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Abstract Brain tumor lacks effective delivery system
for treatment. Focused ultrasound (FUS) can reversibly
open BBB without impacts on normal tissues. As a poten-
tial drug carrier, cationic liposomes (CLs) have the ability
to passively accumulate in tumor tissues for their positive
charge. In this study, FUS introduced doxorubicin-loaded
cationic liposomes (DOX-CLs) were applied to improve
the efficiency of glioma-targeted delivery. Doxorubicin-
loaded CLs (DOX-CLs) and quantum dot-loaded cationic
liposomes (QD-CLs) were prepared using extrusion tech-
nology, and their characterizations were evaluated. With
the advantage of QDs in tracing images, the glioma-tar-
geted accumulation of FUS + CLs was evaluated by flu-
orescence imaging and flow cytometer. Cell survival rate,
tumor volume, animal survival time, and brain histology
in C6 glioma model were investigated to evaluate the gli-
oma-targeted delivery of FUS + DOX-CLs. DOX-CLs and
QD-CLs had suitable nanoscale sizes and high entrapment
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efficiency. The combined strategy of FUS introduced CLs
significantly increased the glioma-targeted accumulation
for load drugs. FUS + DOX-CLs showed the strongest
inhibition on glioma based on glioma cell in vitro and gli-
oma model in vivo experiments. From MRI and histologi-
cal analysis, FUS 4+ DOX-CLs group strongly suppressed
the glioma progression and extended the animal survival
time to 81.2 days. Among all the DOX treatment groups,
FUS + DOX-CLs group showed the best cell viability and
highest level of tumor apoptosis and necrosis. Combining
the advantages of BBB reversible opening by FUS and
glioma-targeted binding by CLs, ultrasound introduced
cationic liposomes could achieve glioma-targeted delivery,
which might be developed as a potential strategy for future
brain tumor therapy.
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Abbreviations

DOX Doxorubicin

CLs Cationic liposomes

FUS Focused ultrasound

MRI Magnetic resonance images

DOX-CLs Doxorubicin-loaded cationic liposomes

QD Quantum dots
QD-CLs QD-loaded cationic liposomes

Introduction
Glioma is one of the most common primary brain tumors,
which is classified into I-IV malignant grades based on the

extent of cell proliferation, angiogenesis, and necrosis [1].
The annual incidence of glioma is growing gradually and
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reaches to 2.4-7.0 per 100,000 in recent years [2, 3]. Even
though aggressive therapies (such as surgery, chemother-
apy, and radiotherapy) have been widely used, the recur-
rence and mortality rates of glioma are still high [4].

Though many active chemotherapeutics have been devel-
oped, they are not suitable for the treatment for malignant
brain tumors due to the blood-brain barrier (BBB). Doxo-
rubicin (DOX), also called adriamycin, is one of the most
frequently used anticancer drugs. DOX has been success-
fully used to treat different solid and hematopoietic cancers
such as breast cancer, osteosarcomas, aggressive lymphomas,
and leukemias. From many previous researches, DOX also
showed effective inhibition on glioma cells in both in vitro [5]
and in vivo experiments [6, 7]. However, the limited survival
advantage attributed to chemotherapy (i.e., DOX) is partially
due to low central nervous system (CNS) penetration of anti-
neoplastic agents across BBB [8]. Therefore, novel strategies
are needed not only to open BBB with noninvasive method
but also promote the action for cytotoxic drugs.

Previous studies demonstrated that low-power focused
ultrasound (FUS) combined with a systemic injection of
lipid- or polymer-shelled microbubbles could induce a non-
invasive, local, and transient disruption on BBB [9-13].
Being constrained to the vasculature, ultrasonic microbub-
bles can interact strongly with low-intensity FUS and pro-
duce mechanical forces on the endothelium, which may
result in transient disassembly of tight junctional com-
plexes and the induction of active transport processes [14,
15]. With a phased transducer array and correction factors
derived from computed tomography (CT) scans, FUS can
be used to cross the skull without invasive craniotomy [16,
17]. When guided by magnetic resonance imaging (MRI),
FUS could target precise anatomic structures in a com-
pletely noninvasive manner [18].

