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Abstract

Objectives: To evaluate the anti-cancer effect of sonodynamic therapy combined with mi-
crobubbles both in vitro and in vivo.

Methods: Cell viability was measured by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide and guava viacount assays. Annexin V-FITC/PI staining was adopted to analyze cell
apoptosis rate. FD500 uptake assay was performed to assess cell membrane permeability changes.
Tumor weight, mice weight and the visual image of tumor size were used to reflect the anti-tumor
effect of this combined method. Histological change of tumor tissue after different treatments was
measured through hematoxylin and eosin (H&E) staining.

Results: Microbubbles can significantly enhance the cytotoxicity and necrocytosis rate induced by
SDT treatment. Increased cell membrane permeability and more uptake of DVDMS were founded
in SDT combined with microbubbles group. For in vivo experiments, SDT with microbubbles can
significantly reduce tumor weight and size with pimping difference of mice weight compare with
other treatment groups. In addition, microbubbles notably improved tumor tissue destruction
caused by ultrasound and SDT treatment.

Conclusion: The results suggest that microbubbles can markedly improve the anti-cancer effect
of DVDMS mediate sonodynamic therapy both in vitro and in vivo.
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Introduction

Sonodynamic therapy (SDT) is a vital alternative
treatment modalities used for tumors in recent dec-
ades. SDT involves the synergistic effect of sonosensi-
tizer and ultrasound on tumor damage [1]. Ultra-
sound, a kind of mechanical wave, can easily propa-
gate through several centimeters of tissue with weak
decay, and this property broadens SDT therapeutic
range to deep seated malignant tumors [2]. The pref-
erential accumulation of sonosensitizer in tumors and
the tumor local ultrasound exposure contribute to
targeted elimination of tumors [3]. In recent years, an

ever-increasing amount of data verified the curative
effect of SDT on treating tumors both in vitro and in
vivo [4-6]. Moreover, in 2008 Wang et al. [7] reported
three cases of metastasized pathologically breast can-
cer treated with SDT, and the primary clinical data
showed that SDT is well tolerated and has a signifi-
cant therapeutic effect for advanced breast cancer. In
2014, Toshio et al. [8] reported a case of terminal
breast cancer patient treated with SDT combined with
endocrinotherapy and immunotherapy, the signifi-
cant therapeutic effect and good prognosis suggested
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the potential anti-cancer effect of combined therapies.

Sonosensitizer, a key component in the process
of SDT, greatly affect SDT efficiency [9]. Many pho-
tosensitizers that used in photodynamic therapy are
proved also can be activated by ultrasound eg, pho-
tofrin, haematoporphyrin, protoporphyrin, chlorin e6
and hypocrellin [10-14]. Sinoporphyrin sodium also
called DVDMS, a novel photosensitizer, is depurate
from photofrin II by Fang at Chinese Academy of
Medical Sciences. DVDMS possesses excellent photo-
and sono-activities phototoxicity with tiny dark tox-
icity [14-17]. Further, the high chemical purity, good
water solubility, explicit active ingredients [18], well
tumor selectively accumulate and sono-/photo-
toxicity indicated the potential clinical application of
DVDMS.

Microbubbles (MBs) are small gas-filled micro-
spheres that widely used in medical diagnosis as
contrast agents based on the specific acoustic proper-
ties [19]. Under low and intermediate acoustic pres-
sure, MBs were forced expansion and compression
and ultimate destruction, the shock waves generated
in this process improve cellular membrane permea-
bility by transiently perforating the plasma mem-
branes [20]. Based on this mechanism, in recent years,
MBs had been extensively used in drug or gene de-
livery and enhancing chemotherapy effect [21, 22].
SonoVue® is a suspension of stabilized sulfur hex-
afluoride (SF6) microbubbles which is isotonic to
human plasma and very stable and resistant to pres-
sure [23]. Many pre-clinical studies of animal models
have shown the security and effectiveness of
SonoVue®, and it has been widely used in clinic as
contrast agent to enhance ultrasound imaging.

