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ABSTRACT

Ultrasound stimulated microbubbles (USMB) is a widely used technology that can promote
chemotherapeutic delivery to tumors yet the best treatment occasion for USMB is unknown or
ignored. We aimed to determine the optimal treatment occasion for USMB treatment to enhance
tumor chemotherapy to achieve the highest drug concentration in tumors. Experiments were
conducted on VX2 tumors implanted in 60 rabbits. Gemcitabine (GEM) was intravenously infused
as a chemotherapeutic agent and USMB was administered before, during or after chemotherapy.
USMB was conducted with a modified diagnostic ultrasound at 3MHz employing short bursts (5
cycles and 0.125% duty cycle) at 0.26 MPa in combination with a lipid microbubble. Subsequently,
tumor blood perfusion quantitation, drug concentration detection, and fluorescence microscopy
were performed. The results showed that the group that received USMB treatment immediately
after GEM infusion had the highest drug concentration in tumors, which was 2.83 times that of
the control group. Fifteen tumors were then treated repeatedly with the optimal USMB-plus-GEM
combination, and along with the GEM and the control groups, were studied for tumor growth,
tumor cell proliferation, apoptosis, and related cytokine contents. The combined treatment
significantly inhibited tumor growth and promoted apoptosis. The levels of related cytokines,
including HIF-1a, decreased after six combination therapies. These results suggest that the optimal
treatment occasion for USMB occurs immediately after chemotherapy and tumor hypoxia improves
after multiple combination therapies.
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Introduction to normalize chaotic tumor vascular networks (Itatani et al.,
2018). Ultrasound (US) enhanced chemotherapy or so called
“sonochemotherapy” is one potential solution (Lammertink
et al.,, 2015b). The mechanism of sonochemotherapy is
believed to be a cavitation-related sonoporation effect which
increases the permeability of tumor vessels and tissues, thus
facilitating local chemotherapeutic drug delivery (Lentacker
et al., 2014; Lammertink et al.,, 2015b; Bouakaz et al., 2016;

Chowdhury et al,, 2020). Recently, another potential thera-

Chemotherapy remains the primary clinical treatment for most
solid tumors, either on its own or in combination with other
therapeutic modalities (Miller et al., 2019). However, the rapid
proliferation of tumor cells and structural abnormalities of
tumor vasculature form a typical poor blood-perfused and
hypoxic microenvironment, which prevents chemotherapeutic
drugs from entering the tumor, which is one of the main

reasons for therapeutic resistance (Sorace et al., 2012; Graham
& Unger, 2018; Snipstad et al., 2021b). Tumor tissues also
develop a high interstitial fluid pressure that limits drug pen-
etration into the tumor, even if the leaky vasculature permits
drug extravasation (Heldin et al., 2004).

For a treatment to be successful, a sufficient amount of
the drug has to penetrate vascular walls and reach the inte-
rior of tumor cells (Knezevic & Clarke, 2020; Wei et al., 2021).
Many attempts have been made to improve the drug delivery
of chemotherapy by enhancing the blood supply of tumor
like thermochemotherapy (van Rhoon et al., 2020), or trying

peutic effect, ultrasound stimulated microbubbles (USMB)
stimulated tumor perfusion enhancement, had been reported
and might contribute to the mechanism of improving tumor
hypoxia (Snipstad et al., 2018; 2021a).

Ultrasound targeted microbubble destruction (UTMD) or
USMB has been widely used in promoting chemotherapy of
various experimental solid tumors (Todorova et al., 2013;
Kotopoulis et al., 2014; Ingram et al., 2020; Shen et al., 2020;
Xia et al., 2021). For these studies, local drug concentration
and tumor growth inhibition were the primary concerns
because they are directly related to major therapeutic effects
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in a clinical context (Kurdziel et al., 2011). A lot of sonoche-
motherapy studies have attempted to deliver drug using
drug-loaded microbubbles (MBs) (Nesbitt et al., 2018; Gong
et al,, 2019). Regardless of the low-loading capacity, stability
and high cavitation threshold (thick shell) of therapeutic MBs,
new drug development usually takes over ten years (Gong
et al,, 2019). By comparison, a coadministration strategy using
commercially available diagnostic US, MBs, and chemother-
apeutic drugs seems to be a better approach for clinical
translation. A primary pilot study on clinical pancreatic cancer
demonstrated an incredible result using a combination of
the three technologies (Dimcevski et al., 2016).

