seeded in 24-well
dishes. pFLuc-FCMBs were placed into the wells (2 mg pFLuc/well)
with the targeting procedure. Serial acoustic parameters of FUS
(acoustic pressure, CN, and PRF) and concentration of pFLuc-FCMBs
(0e16 � 107 MB/mL) were applied to optimize the transformation
efficiency. FUS exposure (acoustic pressure of 0e1200 kPa, CN of
25e10000, PRF of 0.5e2000 Hz, duty cycle of 5%, and exposure
duration of 1 min) was applied with a 1-MHz FUS probe driven by a
power amplifier (Model 150A100B, Amplifier Research,
Hazerswoude-Dorp, The Netherlands) and a function generator
(AFG3251, Tektronix, OR, USA) [5]. Four hours following FUS soni-
cation, the cells were washed with fresh DPBS and fresh culture
medium was added. The pFLuc expression and cell viability were
measured by bioluminescence imaging and Alarma blue assay,
individually.

2.7. In vivo delivery and transfection

2.7.1. Animal preparation
All protocols involving animals were approved by the National

Tsing-Hua University animal committee (IACUC approval number:
NTHU10156). Prior to the experiment, male Sprague-Dawley rats
(200e250 g, National Laboratory Animal Center, Taipei, Taiwan)
were anesthetizedwith isoflurane gas (dose: 1%; flow rate: 1 L/min)
and pure oxygen. During the experiment, the MBs, genes and dyes
were delivered via catheter (PE50, Intramedic, Clay Adams Inc., NJ,
USA) into the right jugular vein of animals. The body temperature of
the animals was retained at 36 ± 1 �C by a heating pad (THM100,
Indus Instruments, TX, USA) throughout the experiment. The in vivo
tumor gene delivery of pFLuc-FCMBs with FUS was investigated
with a rat GBM model, which was constructed by injecting
5 � 105 cells of C6 glioma cell suspension into the left hemisphere
brain of rats [5]. Animals were treated 7 days after C6 cell im-
plantation (tumor volume of 22.9 ± 9.4 mm3 was estimated by MRI
T2W imaging [5]).

2.7.2. In vivo experimental setup of FUS-triggered gene transfection
In vivo gene transfection was conducted using a self-integrated

ultrasound imaging-guided FUS sonication system [5] with
pFLuc-FCMBs. The system included a 25-MHz imaging probe (V324,
Panametrics) for image guidance and a 1-MHz FUS probe for
transmitting a treatment pulse. A special holder was used to
arrange these probes to adjust the foci of the 25-MHz imaging
beams and 1-MHz FUS beam at the same depth. Thereby, the FUS
could be delivered to the treatment site precisely. During the
experiment, rats were secured to the stereotaxic apparatus and
placed in the prone position with their head directly under a water
tank (6 � 6 cm2 window on the bottom, sealed with an ultrasound
transmittable polyurethane membrane).

2.7.3. Confirmation of BBB-opening and assessment of brain tissue
injury caused by FUS with pFLuc-FCMBs

Successful BBB-opening was verified by staining with Evans
blue (EB) dye (100 mg/kg) (Sigma-Aldrich), which was injected
10 min before FUS treatment. In order to optimize the BBB-opening
level by FUS with pFLuc-FCMBs, 20 s following pFLuc-FCMBs
(4 � 107 MB/mL, diluted in 1 mL of 0.9% normal saline, 800 mg
pFLuc/rat) injection, a serial of acoustic pressures (500e900 kPa)
were transcranially delivered into the left brain (CN of 10000, PRF
of 5 Hz, exposure duration of 4 min, and two target positions within
tumor site). Animals (N ¼ 3) were sacrificed after treatment and
perfused with 0.9% normal saline. Brain tissues were removed and
sliced into coronal sections (thickness, 15 mm) at �20 �C. The level
of BBB-opening was confirmed by the extravasation of EB within
the brain. The tissue sections were stained with hematoxylin and
eosin (H&E) to detect the occurrence of erythrocyte extravasation
and other brain tissue damage. Histological evaluations were
examined under a light microscope.