With the development of SDT, some adjuvant
agents were introduced to enhance its curative effect.
Nano-/lipidosome sonosensitizers can significantly
improve the cytotoxicity and tumor inhibition rate
induced by SDT [24-26]. In addition, chemotherapeu-
tics and photodynamic therapy (PDT) also can en-
hance SDT effectiveness [27-31]. MBs used to improve
drug delivery and chemotherapy synergism, howev-
er, scarce research on combination of SDT and MB are
performed. Nomikou et al. [32] reported the enhanced
cytotoxicity in cancer cell line and the greater tumor
growth inhibition when the sonosensiter covalently
link to a lipid microbubble, similarly, Ruan et al. [33]
found that the combination of SDT and MB can sig-
nificantly = enhance the cytotoxic effect on
MDA-MB-231 cells, their results indicated that the
combination may be another modality to improve
SDT effect.

In this study, we mainly focused on the effect of
the co-administration of a clinically-approved MB and
a novel sonosensitizer DVDMS mediate SDT on mice

colorectal cancer both in vitro and in vivo.

Materials and methods

Cell culture and animal model

CT26 cells were obtained from Cell Resource
Center, Chineses Academy of Medical Sciences, Bei-
jing, China. Cells were cultured in RPMI 1640 medi-
um (Sigma-Aldrich) supplemented with 10 % fetal
bovine serum (FBS, Hyclone, USA), 100 U/ml peni-
cillin, 100 u g/ml streptomycin, and 1 mM
L-glutamine. Cultures were maintained at 37 ° C
with humidity and 5 % CO..

BALB/c mice (female, 18-20 g body weight) were
supplied by the Experimental Animal Center of the
Fourth Military Medical University (FMMU) (Xi'an,
China). In the experiment, 1 X 106 CT26 cells in 0.1 ml
physiological saline were subcutaneously injected
into the left oxter region of BALB/c mice. When the
tumors grew to about 5 mm in diameter, mice were
ready for experiments. All experiments using live
animals were carried out with approval from the
university’s Institutional Animal Care and Use
Committee.

Chemicals

DVDMS was dissolved in phosphate buffer so-
lution (PBS, pH 7.2-7.4), sterilized, aliquoted and
stored in the dark at -20 ° C. The SonoVue® (Bracco,
Milan, Italy) suspension was prepared in-situ using 5
ml of sterile saline (0.9 % sodium chloride) according
to the manufacturer’s instructions and diluted at a
ratio of 1:5 just before administration. 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT), fluorescein isothiocyanate-dextran
(FD500). Guava Viacount Reagent and Guava Nexin
Reagent were obtained from Guava Technologies
(Hayward, CA).

Ultrasound apparatus

Ultrasonic setup for in vitro experiments is the
same as previous [34]. The continuous ultrasound
wave generated by a multi-functional generator (T&C
Power Conversion, Inc., USA) was used to treat cells.
The continuous wave was outputted by a
35-mm-diameter planar transducer (Institution of
Applied Acoustics, Shaanxi Normal University),
which was submerged in an acrylic tank filled with
distilled degassed water. To minimize reflected ul-
trasound, the end of the tank was covered with
6-mm-thick polyester films. For sonication, cells were
exposed at intensities of 0.36 W/cm?2, 0.54 W/cm?
(Isata) with the frequency of 1.0 MHz for 0.5-1.0 mi-
nute.

It should be noted that for in vivo experiment a
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focused ultrasound transducer with a circular ceramic
plate of 22 mm in diameter was used to treat tu-
mor-bearing mice. The transducer was also sub-
merged in cold degassed water. Under anesthesia
with pentobarbital, a mouse with a left ox-
ter-transplanted tumor was placed downward di-
rectly at the focal point for sonication with LP=4 W for
3 minutes with 1.9 MHz.

Treatment protocols

5x105 CT26 cells were seeded into a 35-mm cul-
ture dish and divided randomly into control, ultra-
sound alone, ultrasound plus MB, sensitizer alone,
SDT and SDT plus MB groups. Cells were incubated
with 1 pg/ml DVDMS for 4 h and then exposed to
ultrasound. The diluted solution of SonoVue® (the
final ratio of cell and SonoVue® number was 1:5)
were added into dish just before ultrasound irradia-
tion.