Unlike drug-loaded MBs, the optimal treatment occasion or
the best time point for USMB participation needs to be known
for the coadministration strategy. This depends on the appro-
priate overlap of the plasma concentration of the drug and
the temporal “acoustic window” created by USMB (Tzu-Yin et al.,
2013). Previous studies found the permeability of cells or tissues
decreased over time after USMB treatment, so the optimal
occasion for USMB should be right before chemotherapy (Marty
et al, 2012; Lammertink et al., 2015a). However, other studies
reported that administering USMB at the peak plasma level of
the drug could obtain the best therapeutic effects (Escoffre
et al, 2013; Dimcevski et al., 2016). No study has completely
compared the USMB-promoted drug release to tumors at dif-
ferent time points before, during and after intravenous che-
motherapy, which is a critical factor in sonochemotherapy.

In this study, we explored the optimal treatment occasion
for USMB to cut into chemotherapy. Simultaneously, other
influencing factors, including acoustic parameters, treatment
time, and MB concentration, were all fixed. Five experimental
groups were set according to different USMB treatment occa-
sions to determine the highest drug concentration in the
tumors. Furthermore, we selected the optimal combination
for a long-term treatment experiment to verify its inhibitory
effect on tumor growth.

Materials and methods
Animal models

A total of 75 New Zealand rabbits (male and female, weight
2-2.5kg) were required for this experiment. All rabbits were
purchased from the Animal Laboratory of Xingiao Hospital.
All animal experiments were performed in accordance with
the regulations of the Laboratory Animal Welfare and Ethics
Committee of the Army Medical University.

Live VX2 tumor tissue was removed from a carrier rabbit
and cut into cubic pieces of approximately 1mm? in size. A
tumor cube was implanted in each rabbit on either side of
the inner thigh. It usually takes 20days for the tumors to
reach a size of approximately 1cm in diameter. For animal
anesthesia, the rabbits were intramuscularly injected with
xylazine hydrochloride at 0.15ml/kg to relax the muscle. After
establishing bilateral auricular vein channels, 2% pentobar-
bital sodium was injected intravenously at 0.1 ml/kg. The
rabbits were then fixed in the supine position. One venous
channel was used for MBs injection and the other for gem-
citabine (GEM) injection.
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US equipment

Tumor US imaging and USMB therapy were performed using
a VINNO 70 (VINNO Technology Co. Ltd, Suzhou, China) US
system with an X4-12L linear array transducer. VINNO 70 is an
innovative therapeutic US device with a full diagnostic imaging
function and an integrated MB cavitation regulation module
for therapy, named VFlash. This specially designed VFlash mod-
ule is functioned as a conventional MB flash mode during
contrast-enhanced US (CEUS) imaging. It is also able to regu-
late MB cavitation with multiple variable acoustic parameters,
including mechanical index (Ml), frequency, pulse length (PL),
pulse repetition frequency (PRF), and pulse/interval time. In
this experiment, therapeutic US exposures were applied with
the X4-12L transducer operating at the central frequency of
3 MHz. The sonication scheme comprised five cycles of PL and
1500Hz PRF. The MI displayed on the screen was 0.25. The
VFlash worked with an alternative mode of 1s on/1 s off
(pulse/interval). During USMB treatment, a rectangular region
of interest (ROI) was set to cover the tumor. The therapeutic
beams were designated to be focused within the ROI using
electronic focusing technology. The peak negative pressure
(PNP) within a ROl of 1x1cm was measured using a mem-
brane hydrophone (HMB-0500, ONDA Corp., Sunnyvale, CA,
USA) positioned 2cm away from the transducer surface. The
transducer was placed above the hydrophone and separated
using degassed water in a sink (AIMS Ill, ONDA Corp.). The
PNP was determined to be 0.26 MPa when the MI was set to
0.25, so the actual Ml should be 0.15 (Boissenot et al., 2016).

MBs

A lipid-coated MB with a perfluoropropane gas core called
Zhifuxian was used for both the CEUS and USMB treatment.
The MBs were prepared according to previously described
protocols (Liu et al., 2011). The average particle diameter of
the MBs was approximately 2.1 um, and the concentration of
the MBs suspension was 4-9x10°/ml (Liu et al.,, 2011). For
CEUS, 0.1 ml of MBs suspension was bolus injected. For USMB
treatment, 0.1 ml of MBs suspension was diluted to 3 ml with
saline. An initial 0.5 ml of the diluted suspension was injected
to fill the catheter at the beginning, followed by slow injec-
tion of 0.05ml suspension every 30s for 20 min.