Some tumor cells were found to change their surface
charges accompanied with their mutation in structure and
functions during its malignant transformation [19]. To
explore a “multistage targeting” strategy on glioma therapy,
we focus on the cell surface charge to develop new drug
carrier system. Cationic liposomes (CLs) have the potential
to carry drugs [20]. CLs have the ability to passively accu-
mulate in tumor tissues for their positive charge. This pro-
cess, termed as “passive targeting,” can result in significant
accumulation for loaded drugs, compared with the adminis-
tration of free drug [21-23].

Quantum dots (QDs) have been widely studied for tumor-
targeted imaging in vitro. Due to the nanoscale (2-10 nm),
high selectivity, versatility, photostability, and capacity to get
into cells or organelles via surface motility and oligomeriza-
tion [24], QDs have attracted tremendous attention.

This study aims at developing a multistage target-
ing strategy for glioma chemotherapy—FUS-medi-
ated technique combined with DOX-loaded CLs
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(FUS + DOX-CLs), in which FUS induced BBB opening
and CLs enhance the glioma-targeted delivery for DOX. In
addition, QDs and magnetic resonance images (MRI) were
used to evaluate the glioma-targeted efficiency and chemo-
therapeutic effect of the novel combined strategy. Glioma
rat models were constructed to investigate the promoted
glioma inhibition under FUS + DOX-CLs treatment. The
feasibility of DOX-loaded cationic liposomes for ultra-
sound-triggered brain delivery on C6 glioma brain model
was evaluated in this paper (as summarized in Fig. 1).

Materials and methods
Preparation of DOX-CLs and QD-CLs

CLs were composed of HSPC/DOPE/Chol/CTAB/Didode-
cyldimethylammonium bromide (10:1:3:5:2, wt/wt). CLs
were prepared via extrusion technology and subsequent
loading using ammonium sulfate method [25].

Lipids were dissolved in dehydrated ethanol at 65 °C.
Liposomes were formed by injecting the lipid mixtures to
250 mM (NH,),SO, solution (adjust pH to 5.5). The large
unilamellar vesicles were sized by extrusion through 100-
nm (five passes) and 50-nm (eight passes) polycarbon-
ate membrane. The resulting vesicles had mean diameters
ranging between 75 and 150 nm. Ethanol and nonencap-
sulated (NH,),SO, were removed by dialysis method with
10 % sucrose solution (pH 5.5).

To evaluate the glioma-targeted efficiency of QDs com-
bined with FUS, QDs were used as the model drug for
DOX in ex vivo. To prepare DOX-CLs and QD-CLs, DOX
and QD were added into blank liposome solution and incu-
bated for 1 h at 65 °C, and then stored at 4 °C for 24 h.

Characterization of DOX-CLs and QD-CLs

The size and zeta potential values of blank lip, DOX-CLs,
and QD-CLs were determined by a Zeta Potential/Particle
Sizer Nicomp™ 380 ZLS (PSS. Nicomp, Santa Barbara,
CA, USA). The pH of DOX-CLs suspension used for zeta
potential analysis was 7.0.

To evaluate DOX-CLs encapsulation efficiency, DOX-
CLs was separated from the nonentrapped free DOX by
Sephadex G-50 column. The effluent liquid containing
DOX-CLs was collected and lyophilized at 5 x 10~ Pa
pressure for 20 h. Then, DOX-CLs lyophilized prod-
ucts were solved in anhydrous alcohol. The content of
DOX was determined by HPLC (Kromasil C18, metha-
nol/water = 75:25, velocity = 1.0 ml/min, detected wave
length = 480 nm). Each sample was analyzed in triplicate.
Entrapment efficiency was calculated with the following
equation:
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Fig. 1 Schematic diagram of Focused ultrasound
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liposomes Doxorubicin (DOX)
+++,
+++y e T+
y + : o®®*
¥ + "% o +——V
+ r w4+t
e+t i
Cationicliposomes DOX-CLs
(CLs) Glioma rats

Microbubbles
“w oA

Blood-brain barrier

Glioma targeted delivery

DOX-CLs

(BBB)

Tumor cells in glioma rats

Encapsulation efficiency (%)
. Encasulated amount of DOX in CLs
- Total amount of DOX

To confirm uniformity and stability, all physical and
chemical properties of QD-CLs were characterized by
dynamic laser light scattering (Malvern Nano ZS-90 sys-
tem Uniphase, San Jose, CA). QDs and QDs-CLs were
observed by electron microscope. The emission peak of
CdSeTe/ZnS core/shell QDs is approximately 800 nM
(Invitrogen, OR, USA). The fluorescence property of QD-
CLs, such as absorption spectrum, PL spectrum, and mor-
phology, was evaluated under the fluorescence microscope
(Nikon ECLIPSE 80i, Ruikezhongyi Company, Beijing,
China). The entrapment efficiency of QD-CLs was meas-
ured by the fluorescence microscope.

x 100

Encapsulation efficiency (%)
__ Total amount of QDs — The amount of QDs in supernatant
- Total amount of QDs

x 100.