2.7.4. In vivo pFLuc-FCMBs vesicles targeting test using
immunofluorescence imaging

The distribution of pFLuc-CMBs vesicles and pFLuc-FCMBs ves-
icles within brain after treatment were tracked by the fluorescence
signal of NBD on vesicle shell. Following 7 days of tumor implan-
tation, tumor-bearing animals were received pFLuc-FCMBs (N ¼ 3)
or pFLuc-CMBs (N ¼ 3) and sonicated with transcranially FUS in
tumor sites. After performing the treatment, the brains of animals
were harvested and sliced as previous described (Section 2.7.3). The
brain tissue sections were fixed in 99% methanol for
10 min at �20 �C, washed twice for 5 min with PBS, and finally
mounted with DAPI (GTX30920, GeneTex, Inc., TX, USA) under
coverslips. Images were captured by themicroscope to verify if MBs
vesicles co-localized with tumor tissues.

2.7.5. FUS-triggered pFLuc-FCMBs gene transfection
Following 7 days of tumor implantation, tumor-bearing rats

were divided into three group to investigate the feasibility of local
gene transfection by different treatments (direct injection for the
pFLuc group (N ¼ 4), pFLuc-CMBs þ FUS group (N ¼ 4), and pFLuc-
FCMBsþ FUS group (N¼ 4)). Transgene expression and distribution
following treatment were assessed by measuring FLuc activity at
24, 30, 48, 54, and 72 h, respectively, after treatment with the
bioluminescence imaging. Ten minutes prior to bioluminescence
imaging, the rats were intraperitoneally injected with D-luciferin
(150 mg/kg), and immediately imaged by the IVIS system. The
transgene expression activity of the sonicated brains was quantified
by Living Image 3.0 software.

2.7.6. Western Blot analysis
The expression of pFLuc within the brain after FUS with pFLuc-

FCMBs treatment was assessed by Western Blot. Tumor-bearing
rats (N ¼ 6) were sacrificed 24 h after treatment, the rat brains
were homogenized with RIPA buffer (APOLLO, CA, USA), and pri-
mary anti-FLuc antibody was added (Abcam Inc., MA, USA), fol-
lowed by secondary goat anti-rabbit IgG-HRP (horseradish
peroxidase) antibody (Thermo Fisher Scientific). The expression
levels of immunoprobed FLuc were visualized with an enhanced
chemiluminescence method. Specific protein bands were quanti-
tated by densitometry (GE Healthcare, MI, USA). The protein levels
were normalized to lactate dehydrogenase (LDH) protein with goat
polyclonal antibodies to LDH protein (Thermo Fisher Scientific) to
correct for loading differences in cellular lysates.

2.7.7. Immunohistochemistry staining (IHC)
In order to histologically observe the pFLuc transfection, the

brains of tumor rat (N¼ 3) were removed and embedded in paraffin
24 h after FUS with pFLuc-FCMBs treatment. The brain samples
were then cut into 4-mm sections for luciferase IHC staining. The
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sections were deparaffinized and incubated with 3% H2O2 for
10 min. In order to avoid nonspecific binding, the samples were
incubated with 2.5% normal horse serum for 20 min. The primary
anti-FLuc antibody was used to stain for luciferase at room tem-
perature for 1 h. The sections were incubated with horseradish
peroxidase conjugated anti-goat secondary antibody (MP-7405,
Vector Laboratories, CA, USA) for 30 min. Finally, counter-staining
was performed with hematoxylin.

2.8. Statistical analysis

All data are expressed as mean ± standard deviation (SD) of at
least three independent samples. All statistical evaluations were
carried out with student's t-test or ANOVA. A p-value of less than
0.05 was considered significant.