The tumor-bearing mice were randomly divided
into six groups (6 mice in each group) which was the
same as cell experiments. 2 mg/kg DVDMS was in-
jected into the mice through caudal vein, 2 h after
DVDMS infusion, 100 pL/kg SonoVue® was injected
through caudal vein. After SonoVue® injection, mice
were exposed to the focused ultrasound spot for 3
minutes at 4 W load power with 1.90 MHz frequency.
All experiments were performed in the dark to avoid
DVDMS excitation.

Cytotoxicity analysis

The cytotoxicity was analyzed using MTT and
Guava Viacount assay, as previously described [35].
Cell survival was calculated using the following
equation:

Cell survival (%) = OD treatment group/OD control
groupx100 %

Apoptosis detection

Annexin V-FICT and PI detection Kit (Invitro-
gen, USA) was used to quantify cell apoptosis.
Apoptotic cells were measured according to the
manufacturer's protocol. Briefly, after different treat-
ment, cells were harvested by trypsinization, cell pel-
lets were suspended in 1 X binding buffer and
stained with 5 pul of annexin V-FITC and 5 ul of PI for
10 minutes. After staining, samples were investigated
using flow cytometry.

Cell membrane permeability study

FD500 is a kind of macromolecule that combine
fluoresce in isothiocyanate (FITC) with dextran. The
high molecular weight (500,000) of FD500 make it
difficult to enter into cell membrane only when cell
membrane permeability increased. Cells were treated

with ultrasound in the presence of 1 mg/ml of FD500.
After ultrasound treatment, cells were washed with
PBS twice, then immediately analyzed by flow cy-
tometry. FD500 fluorescent-positive cells were calcu-
lated by flow cytometry and data was analyzed using
FCS Express software.

Increased DVDMS uptake detection

Flow cytometry was applied to quantify the in-
tracellular DVDMS content. After different treatment,
cells were harvested by trypsinization and immedi-
ately washed with PBS, subsequently the intracellular
DVDMS fluorescence intensity measured by flow cy-
tometry.

Evaluation of anti-tumor effect

Nine days after treatment, mice in different
groups sacrificed and tumors were stripped. The
therapeutic results were measured by the tumor
weight. The weight inhibition ratios were calculated
as: {l-(average tumor weight of treated
group/average tumor weight of the control group)} x
100%. Moreover, a representative mice and the cor-
responding tumor in each groups were captured.

Histological examination by H&E staining

Tumor tissues in different groups were fixed
with 10 % buffered formalin for 24 h. Subsequently,
samples were paraffin-embedded, sectioned, and
stained with hematoxylin and eosin (H&E). Histo-
pathological changes were observed under micro-
scope (Nikon E600).

Statistical analysis

All values are expressed as the mean * standard
deviation. Differences between the treatment groups
were assessed with one-way analysis of variance. Sta-
tistical significance was established at a P-value <
0.05. Each experiment was repeated three times.

Results

Cytotoxicity analysis

As shown in Figure 1A, DVDMS inhibited CT26
cell proliferation in a dose- and incubation
time-dependent manner. At 4 h after treatment, the
cell survival rate was 95.65 % (p>0.05), 97.40 %
(p>0.05), 96.31 % (p>0.05), 94.60 % (p>0.05) and 81.74
% (p>0.05), as the incubation time prolong to 24 h the
survival rate decreased to 95.47 % (p>0.05), 84.68 %
(p>0.05), 80.13 % (p<0.05), 67.96 % (p>0.01) and 63.35
% (p>0.01) with the DVDMS concentration was 0.5, 1,
2, 4 and 8 pg/ml, respectively. Figure 1B showed the
cell viability after ultrasound irradiation. 0.36 W /cm?
ultrasound didn’t cause significant cell proliferation
inhibition. The cell viability decreased to 87.77 %
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(p>0.05), 84.81 % (p>0.05) (4 h after treatment) and
86.98 % (p>0.05), 79.01 % (p<0.05) (24 h after treat-
ment) when the ultrasound intensity was 0.54 W/cm?
with 0.5 and 1 minute exposure time, respectively.
Moreover, the cell viability loss caused by SDT was
showed in Figure 1C, the combination of 1 pg/ml
DVDMS and 0.54 W/cm? ultrasound caused 24.70 %
(p<0.01), 60.59 % (p<0.01) (4 h after treatment) and
41.54 % (p<0.01), 73.25 % (p<0.01) (24 h after treat-
ment) viability decrease when the ultrasound irradia-
tion time was 0.5 and 1 minute, respectively.