Glioma-targeted delivery by FUS introduced QD-CLs
in vitro

Cell culture

C6 glioma cells were obtained from Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China), cultured in
DMEM high-glucose medium (4.5 g/L, Gibco, NY, USA)
that was supplemented with 10 % fetal bovine serum (FBS,
Gibco, NY, USA) and 1 % penicillin—streptomycin at pH

7.4. The cells were cultured in a humidified incubation
chamber with 5 % CO, at 37 °C and were harvested with
trypsin solution in their logarithmic growth phase for the
following experiments.

In vitro fluorescence imaging of QD-CLs

The innate fluorescence of QDs allowed us to trace the
localization of QDs in the cell. The C6 rat glioma cell line
was cultured in 12-well plates overnight and then treated
with QDs solution, QD-CLs, and FUS + QD-CLs at differ-
ent concentrations, (50 and 100 nmol of QDs in QD-CLs)
for 2 h at 37, respectively. Ultrasonic treatment performed
after half-hour incubation under optimal conditions resulted
from previous experiments. After the treatment, the cells
were washed with PBS and imaged under a NIKON fluo-
rescence microscope.

Cellular uptake of QDs

The efficiency of cellular uptake of QD in C6 cells was
measured by flow cytometer (FACS Calibur FCM, Becton—
Dickinson, San Jose, CA). C6 cells were seeded at a density
of 2.5 x 10* per well on coverslips in 6-well plates. After
incubated overnight at 37 °C, these 6-well plates were placed
in 0.1 % FBS supplemented medium for 24 h and then incu-
bated with QDs solution and QD-CLs, respectively (QDs
concentration = 50 and 100 nmol) for another 48 h. FUS +
QD-CLs group was experimented to observe whether FUS
could enhance the endocytosis of QD-CLs. FUS treatment
was performed after half-hour incubation under optimal
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conditions resulted from previous experiments. The cells
were then carefully washed three times by pre-warmed PBS,
fixed in 4 % paraformaldehyde, and detached by 0.025 %
trypsin/EDTA. The detached cells were collected into a flow
cytometer to determine their uptake of the QD.

Glioma-targeted delivery by FUS introduced QD-CLs
in vivo

FUS equipment

The experimental setup for FUS treatment is shown in
Fig. 1. The focused ultrasound transducer (Acuson Sequoia
512C system, Siemens) was mounted in a three-dimen-
sional positioning system and submerged in a tank filled
with deionized water. The rat was placed on a tray below
the water tank. A thin plastic water bag was placed between
the rat brain and water tank for acoustic coupling. The effi-
cacy of focused ultrasound-induced BBB disruption will
be observed on C6 glioma rats. Pulsed ultrasound was
focused in and around the tumor (frequency = 690 kHz,
acoustic power = 0.32 W, burst length = 10 ms, repetition
frequency = 1 Hz, duration = 60 s) with simultaneous IV
administration of microbubble contrast agent. The equip-
ment is summarized as Fig. 1.

Construction of glioma model

Consent and approval for this investigation were obtained
from the Laboratory Animal Ethics Committee of Wenzhou
Medical College and Laboratory Animal Centre of Wen-
zhou Medical College (Wenzhou, Zhejiang, China). Rats
were provided by the Laboratory Animal Centre of Wen-
zhou Medical College.

Adult male Sprague-Dawley (SD) rats (200-220 g,
China) were housed in an animal facility and maintained
in a temperature- and light-controlled environment with
an alternating 12-h light/dark cycle. Glioma rat model was
induced by stereotactic injection of C6 cells following a
previously reported procedure (16) with some modifica-
tions. Briefly, C6 cells were harvested and re-suspended
for intracranial implantation. SD rats were anesthetized
by an intraperitoneal injection of chloral hydrate (350 mg/
kg body weight) and placed in a stereotactic head frame,
and a small right frontal craniectomy was drilled 3 mm
from the midline and 1 mm anterior to bregma. C6 cells
(1 x 10%10 ul) were implanted stereotactically to a depth
of 5 mm below the craniectomy using a microinjection
syringe. The craniectomy was resealed with bone wax,
the skin was sutured together, and the rats were allowed to
recover.
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In vivo imaging of FUS introduced QD-CLs