Treatment protocols

Two types of experiments were conducted. In Experiment
Set 1, experiments were conducted on 60 tumor-bearing
rabbits to determine the optimal occasion for USMB treat-
ment (Figure 1). Five experimental groups (A-E) were assigned
according to different USMB treatment occasions, and one
control group (F) was set. Within each group, eight animals
received intravenous injection of GEM (25mg/kg) for 10 min,
while two others received intravenous injection of fluorescein
sodium (FS, 3mg/kg). Groups A and B started GEM/FS injec-
tion 20 min and 10 min before USMB treatment, respectively;
groups C and D received GEM/FS injection during the first
half (10min) and the second half (10min) of USMB treatment,
respectively; group E received GEM/FS injection immediately
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Figure 1. Treatment procedure flow chart with time span of chemotherapy and USMB treatment in the five experimental groups.

after USMB treatment. Group F, which received GEM/FS and
MBs only without US exposure, served as the control. USMB
treatment lasted for 20 min, with the fixed parameters
described above. CEUS was performed at a low MI (0.11 on
the screen) before and immediately after USMB treatment to
examine tumor blood perfusion, and the dynamic images
were stored for 60s for further analysis. All animals were
sacrificed by air injection via the auricular vein 40min after
GEMY/FS infusion to obtain tumor tissues for high-performance
liqguid chromatography (HPLC) and fluorescence microscopy.

In Experiment Set 2, the long-term therapeutic effects of
sonochemotherapy were assessed. Fifteen tumor-bearing rab-
bits were randomly separated into three groups: USMB + GEM
group (n=5), GEM group (n=5), and control group (n=5).
According to the clinical medication course of GEM, the ani-
mals in the USMB+ GEM and GEM groups were treated with
GEM (25mg/kg) once a week for a total of six treatments,
with one-week intervals after every three weeks of treatment
(Shibata et al., 2016). The tumors of the USMB+ GEM group
were again treated with USMB immediately after GEM infu-
sion like group B of Experiment Set 1, while animals in the
control group were administered only 3ml of saline infusion.
All tumors were measured using two-dimensional (2D) imag-
ing of VINNO 70 with an X4-12L transducer once a week,
just before every treatment. All animals were euthanized by
air injection via the auricular vein 24h after the last treat-
ment. The tumors were harvested for Ki67 staining for cell
proliferation analysis, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) staining
for apoptosis analysis, and enzyme-linked immunosorbent
assay (ELISA) for cytokine detection.

CEUS quantitation and tumor perfusion rate
calculation

For CEUS quantitation, dynamic image clips of CEUS were
analyzed using the internal analysis software of VINNO 70.
First, a 60s video clip was marked from the beginning.
Second, boundary of the tumor was manually traced at the
peak intensity (Pl) of the arterial phase. Then the software
could automatically generate a time-intensity curve (TIC) of
the drawn area and the values of the Pl and area under
curve (AUQ). The Pl is the highest point of the TIC, and the
AUC is the integration of the area under the TIC within 60s
(Lee et al., 2019).

For the calculation of tumor perfusion area rate, images
of the peak contrast intensity were captured in the CEUS

video. Then, the entire tumor area and tumor perfused area
of the images were manually delineated and computed using
Image J 1.8.0 software (National Institutes of Health, Bethesda,
MD, USA). The tumor perfusion area rate was calculated as
perfusion area/entire tumor area X 100%.

HPLC

The tumors of 48 rabbits in Experiment Set 1 were collected
40 min after GEM infusion. The GEM sample was dissolved
in methanol to a concentration of 2mg/ml, and then a
5-point standard curve was drawn. Chromatogram acquisition
and integration were processed using Xcalibur 3.0 software
(ThermoFisher Scientific Inc., Waltham, MA, USA). The tumors
were weighed and carefully cleaned. Then Zirconia grinding
beads and 1 ml of methanol were added to the tumor tissue
and ground for 10 min. The tissue was centrifuged at 4°C for
10min (13000rpm). After centrifugation, the liquid was fil-
tered through a 0.22-um membrane to obtain the filtrate.
The filtrate was analyzed using an UltiMate 3000 RS HPLC
device (ThermoFisher Scientific Inc.). The AUC was calculated
using the software, and the concentration of GEM in the
samples was determined by comparing with the stan-
dard curve.

Tumor volume quantitation and tumor growth rate
Tumor volume was calculated using three vertical 2D US

axes (length, width, and height) following the equation:

Volume = LengthxWidthxHeightxn/6

The tumor growth rate was calculated according to the
following equation:

Tumor Growth Rate = (V,—V;)/V, x100%

(V,: tumor volume in the 3rd or 7th week; V,: tumor volume
before the first treatment)

Immunofluorescence staining

The tumors of 12 rabbits in Experiment Set 1 were collected
40min after FS infusion and made into 3-um paraffin sec-
tions. The tumor cell nuclei were stained with DAPIL. The
sections were examined under a fluorescence microscope.