3. Results

3.1. Properties and DNA loading capability of FCMBs

The mean diameter and mean concentration of CMBs were
2.3 ± 0.1 mm and (48.7 ± 1.7) � 109 MB/mL. For comparison, the
mean diameter and mean concentration of normal MBs were
4.3 ± 0.1 mm and (10.8 ± 1.6) � 109 MB/mL, respectively (Fig. 2A).
The conjugation of folate slightly decreased the mean size
(3.2 ± 0.1 mm), the mean concentration ((37.0 ± 0.7) � 109 MB/mL)
of FCMBs. Fig. 2B illustrates the morphology of pFLuc-FCMBs. The
DNA distribution of pFLuc-FCMBs was mapped by PI staining. The
dense layer of PI on the shell of pFLuc-FCMBs confirmed that DNA
was carried on the lipid shell of the FCMBs. The DNA loading
capability of FCMBs was estimated by measuring the ratio of
attached DNA on 109 FCMBs and the initial DNA amount (Fig. 2C).
The addition of 5e40 mg of DNA to FCMBs resulted in a higher DNA
loading efficiency of 27.1 ± 2.3%, whereas the DNA-loading effi-
ciency of normal MBs was only 2.9 ± 0.9%. The addition of more
than 40 mg of DNA into FCMBs caused a reduction in DNA loading
efficiency (DNA 80 mg: 15.1 ± 1.8%; DNA 120 mg: 12.8 ± 2.2%). The
mean zeta-potentials of FCMBs and CMBs were 46.4 ± 0.8 mV and
48.1 ± 1.1 mV, respectively (Fig. 2D). The negative zeta-potential
(�5.2 ± 2.0 mV) of pFLuc-FCMBs showed that the successful
binding of pFLuc to FCMBs by electrostatic interaction. The pFLuc-
FCMBs and pFLuc-CMBs showed a higher acoustic stability under
37 �C than normal MBs (Fig. 2E). The MBs become unstable because
the temperature of surrounding environment closed to the transi-
tion temperature of lipid shell. The transition temperature of DPPC
(41.4 �C) was lower than that of DPTAP (49.3 �C). Thus, FCMBs/CMBs
had a better acoustic stability than normal MBs. Investigating the
acoustic properties of pFLuc-FCMBs, the subharmonic frequency
intensity and ICD of pFLuc-FCMBs showed a high correlation with
acoustic pressure. The thresholds for stable cavitation and inertial
cavitation of pFLuc-FCMBs were 300 kPa and 500 kPa, respectively
(Fig. 2F).

3.2. Properties of FCMBs vesicle

We then confirmed that if pFLuc-FCMBs could be converted into
nano-sized vesicles by FUS sonication (acoustic pressure of 700 kPa,
CN of 10000, PRF of 5 Hz, and exposure duration of 4 min). It should
be noted that the sonicated solution was performed centrifugation
(10000 g, 5 min) to remove the free folate. The changes of pFLuc-
FCMBs size distribution before and after sonication suggested
that pFLuc-FCMBs were converted into nano-sized vesicles
(Fig. 3A). This data consisted with previous study [8]. Themean size
of the pFLuc-FCMBs vesicles was about 139 ± 6.8 nm according to
DLS, suggesting that the vesicles of pFLuc-FCMBs can probably
enter the cell by endocytosis. In Fig. 3B, the presence of charac-
teristic signals observed in folate and FCMBs confirmed the suc-
cessful insert of folate with a lipid shell of CMBs. The binding
efficiency of folate to CMBs was 23.7 ± 1.9%. Furthermore, the ab-
sorption peak of folate occurred in the vesicles of pFLuc-FCMBs,
suggesting that the folate was still bound to the vesicles of pFLuc-
FCMBs after FUS sonication. Electrophoresis tests demonstrated
that anionic pFLuc moved toward a positive electrode (Fig. 3C). In
contrast, when pFLuc was bound to FCMBs (pFLuc-FCMBs), FCMBs
could prevent pFLuc from moving toward the positive electrode,
while a smaller amount of FCMBs was not able to bind DNA. After
FUS sonication, the band appeared in both positive and electrode
electrodes, since (1) the pFLuc-FCMBs partly released the attached
pFLuc, the released pFLuc then moving toward the positive elec-
trode naturally; (2) a part of pFLuc still bound onto the vesicles of
pFLuc-FCMBs, therefore the band was observed in the positive
electrode. For comparison, normal MBs showed no DNA loading
capability. Due to the characteristics of lipid shell, nano-sized, and
DNA binding ability, pFLuc-FCMBs vesicles may play as a potential
role of gene carriers.
3.3. Targeting capability of pFLuc-FCMBs vesicle on C6 glioma cells