With the introduction of MBs to ultrasound and
SDT treatment, additional cytotoxicity was found
(Figure 1D). MBs alone didn’t show any cytotoxicity,
but in the presence of MBs, cell growth inhibition rate
caused by ultrasound increased from 9.52 % to 25.35
% (p<0.05) (4 h after treatment) and 7.45 % to 23.21 %
(p<0.05) (24 h after treatment). For SDT plus MBs
groups, the cell viability decreased to 49.47 % (p<0.01)
(4 h after treatment) and 38.72 % (p<0.01) (24 h after
treatment).

Viacount assay

Guava Viacount assay was applied to confirm
the cell viability in different treatment groups, and the
results were shown in Figure 2. According to instruc-
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tions, living cells were on the left side of the plot,
while damaged cells were on the right. Compared
with control group (97.37 %), cell viability in 1 ug/ml
DVDMS, 0.54 W/cm?2with 0.5 minute ultrasound and
SDT groups decreased to 93.80 %, 90.36 % and 81.39
%, respectively, while the addition of MBs in ultra-
sound and SDT group caused an additional cytotoxi-
city with survival rate of 86.14 % and 62.67 %, respec-
tively. The results further confirmed the synergistic
effect of MBs and ultrasound and SDT. The experi-
ment treatment parameters were used in the next test.

Apoptosis detection

The apoptosis rate was studied with Annexin
V-FITC and PI staining after various treatments. Cells
in the lower-left quadrant represented viable cells,
both the lower-right and upper-right quadrant
showed the apoptotic cells, and the necrotic cells ap-
peared in the upper-left quadrant. As shown in Figure
3, there are 95.55 %, 91.55 % and 94.30 % viable cells in
control, DVDMS and ultrasound groups, respectively.
SDT can mainly induce cell apoptosis with the apop-
tosis ratio was 16.53 %. In addition, 5.8 % apoptotic
and 9.10 % necrotic cells were detected in ultrasound
plus MBs group. MBs plus SDT treatment caused
12.60 % apoptosis and 26.95 % necrotic cells.
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Figure 1. Viability of CT26 cells after different treatment. Different DVDMS concentration (A) and ultrasound parameters (B); SDT treatment (C), SDTI: 1 ug/ml combined with
0.54 W/cm?2 with 0.5 minute ultrasound, SDT2: | pg/ml combined with 0.54 W/cm? with 1 minute ultrasound; SDT combined with MBs (D) cytotoxicity. Ultrasound: 0.54 W/cm?
with 0.5 minute; SDT: | ug/ml combined with 0.54 W/cm? with 0.5 minute ultrasound; The ratio of MBs and cells was 5:1 in Ultrasound+MBs and SDT+MBs groups. Cell viability
was measured by MTT assay. All data are expressed as percentage of untreated cells, error bars represent S.D. of the means from three independent experiments. *p < 0.05 and

**p<0.01 versus untreated cells.
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Figure 4. Detection of CT26 cell membrane permeability. Immediately after ultra-
sound exposure in the presence of macromolecule FD500, the FD500 fluorescent
positive cells were evaluated by flow cytometry. Data are means*SD of three
independent experiments. ¥p<0.05 and **p<0.01, compared with control group.
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Increased DVDMS uptake detection after dif-
ferent treatment

The uptake of DVDMS in CT26 cells was ana-
lyzed by flow cytometry, and the corresponding re-
sults were illustrated in Figure 5. Compare with the
DVDMS control, cells treated with SDT can uptake
more DVDMS, and a remarkable improvement of
DVDMS uptake was found in SDT plus MBs group
(Figure 5a). Figure 5b demonstrated the specific
DVDMS fluorescence intensity, intracellular DVDMS
content was 1.7 and 4.0 fold higher in SDT and SDT
plus MB groups than DVDMS control group, respec-
tively.