To trace QD-CLs glioma-targeted effect, glioma fluores-
cence imaging was performed on 7, 13, and 25 days after
QD-CLs injection in vivo. The rats were anesthetized with
intraperitoneal injection of cholar hydrate 5 min before the
experiment. The hair of the cranium was shaved with clip-
pers. A 20-gauge cannula was inserted into the tail vein, and
QD-CLs solution (50 nmol of QDs in QD-CLs) mixed with
ultrasound microbubbles (300ul/kg, 1 x 10°-5 x 10° bub-
bles/ml) (SonoVue, Bracco International, the Netherlands)
was infused. FUS was generated by a linear array trans-
ducer (14 MHz, Acuson Sequoia 512C system, Siemens).
The linear array transducer was placed on the skull of the
hemisphere at the locations of tumor cell implantation as
well as the contralateral normal hemisphere. The param-
eters of the transducer sonication in the experimental group
were set as follows: pulse repetition frequency of 1 Hz,
sonication time of 60 s, burst length of 10 ms with acous-
tic power of 3 W. Four hours later, all animals were deeply
anesthetized with chloral hydrate and infused with saline
through the cardiac ventricle until colorless infusion fluid
was obtained from the atrium. The brains were separated
along the transverse suture and then imaged. The Maestro
in vivo optical imaging system (CRI, Inc., US) was used
for acquiring the fluorescence from the brains. The red
filter set was applied, and image cube files were taken in
series while scanning the liquid crystal filter from 500 to
700 nm (with 10-nm step). The fluorescent images were
then analyzed by the vendor software.

To further confirm the in vivo imaging of FUS + QD-
CLs, different sections of brains after fluorescence detec-
tion were processed with standard fixation and embedded
in paraffin. According to the standard procedures, all paraf-
fin-embedded specimens were cut and stained by Hoechst
and HE.

Glioma inhibition by FUS introduced DOX-CLs
in vitro and in vivo

Cancer cytotoxicity test

Anticancer activity of DOX in DOX-CLs and FUS + QD-
CLs was evaluated with MTT assay on C6 glioma cells.
The cells were grown in 96-well plate at 7000 cells per well
under standard cell culture conditions for 24 h; further incu-
bated in 0.1 % FBS supplemented medium for additional
24 h, and treated with DOX, DOX-CLs, and FUS 4+ QD-
CLs (DOX dose was 1 mg) for 72 h. The number of viable
cells was determined by adding 20 I of MTT (5 mg/ml)
to each well and incubating for 4 h. After removal of the
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Table 1 Experimental design of C6 glioma rats in vivo

Group Treatment
C6 rats Sham rats saline DOX DOX-CLs FUS FUS + DOX-CLs
1 Control group (n = 10) v v
2 DOX group (n = 10) v v
3 DOX-CLs group (n = 10) v v
4 FUS group (n = 10) v v
v

5 FUS + DOX-CLs group (n = 10)

medium, 100 pl dimethyl sulfoxide (DMSO) was added to
each well. The absorbance was measured at 570 nm after
10-min incubation at room temperature.

Experiment design

To verify the treatment efficacy of DOX-CLs combined
with FUS, 50 glioma rats were randomly divided into
five groups as shown in Table 1. DOX in all groups was
administered by intravenous injection twice weekly for a
total of eight injections in 28 days. DOX-CLs were admin-
istered prior to US treatment. DOX dose in DOX-CLs,
FUS + DOX-CLs, or DOX solution group was 5.67 mg/kg.
C6 rats were anesthetized with chloral hydrate (350 mg/kg
bodyweight) 5 min before the experiment. Treatment solu-
tion was infused via tail vein through a 20-gauge cannula.
A linear array transducer (Acuson Sequoia 512C system,
Siemens) was applied to generate the FUS effect. In the
groups with FUS, the linear array transducer was placed
over the tumor to blast the PMB (MI = 1.9, exposure
time = 10 s).

Toxicity of FUS introduced DOX-CLs in vivo

For the toxicity evaluation, the normal SD rats were admin-
istered with DOX-CLs (17.01 mg/kg DOX dose in DOX-
CLs) through tail vein injection. One month after the DOX-
CLs injection and FUS, the SD rats were terminated, and
the tissues from the major organs (heart, liver, spleen, lung,
and kidney) were harvested and processed with HE staining
for histological studies.