The targeting capability of pFLuc-FCMBs vesicle onto glioma
cells was estimated by microscopy (Fig. 4A). The attachment of
pFLuc-FCMBs vesicle to the cells was obviously higher than that of
pFLuc-CMBs vesicles, and normal MBs vesicles due to the natural
high FR affinity of pFLuc-FCMBs vesicles. The fluorescence intensity
around cells of each groups were 72.1 ± 10.2, 9.4 ± 1.1 and 1.4 ± 0.8
by pFLuc-FCMBs vesicles, pFLuc-CMBs vesicles, and normal MBs
vesicles, respectively (Fig. 4B). The folate increased the ability of
vesicles to attach to cells by 7.6-fold. A blocking control by pre-
incubation with folate was used to assess the specificity of the
FR-mediated interaction of pFLuc-FCMBs vesicles with C6 cells. The
result showed significant reduction in binding activity with
adherent vesicles per cell at only 18.3 ± 5.0. These data confirmed
that the vesicle of FCMBs had the capability of accumulating in FR
expressing tumor cells, thereby potentially enabling targeted gene
delivery.
3.4. In vitro gene transfection efficiency and cell viability

3.4.1. pFLuc-FCMBs vesicles for gene delivery
Afterwards, the cellular gene delivery capability of pFLuc-FCMBs

vesicles was investigated in vitro. The pFLuc-FCMBs vesicle group
resulted in luciferase expression activity without cellular toxicity
(Fig. 5), indicating that the vesicles of pFLuc-FCMBs indeed con-
tained gene, and had the capability for performing gene delivery.
3.4.2. pFLuc-FCMBs with FUS for gene delivery
Since our proposed gene delivery platform needs to transfer

pFLuc-FCMBs into vesicles via FUS sonications within cerebral cir-
culation for crossing BBB and conducting tumor gene therapy, the
issues of safety and gene delivery efficiency with varies FUS pa-
rameters should be discussed via the cell experiments. Fig. S4
illustrated that increasing the concentration of pFLuc-FCMBs or
FUS parameters (e.g., acoustic pressure, CN, and PRF) increase the
pFLuc transfection efficiency. However, further increasing these
parameters suppressed the luciferase expression of cells due to cell
viability decreased. In order to maintain higher cell viability and
maximum luciferase expression, we selected a concentration of
4 � 107 MB/mL pFLuc-FCMBs, acoustic pressure of 500e900 kPa,
CN of 10000, PRF of 5 Hz for the following in vivo experiments.



Fig. 2. Physical property of FCMBs. (A) Upper: structure of FCMBs, the pFLuc were attached onto the surface of FCMBs via electrostatic interaction; lower: size and concentration of
FCMBs, CMBs and normal MBs. (B) Cryo-TEM image, green fluorescence image, bright-field microscopy and PI staining of pFLuc-FCMBs. The red ring surrounding FCMBs indicates
pFLuc bound to FCMBs. (C) pFLuc-loading efficiency of FCMBs. The left axis was the amount of pFLuc bound onto MBs (solid line). The right axis was the pFLuc loading efficiency of
FCMBs (dotted line). (D) Zeta-potential of FCMBs before and after loading DNA. The slight negative charge of pFLuc-loaded FCMBs was due to pFLuc bound onto FCMBs. (E) Acoustic
stability of pFLuc-FCMBs. The pFLuc-FCMBs and pFLuc-CMBs showed a higher acoustic stability under 37 �C than normal MBs. (F) The threshold of stable cavitation and inertial
cavitation resulted from pFLuc-FCMBs and 1-MHz FUS. The thresholds at which stable cavitation and inertial cavitation occurred with pFLuc-FCMBs were 300 kPa and 500 kPa,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. In vivo gene delivery ability