Evaluation of the anti-tumor effect

After treatment, the tumor weight at 9% day after
treatment was demonstrated at Figure 6 and Table 1.
Visualized inhibition effect was displayed in Figure 6.
The tumor weight inhibition ratios were 11.17 %
(p>0.05) and 21.87 % (p<0.05) in DVDMS (2 mg/kg)
and ultrasound groups (LP=4 W), respectively, and
the inhibition ratio increased to 44.38 % (p<0.01) in
SDT treatment group. While, with the introduction of
MBs the tumor inhibition effect significantly increased
to 42.68 % (p<0.01) and 60.00 % (p<0.01) in ultrasound
+ MBs, and SDT + MBs groups, respectively.

The weight curve of mice in Figure 7 indirectly
reflected the therapeutic effect of different treatments.
In the whole therapeutic process, the mice weight
have no remarkable change both in control and dif-
ferent treatment groups, indicating pimping side ef-
fects of the treatments.

Visual observation

At 9t day after treatment, a tumor-bearing
mouse in each group was photographed and the cor-

responding tumor was showed in Figure 8. The tumor
volume in ultrasound, ultrasound + MB, SDT, SDT +
MB groups were much smaller than control groups
which was be consistent with tumor inhibition rate
data in Table 1.
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Figure 6. Tumor weight of CT26 tumor-bearing mice 9 days after different treat-
ment. Control: untreated tumors; DVDMS: 2 mg/kg DVDMS alone; Ultrasound:
tumor exposed to ultrasound (LP=4 W, 3 minutes); Ultrasound + MBs: 4 W with 3
minutesultrasound plus MBs; SDT: tumor treated with ultrasound in the presence of
2 mg/kg DVDMS; SDT + MBs: tumor treated with ultrasound in the presence of 2
mg/kg DVDMS and MBs.

Table 1. Tumor weight and inhibition rate of different treatment
on CT26 tumors

Groups n Weight of tumor (g) Inhibition rate (%)
Control 6 1.264 + 0.195 0.000
DVDMS 6 1.122 + 0.198 11.166
Ultrasound 6 0.987 = 0.274 21.869 *
Ultrasound + MB 6 0.723 £+ 0.216 42.68] **
SDT 6 0.701 # 0.183 44.382 **
SDT + MB 6 0.504 = 0.140 60.000 **
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Ultrasound

Histological observation

H&E staining was used to observe the tumor
tissues after different treatments (Figure 9). Tissue in
the untreated group showed compact tumor cells with
intact structure and plump cell nucleus. Tumor cells
in DVDMS and ultrasound groups were partly sparse
and separated from each other. Obvious vacant sec-
tions and lots of nuclear fragments were founded in
ultrasound + MBs and SDT treatment groups, further,
the structure of tumor tissue were more seriously
damaged in SDT + MBs group, most cells disinte-
grated and more cell fragments and vacant sections
appeared.
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Figure 9. Tumor tissue structural changes of CT26 in mice. A: Control; B: DVDMS; C: ultrasound alone; D: ultrasound + MBs; E: SDT; F: SDT + MBs. See caption to Figure 7
for definitions of Control, DVDMS, ultrasound alone, ultrasound + MBs, SDT and SDT + MBs.