Tumor volume monitoring

To further assess the glioma inhibition effect of
FUS + DOX-CLs, the tumor volume monitoring was per-
formed weekly after the treatment by MRI. Animals were
anesthetized with chloral hydrate (350 mg/kg) 5 min before
MRI procedure.

All MRI images were acquired on a 3T scanner (Trio
with Tim, Siemens, Erlangen, Germany) using the standard

wrist coil (Chenguang Medical Technologies Company,
Shanghai, China) with an inner diameter of 13 cm. The
tumor location was determined by performing a gradi-
ent echo FLASH sequence to acquire TIW images with
the following imaging parameters: pulse repetition time
(TR)/echo time (TE) = 560/27 ms; NEX = 2; matrix
size = 256 x 256; FOV = 56 mm x 70 mm; slice thick-
ness = 2.4 mm; slice spacing = 2.9 mm. Tumor size of
animals in experiment group was quantified using turbo-
spin-echo-based T2-weighted images with the follow-
ing parameters: pulse repetition time (TR)/echo time
(TE) = 2300/110 ms; NEX = 2; matrix size = 256 x 256;
FOV = 56 mm x 70 mm; slice thickness = 2.4 mm; slice
spacing = 2.9 mm.

To achieve enhanced TI1-weighted and enhanced
T2-weighted images, gadopentetate dimeglumine (Gd-
DTPA, 0.4 mmol/kg) MRI contrast agent (Magnevist, Ber-
lex Laboratories, Wayne, NJ) was administered as intra-
peritoneal injection 10 min before scanning.

Histology of brain tumors (HE)

Rat brain tumors were separated and fixed in 10 % buffered
formalin, embedded in paraffin, and sectioned into 5 pm
thickness. Sections were stained with hematoxylin—eosin
(H&E) to evaluate tumor progress. Under an optical micro-
scope (Nikon ECLIPSE Ti-S, Ruikezhongyi company, Bei-
jing, China), the tumor histology was viewed and imaged.

Apoptosis assay (TUNEL)

DNA fragmentation in situ was analyzed using the modi-
fied terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) assay (Boster biologi-
cal engineering Co., Wuhan, China) following the manu-
facturer’s instructions. Cell staining and morphology were
recorded by an optical microscope (Nikon ECLIPSE Ti-S,
Ruikezhongyi Company, Beijing, China). The number of
apoptotic tumor cells was evaluated by counting stained
and featured apoptotic cells in four random microscopic
fields (400 original magnification) per subject.
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Table 2 Characteristics of

Encapsulation efficiency (%) Mean particle size (nm) PDI

Group Zeta potential (mV)
blank CLs and QD-CLs

Blank CLs —(13.6 £1.32)

DOX-CLs —(16.8 £ 1.43)

QD —(14.7 £ 1.30)

QD-CLs —(14.3 £ 1.55)

- 173.12 0.098
863 £23 187.02 0.075
- 3.05 0.096
959 £3.1 175.26 0.090

Statistical analysis

One-way ANOVA and Student’s ¢ test or Kruskal-Wallis
test were adopted for statistical comparison using the SAS
8.01 (1999-2000, SAS Institute Inc., Cary, NC, USA). The
difference was considered to be statistically significant
when the p value was equal or <0.05.

Results
Characterization of DOX-CLs and QD-CLs

Physicochemical characteristics of the DOX-CLs and QD-
CLs are summarized in Table 2. Microscopic images of
blank CLs and QD-CLs under the white light and fluores-
cent light are shown in Fig. 2. Electron microscopic images
demonstrated that QDs-CLs possessed uniform spheri-
cal shape (Fig. 2e). The encapsulation efficiency of QD-
CLs was more than 95 %, which were consistent with the
microscopic observation.

DOX-CLs also showed spherical morphology similar as
QD-CLs (Fig. 2f). Dynamic light scattering results dem-
onstrated that all CLs had average size around 180 nm in
diameter. Low polydispersity index (PDI) values (<0.1)
were observed in all liposomes, indicating the fairly narrow
size distribution. Moderately negative zeta potential values
(<—17 mV) were observed in all liposomes. The electro-
static repulsive forces provided adequate dispersion stabil-
ity of CLs, as indicated by the low PDI values. The encap-
sulation efficiency of DOX-CLs reached 86.3 £ 2.3 %.
From these results, CLs could be used as an efficient deliv-
ery system for chemotherapy.