3.5.1. Local BBB-opening capability with FUS
The safety issues and feasibility of in vivo gene transduction in a

rat GBM model were investigated in this section. The BBB/BTB
structure is the major obstacle in brain gene delivery, so we first
verified the level of BBB/BTB opening via FUS with pFLuc-FCMBs by
EB staining (Fig. 6A). The blue regionwithin the left brain indicated
the area of FUS-induced BBB opening. The safety of this technique
was assessed by H&E staining. Minor BBB-opening occurred after



Fig. 3. Physical property of FCMBs vesicle. (A) Right: Schematic of pFLuc-FCMBs was converted into nano-sized vesicles by 1-MHz FUS sonication (acoustic pressure: 700 kPa, CN:
10000, PRF: 5 Hz, sonication time: 1 min). The size distribution of normal MBs vesicles, CMBs vesicles and FCMBs vesicles were 102.2 ± 3.1 nm, 109.9 ± 2.5 nm and 139.8 ± 6.8 nm as
measured by the DLS system. (B) Spectrophotometer result. Folate, FCMBs and FCMBs vesicle showed UV absorption wavelength at 280 nm (pink region). (C) An electrophoresis test
for examining pFLuc affinity of FCMBs. FCMBs could prevent pFLuc from moving towards the positive electrode, while fewer FCMBs were able to bind pFLuc. Following FUS
sonication, the pFLuc-FCMBs would convert into pFLuc-FCMBs vesicles and partially release pFLuc. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Tumor cell targeting ability of normal MBs vesicles, pFLuc-FCMBs vesicles, and pFLuc-CMBs vesicles. (A) Bright-field images and fluorescence images. (B) Targeting efficiency
of the vesicles on C6 glioma cells. Single asterisk, p < 0.05; double asterisk, p < 0.01, versus normal MBs vesicles. Data were analyzed by one-way ANOVA presented as mean ± SD
(N ¼ 6 per group).
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Fig. 5. Luciferase expression (referred to bioluminescence signal intensity) and cell
viability with normal MBs vesicles and pFLuc-FCMBs vesicles. pFLuc-FCMBs vesicles
demonstrated highest gene delivery efficiency than that of other groups. These data
indicated that the vesicles of pFLuc-FCMBs indeed contained gene, and had the
capability for performing gene delivery. Data were presented as mean ± SD (N ¼ 6 per
group).
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FUS sonication with 500 kPa. Both the level and the region of BBB-
opening were further enhanced at 700 kPa, but were accompanied
by slight erythrocyte extravasation in the sonication area. We
considered that these extravasated erythrocytes were too few to be
characterized as hemorrhage (grade 1 damage [14], data not
shown). However, severe intracerebral hemorrhages were
observed following FUS sonication with 900 kPa due to intense
inertial cavitation. Previously studies had indicated that the effi-
ciency of drug delivery would increase with the level of BBB-
opening, but reduce with the occurence of intracerebral damage
[15,16]. Thus, we chose 700 kPa to perform in vivo gene trans-
fection since this energy resulted higher BBB-opening level with
less tissue damage.
3.5.2. In vivo distribution of pFLuc-FCMBs vesicle in brain tissue
The distribution of pFLuc-FCMBs vesicles within brain tissue