Discussion

Since the first report of SDT, a substantial
amount of researchers began to investigate the anti-
cancer effect and mechanism of SDT. For the past few

years, some successful clinical cases of SDT treated
terminally ill patient promoted the application of SDT
[7]. Besides, the combination of SDT and other thera-
pies such as chemotherapy or photodynamic therapy
also manifest good anti-cancer effect [27-31], espe-
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cially for the combination of SDT and PDT (SPDT). In
2009, Kenyon reported 115 SPDT cases with remark-
able therapeutic effect and good tolerance for various
cancers [36]. MBs, usually applied as contrast agents
to improve ultrasound imaging [37], nowadays also
widely used in the drug delivery and targeted release
system [38] by augmenting plasma membrane per-
meability [39]. Combined MBs with low energy ul-
trasound could kill cancer cells effectively and induce
cell apoptosis [40]. However, studies about the com-
bination of SDT and MBs are very rare. In this study,
we mainly discussed the combination effect of
DVDMS mediated SDT and clinically-approved MB,
SonoVue®, results in this paper could add to our
knowledge and provide some ideas for the clinical
application of this new approach for treating cancers.

Sensitizers as a kind of anticancer drugs may
showed cytotoxicity without activation by light or
ultrasound [41]. The toxicity of DVDMS on CT26 cells
exerts concentration dependent manner according to
Figure 1A. Moreover, ultrasound inhibit cell prolifer-
ation in an ultrasound intensity and treatment
time-dependent manner. Based on these results, 1
pg/ml DVDMS and 0.54 W/cm? with 0.5 minute ul-
trasound exposure, showing no significant cytotoxi-
city, were used in SDT treatment. The remarkable
synergistic effect of DVDMS and ultrasound was
demonstrated in Figure 1C. With the addition of MBs
to the experiment system, further cell viability de-
crease was detected as illustrated in Figure 1D. The
result of Viacount assay (Figure 2) confirmed the ef-
fectiveness of MBs.

Ultrasound-stimulated =~ microbubbles caused
rapid and extensive cytotoxicity on CT26 cells. Obvi-
ous cell apoptosis was observe in both ultrasound and
SDT treatment groups, and with the introduction of
MBs, cell necrosis rate and debris increased signifi-
cantly, which was consistent with other literature [42].
The results indicated that MBs may enhanced the
mechanically damage of ultrasound to tumor cells
and excessive mechanical stimulation induce cell ne-
crosis.

MBs, including SonoVue® that used in our cur-
rent practice, were verified applied in improving drug
delivery and chemotherapy efficiency by enhancing
transient membrane permeabilization and intracellu-
lar drug accumulation [21, 22]. In order to analyze the
influence on membrane permeabilization by ultra-
sound and MBs, intracellular green fluorescence of
FD500 was detected. The enhancement of green fluo-
rescence in ultrasound and SDT groups with the
presence of MBs manifested the increasing of cell
membrane permeabilization (Figure 4), the transient
enhancement of permeabilization facilitated the ab-
sorbance of DVDMS in CT26 cells (Figure 5) which

may contribute to the enhancement of cytotoxicity in
SDT + MBs group.

Besides the analysis of therapeutic effect in vitro,
the tumor inhibition rate was also measured in CT26
tumor-bearing mice. Results in Table 1 clearly illu-
minated the superiority of tumor inhibit effect in ul-
trasound + MBs and SDT + MBs treatment groups
compare with the corresponding groups without
MBs. One of the important advantages of SDT was the
lower side effects compared with traditional cancer
therapies [43, 44], and in the present study mice
weight was statistical (Figure 7), there were no re-
markable changes of mice weight in different treat-
ment groups compare with control, suggesting slight
side effects of this anti-cancer method. H&E staining
(Figure 9) was applied to demonstrate the damage
level of different treatments. Obvious tissue destruc-
tion with cell debris and large spaces were observed
after ultrasound plus MBs and SDT treatments.
Moreover, the combination of SDT and MBs can fur-
ther enhance the degree injury.

In conclusion, this study demonstrated the syn-
ergistic efficacy of SonoVue® and DVDMS-SDT both
in vitro and in vivo. MBs improved necrocytosis via
mechanically perturb cell membranes resulting in
more accumulation of sensitizer in cells. Ultimately,
the combination therapy showed significantly an-
ti-cancer effect.
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