Enhancement effects of FUS on QD-CLs cellular
uptake

OD intracellular fluorescent imaging

For the tumor-targeted cell imaging study, QDs, QD-
CLs, and FUS + QD-CLs were used in vitro to label C6
rat glioma cells. Red fluorescence was used to evaluate
the cellular uptake of QDs by C6 cells. Among the QDs-
administered groups (Fig. 3a), FUS + QD-CLs group
showed the strongest fluorescent signal. However, the
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Fig. 2 Physicochemical characteristics of the DOX-CLs and QD-
CLs. a and b microscopic images of blank CLs under the white
light and fluorescent light, respectively (400x); ¢ and d microscopic
images of QD-CLs under the white light and fluorescent light, respec-
tively (400x); e and f electron microscopic images of QD-CLs and
DOX-CLs

fluorescent signal in QD-CLs group was a little higher than
that in QDs group, especially under 50 and 100 nM QDs
administration.
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FUS+QD-CLs

A QDs

QD-CLs

Fig. 3 Enhancement effects of FUS on QD-CLs cellular uptake.
a Fluorescent imaging of QD intracellular under 50 and 100 nM
QDs-administered groups; b cellular uptake of 50 and 100 nM QDs-
administered groups through flow cytometry

Cellular uptake of FUS introduced QD-CLs

Cellular uptake of free QDs, QD-CLs, and FUS + QD-CLs
was evaluated by flow cytometry (Fig. 3b). Among all QDs-
administered groups, FUS 4+ QD-CLs gave the strongest
fluorescent signals, followed by QD group (p < 0.01) and
QD-CLs group (p < 0.01). QD-CLs group produced a little
shifts (right-shift indicating increased fluorescence), com-
pared with QDs group. Meanwhile, strongest shifts were
observed in FUS 4 QD-CLs group. These results con-
firmed the dual enhancement of CLs and FUS for the cel-
lular uptake of QDs (Fig. 3a).

Glioma-targeted delivery of FUS introduced QD-CLs
on rat glioma model in vivo

From experiments in vitro, intravenous QD-CLs could
hardly penetrate through BBB and enter the glioma tissue

(Fig. 4a). In QD-CLs group, the glioma progression after
C6 cell transplantation was hardly detected at the 7th day,
but obviously observed at the 13th day. At day 25, the
glioma occupied almost half of semicerebrum. However,
QD-CLs group showed weak fluorescent signal in the
region of glioma during the observation. In contrast, strong
fluorescent signal in glioma was observed in FUS + QD-
CLs group. Moreover, fluorescent signal was gradually
enhanced with the glioma growth during the observation.

To confirm glioma-targeted delivery of FUS + QD-CLs,
FUS + QD-CLs-treated glioma brains were fixed and sec-
tioned after final treatment (Fig. 4b). The cell density in the
mass region (Fig. 4b) was much higher than that in the con-
tralateral normal region. Significant QDs fluorescence (red)
was observed in the mass region, while little fluorescence
was shown in the contralateral normal area. Combining
with the FUS-mediated BBB opening technique, CLs could
realize glioma-targeted delivery for chemotherapy.

Glioma-Targeted delivery of FUS introduced DOX-CLs
in vitro and in vivo

Cytotoxicity of FUS + DOX-CLs on C6 glioma cells

As shown in Fig. 5a, FUS + DOX-CLs combined treat-
ment achieved the strongest glioma inhibition effect (i.e.,
lowest cell viability measured by MTT assay) among all
groups, followed by DOX-CLs group. In addition, FUS
introduced CLs groups showed little effects on cell viabil-
ity (p > 0.05), indicating their safety in clinical applica-
tion. Overall, encapsulating DOX in CLs could effectively
increase chemotherapeutic effect on glioma (p < 0.01),
which could be further enhanced when combined with FUS
technique (p < 0.001), and FUS alone did not cause signifi-
cant change for cell viability (p > 0.05).

Acute toxicity of FUS introduced DOX-CLs to normal
organs

Intravenous administration of FUS + DOX-CLs may cause
acute toxicity to normal organs such as heart, liver, spleen,
lung, and kidney. To rule out this possibility, 17.01 mg/kg
DOX in DOX-CLs (20 times dosage as used in the in vivo
imaging study) was given to the rats. No pathological mor-
phology was observed in heart, liver, kidney, lung, and
spleen one month after intravenous administration (Fig. 5b).
Besides, all rats showed little changes in their drinking and
eating behavior after treated with FUS 4+ DOX-CLs.