after treatment were tracked by labeling the lipid surface with NBD
(Fig. 6B). After administration of pFLuc-FCMBs with FUS, brain tis-
sues were sliced and stained with DAPI. Three regions of interest
(ROIs) were selected, including the location of the tumor area,
normal brain tissue near the tumor site, and contralateral normal
brain tissue which had the same relative location as the brain tu-
mor. Representative images illustrate that vesicles of pFLuc-FCMBs
(visualized as green fluorescent dots) appeared only in the tumor
region. pFLuc-FCMBs vesicles were undetectable in both normal
brain tissue near the tumor site and contralateral normal brain
tissue. For comparison, only a few of pFLuc-CMBs vesicles appeared
within tumor tissue. We considered that the conjugation of folate
onto pFLuc-FCMBs shells might promote MBs vesicles enter the
tumor tissue from cerebral vessels. The efficiency of in vivo gene
delivery might benefit by this phenomenon.

3.5.3. In vivo gene transfection ability
The expression and distribution of FUS-induced gene trans-

fection were monitored by a bioluminescence imaging time course
(Fig. 7A). After treatment, luciferase was only observed in the
pFLuc-FCMBs þ FUS group and pFLuc-CMBs þ FUS group. The in-
tensity of luciferase peaked at 24 h following FUS sonication and
then decreased with time. It is noted that therapy with pFLuc-
FCMBs and FUS resulted in a larger gene transfection area than
the other groups. Also, the expression of the delivered gene could
be improved by up to 4.7 fold (24 h) compared to the expression in
the directly injected group, and by 1.5 fold (24 h) compared to
expression in the pFLuc-CMBs þ FUS group. These results indicate
that the efficiency of gene transfection can be enhanced by the FR
binding affinity of pFLuc-FCMBs.

3.5.4. Tumor immunofluorescence staining
pFLuc expression in the pFLuc-FCMBs þ FUS group was then

analyzed via Western blot (Fig. 7B). No FLuc was detected in the rat
tumor without treatment. As expected, the treatment with pFLuc-
FCMBs þ FUS provided profound FLuc expression. Finally, IHC
staining was used to identify FLuc expression in brain cells (Fig. 7C).
Three ROIs were chosen: (1) the region within the tumor area, (2)
the boundary region between tumor tissue and the normal brain
tissue, and (3) normal brain tissue. The images illustrate that the
FLuc (brownish spot) only appearedwithin the tumor location. FLuc
was undetectable in the normal brain tissue. These data indicate
that pFLuc-FCMBs þ FUS treatment successfully delivers pFLuc into
the tumor location.

4. Discussion

In conclusion, we successfully fabricated FCMBs with a high
DNA-binding capability and effective targeting to FR-
overexpressing tumor cells. We optimized the acoustic parame-
ters (acoustic pressure ¼ 700 kPa, PRF ¼ 5 Hz, CN ¼ 10000, MB
concentration ¼ 4 � 107 MB/mL) for gene delivery. Also, cell ex-
periments revealed that the potential mechanism for FUS-induced
gene delivery was inertial cavitation. Moreover, the protein
expression of exogenous genes in the FCMBs group was markedly
enhanced about 1.5-fold in comparison to the CMBs group, sug-
gesting that gene transfection was indeed improved by FR target-
ing. Our purposed platform will help to advance targeted gene
therapy in brain tumors through the use of DNA-loaded MBs.

This study investigated several acoustic parameters to optimize
the safety issue and efficiency of gene delivery via FUS and pFLuc-
FCMBs since this platform needs to transfer pFLuc-FCMBs into
vesicles via FUS sonications within cerebral circulation for crossing
BBB and conducting tumor gene therapy. The first key factor
affecting gene transfection of cells was the concentration of pFLuc-
FCMBs. Increasing the concentration of pFLuc-FCMBs enhanced the
luciferase intensity of cells, since both the cavitation intensity and
amount of delivered DNAwere proportional to the concentration of
pFLuc-FCMBs. However, an over-dose of pFLuc-FCMBs can kill cells,
decreasing gene delivery. The second key factor was acoustic
pressure. The maximum luciferase intensity occurred at 700 kPa
when perhaps the pFLuc-FCMBs were undergoing inertial cavita-
tion. Higher acoustic pressure would produce more severe cell
damage, decreasing gene transfection efficiency. Thus, gene
expression and cell viability should both be considered when
optimizing acoustic pressure and pFLuc-FCMBs concentration. In
the adjustment of CN, the longer pulses would promote the gas
nucleus of pFLuc-FCMBs to grow violently and result in inertial
cavitation [17]. Therefore, the luciferase activities increased with



Fig. 6. (A) pFLuc-FCMBs and FUS-induced BBB-opening with pressure of 500e900 kPa. Increasing acoustic pressure would enhance BBB-opening level but produce more red blood
cell extravasations. Red rectangle: FUS sonication area. Left: gross brain section; middle: enlarged corresponding red rectangle region in H&E stain; right: enlarged 200 �within red
rectangle region. Black arrow: erythrocyte extravasation. (B) The distribution of pFLuc-CMBs vesicles or pFLuc-FCMBs vesicles within brain tissue after treatment. The vesicles of
pFLuc-FCMBs only largely accumulated in the tumor location, suggesting that the conjugation of folate onto pFLuc-FCMBs shells might promote MBs vesicles enter the tumor tissue
from cerebral vessels. Green spot: the vesicles of MBs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the number of cycles. Increasing the PRF resulted in a significant
increase in transfection efficiency. Low PRF may only lead to pFLuc-
FCMBs growth via rectified shrinkage or diffusion leading to
dissolution. At high PRF, the pFLuc-FCMBs can expand to several
folds of its equilibrium radius and then collapse, producing DNA-
containing vesicles that are delivered into cells.

The mechanism for FUS-medicated gene transfection is still not
clear. Cellular membrane pore formation and vesicle-mediated
endocytosis are possible pathways for intracellular uptake of
plasmid DNA after FUS and DNA-loaded MBs treatment [18,19]. In
our cell experiments, gene delivery occurred during inertial cavi-
tation of the FCMBs. Inertial cavitation refers to the collapse of MBs,
resulting in a violently mechanical force to the surrounding cells.
We considered that the inertial cavitationwould disrupt the FCMBs
into DNA-loaded vesicles and produce a sonoporation effect on the
cells. The DNA-loaded vesicles then were internalized into the tu-
mor cells to express the protein via replication, transcription and
translation. Nevertheless, we provide evidence that FUS-induced
gene delivery is required for inertial cavitation.

It is known that the expression of a transgene is approximately
proportional to the copy number of the gene within cellular nu-
cleus. Therefore, the transfection rate of gene should increase with
the amount of delivered gene. Although this study confirmed that
our cationic MB structures can be loaded with DNA for gene
transfection, the loading efficiency can still be improved by
changing the strategies for DNA loading onto the surface of MBs or
by modifying the MBs structure. Huang et al. applied the layer-by-
layer assembly technique to attach multiple layers of DNA onto the
MBs [20]. They noted that the DNA loading capacity of the three
layers was 5.6-fold higher than that of the single-layer structure.
The development of a double shell MB endowed with an internal
water-phase and an external organic phase containing the dis-
solved polymer might improve DNA loading ability [21]. The DNA
was incorporated inside the gas core of the MBs, thereby enabling
high DNA loading and protection of the payload from degradation.
In addition, MBs can also be a secondary-carrier for loading
nanometer-sized particles (e.g., virus, metal particle, and lipo-
somes). The DNA can be associated with the particles, which are
then linked to MBs, and the loading capacity as well as transfection
efficacy can be improved [22].