Tumor volume and animal survival

To further confirm the glioma-targeted inhibition of
FUS 4 DOX-CLs strategy, T2-weighted MRI was
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A QD-CLs

FUS+QD-CLs B

Hoechst

QDs

QDs+
Hoechst

Normal Rat

HE

Fig. 4 Glioma-targeted delivery and effects of FUS + QD-CLs on rat glioblastoma model in vivo. a Fluorescent signal result of QD-CLs and
FUS + QD-CLs on rat glioblastoma model; b fluorescent imaging of normal brain and glioma brain after FUS + QD-CLs treatment

observed in 4 weeks after treatment. As shown in Fig. 6a,
FUS + DOX-CLs group showed much higher inhibi-
tion on tumor growth than other groups. Compared with
the control group and FUS group, all DOX-administered
groups showed enhanced animal survival (Table 3 and Sup-
plement Fig S1). The order of the median survival days
in glioma rats was FUS + DOX-CLs group > DOX-CLs
group > DOX group.

HE staining and apoptosis assay (TUNEL)

From HE staining of glioma rats, gliomas in the control and
FUS group showed solid mass histology that occupied a
large part of brain (Fig. 6b). The tumor bulk interspersed
with multiple small necrotic sites. In addition, necrotic
microvessels, dilated and congested erythrocytes, were
observed in glioma tissues of control and FUS group. Rapid
tumor growth and invasion compressed the surrounding
brain tissue, resulting in ischemia and cell death in the adja-
cent brain regions. Compared to the control groups, DOX
group showed a reduced cellularity, with viable and divid-
ing cells. In contrast to the control, a small cluster of recur-
ring or residual tumor cells was found in FUS 4+ DOX-CLs

@ Springer

group. Several animals in the FUS 4+ DOX-CLs group
exhibited strong treatment responses, with no tumor mass
detected. Tumor in FUS 4+ DOX-CLs group was found to
be shrunken and partly destroyed comparing to its maxi-
mum size in MRI. From histological examination, all
tumor tissues from the control group, FUS group, DOX
group, and DOX-CLs group appeared hypercellular with
obvious nuclear polymorphism. When combined with FUS,
DOX-treated groups showed hypocellular tumor tissues,
with high level of cell viability.

TUNEL assays were carried out to investigate the cell
apoptosis in tumor tissues (Fig. 6¢ and Supplement Fig
S2). Among all DOX-administered groups, tumor tissues
from FUS 4 DOX-CLs group exhibited the highest level
of tumor apoptosis and necrosis, indicating the enhanced
chemotherapeutical effects on glioma by using DOX-CLs
combined with FUS.

Discussion

Nowadays, FUS has been widely used in routine clinical
diagnosis, clinical treatment, and clinical trial research.
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Fig. 5 Toxicity evaluation of FUS 4+ DOX-CLs. a Cytotoxicity of
FUS + DOX-CLs on C6 glioma cells. b Acute toxicity evaluation of
FUS + DOX-CLs to the major organs. The HE results of heart, liver,

FUS has been reported in the treatment for osteoarthro-
sis [26], infection and inflammation [27], fracture healing
[28], thrombolysis, soft tissue repair, and antitumor therapy
[29]. From recent reports, FUS can open BBB for exog-
enous agents [30, 31]. Meanwhile, liposome-based drug
delivery system is a promising strategy to enhance the anti-
cancer effect and reduce the cytotoxicity of chemothera-
peutics [32-36]. Normally, tumor cells are characteristic
of negative charge surface [28, 29], which can be used in
tumor-targeted binding for chemotherapeutics. Due to their
targeted and drug release functions, cationic liposomes
showed the potency to increase drug efficacy in tumors
[37-39]. Being hampered by BBB, a multistage targeting
strategy for efficient brain tumor-targeted treatment is still
needed. FUS-introduced CLs, which could improve DOX
glioma-targeted delivery, were developed as a novel strat-
egy for glioma therapy in this study. This novel treatment
might offer an option for glioma chemotherapy in future
clinical application.