Fig. 7. In vivo gene transfection. (A) In vivo gene transfection on rat brain tumor model with 700 kPa. Top: Time course of IVIS images after treatment; bottom: Activity of gene
expression measured by IVIS. pFLuc-FCMBs and FUS produced the most significant gene expression. (B) Western blot results in pFLuc-FCMBs þ FUS group and tumor rat without
treatment. (C) Tumor immunofluorescence staining, including the location of the tumor area, normal brain tissue near the tumor site, and contralateral normal brain tissue. The data
illustrated that the luciferase expression only appeared within the tumor location. Arrow: luciferase expression. Single asterisk, p < 0.05; double asterisk, p < 0.01, versus direct
injection group. Data were analyzed by one-way ANOVA presented as mean ± SD (N ¼ 6 per group).
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The in vivo results confirm that FCMBswith FUS can promote the
selective uptake of DNA into tumor cells, suggesting the feasibility
of performing the gene treatment of brain tumor. In fact, there are
several candidate tumor-killing genes for cancer therapy. Aoi et al.
and Zhou et al. demonstrated an obvious anti-tumor effect in mice
with herpes simplex thymidine kinase (HSV-TK) DNA as well as
prodrug ganciclovir (GCV) [23,24]. This treatment depends on the
bystander effect where HSV-TK-mediated phosphorylation of GCV
inhibits incorporation of dGTP into DNA, thereby resulting in cell
death [25]. In addition, Sakakima et al. achieved profound
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immunomodulatory anti-cancer effects in a mouse carcinoma
model with the cytokines [25]. Suzuki et al. showed significant
tumor elimination in a mouse ovarian cancer model via FUS with
MBs for interleukin-12 gene delivery [26]. This study provided a
targeting, non-viral, non-invasive platform for conducting brain
gene delivery.

A key process of our proposed gene delivery platform in brain
tumor is the BBB-opening level resulted from FUS with MBs.
Therefore, the safety issue of this BBB-opening technique should be
concerned before it is translated into clinical. Several studies have
confirmed that the level of BBB-opening was majorly regulated by
acoustic pressure [27]. However, high pressure of FUSwould induce
bio-effects such as vascular wall damage, hemorrhage, ischemia,
cell apoptosis and inflammation [28e30]. In this study, an appro-
priate acoustic pressure was adopted to induce obvious BBB-
opening level without occurrence of sever hemorrhage (Fig. 6A,
grade 1 damage [14], data not shown). On the other hand, the ef-
ficiency of gene delivery would obviously increase with the amount
of administrated DNA [31]. However, excessive MBs concentration
would result in higher BBB-opening levels and damages [32,33].
The next work of this study would focus on optimizing the con-
centration of injected DNA-FCMBs or modifying the formula of
DNA-FCMBs for improving gene delivery efficiency in company
with minimal bio-effects.

The safety of targeting MBs should also be discussed. To
construct targeting MBs, the targeting ligand can be linked to the
surface of MBs via noncovalent binding (e.g., chemical bonds) or via
covalent binding (e.g., avidin-biotin). Covalent binding is more
possible for clinical applications since the avidin and biotin
potentially produce severe immune responses. In contrast,
applying polyethylene glycol to link the targeting ligand and the
MB shell should eliminate immunogenic effects [34]. In this study,
the folate conjugation with the lipid shell of MBs was through
amide bond formation, thus decreasing the occurrence of immune
responses.
5. Conclusions

This study successfully showed the approach of utilizing DNA-
loaded and FR-targeted MBs with FUS sonication for gene therapy
of brain tumors. The combination of FUS sonication mediates BBB/
BTB opening and promotes tumor-specific targeting, increasing
local gene delivery. In addition, the folate ligands on the FCMBs also
increased the efficiency of gene transfection via FR-mediated
endocytosis. Future work will focus on administration of this tar-
geted gene transfection approach with a tumor-killing gene in a rat
brain tumor model. Our results are potentially valuable for future
multifunctional MBs development of targeted gene therapy for
brain tumors.
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