In this study, CLs were constructed as the carriers
for DOX. As shown in Table 1, DOX-CLs have suitable
nanoscale size (=180 nm), good polydispersity index

Glioma Rat

Normal Rat

spleen, lung, and kidney, respectively. **p < 0.01 and ***p < 0.001
versus control group

(PDI < 0.1), moderately negative zeta potential (—16 mV),
and uniform morphology. With QDs as the tracing agent,
TEM confirmed the high encapsulation efficiency of loaded
CLs (>80 %).

The in vitro experiments confirmed the enhanced effects
on glioma cell penetration by FUS introduced CLs. As
shown in fluorescence imaging, FUS + QDs-CLs showed
significantly higher cell uptake than those experimental
groups without FUS. Similar results were observed in flow
cytometer assay. These data confirmed the high efficiency
of glioma-targeted delivery by FUS introduced CLs.

Brain images of glioma model rats in vivo further con-
firmed the glioma-targeted distribution by the multistage
strategy of FUS introduced CLs. After FUS + QD-CLs
administration, strong fluorescent signals were shown
in the glioma region. During the observation at 7, 13,
and 25 days, the fluorescent signals in FUS 4+ QD-CLs-
administered glioma tissue were enhanced with the glioma
growth. The high efficient glioma-targeted delivery of
FUS + QDs-CLs can be resulted from the FUS-mediated
BBB opening technique and the positive binding ability of
CLs on glioma. As the proposed scheme shown in Fig. 1,
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Fig. 6 Inhibition of glioma by FUS + DOX-CLs. a Tumor volume monitoring by MRI; b histology of brain tumors by HE staining; ¢ glioma

apoptosis assay by TUNEL

Table 3 Changes in tumor volume and animal survival time in gli-
oma model rats after different treatment

Group Tumor volume (mm?) Survival (day)
On day 7 On day 28

Control 10.35 £ 6.67 67.27 + 8.63 16.5 £2.1

FUS 10.75 £5.21 55.34 + 5.46** 223+25

DOX 1121 +£4.98 41.56 & 7.82%+* 304429

DOX-CLs 10.78 £ 6.11 29.31 & 4.68**** 350+ 1.8

DOX-CLs + FUS 11.354+4.97 11.12 £3.22%*%* 8124+ 1.7

** p <0.01 and *** p < 0.001 versus control group; # p < 0.001 ver-
sus DOX-CLs + FUS group

FUS can realize BBB opening for CLs which will complete
the follow-up missions (including localize, accumulate, and
retain in glioma) for loaded chemotherapeutics.

After one-month treatment, the safety of FUS 4+ DOX-
CLs on normal rats was observed. The little toxicity to
heart, liver, spleen, lung, and kidney of FUS 4+ DOX-CLs
at one month could be the base safety line for FUS + DOX-
CLs used in the following study. After 28-day DOX admin-
istration, FUS 4+ DOX-CLs group showed the strongest
glioma inhibition. FUS 4+ DOX-CLs group extend the
median survival to 81.2 days, followed by DOX-CLs group
(35 days) and DOX group (30.4 days). From the observa-
tion of glioma histology, FUS 4+ DOX-CLs group showed

@ Springer

the best cell viability among DOX-administered groups.
All these data further confirmed the potential of the mul-
tistage strategy of FUS introduced CLs on glioma-targeted
chemotherapy.

An anticancer treatment may lead to apoptosis of can-
cer cells as responses [40]. Therefore, TUNEL assay was
used in this study to explore the anticancer mechanism of
FUS 4+ DOX-CLs. From the result, FUS + DOX-CLs showed
the highest level of tumor apoptosis and necrosis, indicating
that the enhanced chemotherapeutic effects of FUS + DOX-
CLs might be resulted from the tumor cell apoptosis.

According to the present study, three advantages could
be realized by this multistage targeting strategy: (1) BBB
reversible opening by FUS; (2) glioma-targeted binding by
CLs; and (3) prolonged glioma inhibition by FUS 4+ DOX-
CLs. With high precision to glioma tissue in brain, this
novel combined strategy of FUS introduced CLs could
greatly reduce the traditional dose of chemotherapeutics
and diminish the likelihood of adverse systemic effects.
This multistage targeting strategy could be used before or
after surgery, or even in cases where surgical intervention
was not feasible.

As a conclusion, the integration of nanotechnology com-
bined with FUS may have the great potential for achieving
enhanced glioma-targeted chemotherapy with minimal side
effects, which might be developed as a promising and prac-
tical strategy in future clinical application.
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