The tumors of nine rabbits in Experiment Set 2 were col-
lected 24h after the last treatment and made into 3-um
paraffin sections, with three in each group. The samples were
incubated with rabbit anti-Ki67 antibody (1:200, Servicebio,
Wuhan, China) overnight in a wet box at 4°C. The samples
were washed with PBS for three times, then incubated with
Cy3-conjugated anti-lgG (1:400, Servicebio) for 50 min at
37°C. The cell nuclei were stained with DAPI for T0min. The
sections were then observed under a confocal laser micro-
scope. The rate of Ki67 positive cells was calculated using
Aipathwell software (Servicebio) after scanning the full slide.

Immunohistochemical staining

The tumors of nine rabbits in Experiment Set 2 were collected
24 h after the last treatment, with three in each group. The
removed tumor tissues were fixed with 4% paraformaldehyde
for 30min at 37°C and cut into 3-um paraffin sections. The
sections were then deparaffinized and dehydrated. Apoptosis
of the tumor cells was determined by TUNEL staining with
an In Situ Cell Death Detection Kit (POD, Roche, Germany).
The mean integrated optical density (IOD) of two random
fields in each section was calculated using Image Pro Plus
6.0 software (Media Cybernetics, Silver Spring, MD, USA).

ELISA

The tumors of 15 rabbits in Experiment Set 2 were collected
24 h after the last treatment. The tumors were cleaned with
precooled PBS (pH 7.2-7.4), weighed to 1g, and cut into
pieces. Nine milliliters of PBS was added to the cut tumors,
and the samples were ground on ice and centrifuged for
20min (3000 rpm). The supernatant was collected to detect
the contents of HIF-1a, VEGF, TNF-a, and TGF-f using ELISA
Kits (Ruixin Biotech, Fujian, China).

Statistical analysis

All data are presented as the mean +standard deviation (SD).
All statistical analyses were performed using SPSS 26.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). Statistical significance was
set at p<0.05. Paired t-test was used to compare pre- and
post-treatment values. One-way analysis of variance was per-
formed for the comparison of multiple groups, and the least
significant difference method was used for further compar-
isons between the two groups.

Results
Tumor perfusion

Tumor blood perfusion improved both visually and quanti-
tatively after USMB administration in all treatment groups
(Figure 2 and Table 1). The PI values in the five experimental
groups increased by 11.7% + 3.6%, with the highest increase
of 15.5% observed in group D. The elevation in PI values
was not significant after USMB treatment in group A
(p=0.057). The AUC values in the experimental groups
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increased by 28.3% * 6.4%, with the highest increase of
35.5% in group E. There was no significant difference in the
AUC values between pre- and post-treatment in group B
(p=0.070). The tumor perfusion area rate increased by 13.4%
+ 4.5% with the highest increase of 18.5% in group D. In
the control group, there were no significant changes in the
Pl or AUC values, nor in the tumor perfusion area rate after
treatment (p > 0.05).

GEM concentration and FS distribution

The GEM concentrations in the tumors of groups A-F were
1919.5+798.5, 2541.0£994.0, 1826.4+1111.1, 1815.6+717.2,
1479.3£545.9 and 898.0+316.9pg/mg, respectively
(Figure 3A). The concentrations in the five experimental
groups were all higher than those in group F, while there
was no significant difference between groups E and F
(p=0.15). The highest GEM concentration occurred in group
B, which was 2.83-fold that of group F. Furthermore, the GEM
concentration in group B was significantly higher than that
in group E (p=0.011).

The results of FS distribution were consistent with the
GEM concentrations (Figure 3B). The fluorescence images
showed that the FS distribution in group B was visually more
widespread and intense than that in the other groups.

Tumor growth inhibition

In Experiment Set 2, there was no significant difference in
tumor volume before the first treatment among the three
groups. Tumors in the USMB +GEM group grew significantly
slower than those in the other two groups, and the tumors
in the control group grew the fastest (Figure 4). Right before
the third treatment (3rd week), the tumor growth rates of
the three groups were 566.2% + 187.5%, 340.8% + 150.2%
and 103.1% + 88.6%, respectively. Immediately before the
sixth treatment (7th week), the tumor growth rates of the
three groups increased to 3922.5% + 1288.0%, 1763.8% +
428.8% and 615.3% + 423.7%, respectively (Figure 4C).

Immunofluorescence staining showed that the expression
of Ki67 was lower in the USMB+GEM group than in the other
two groups (Figure 5A), which was consistent with the tumor
growth rates. There was a significant difference in the Ki67
positive rate between the USMB+GEM and control groups
(Figure 5B). TUNEL staining showed that combination therapy
caused significantly more apoptosis of tumor cells in the
USMB + GEM group than in the GEM and control groups
(Figure 5C). There were significant differences in the mean
IOD among the three groups (Figure 5D).

Cytokines detection

The contents of several cytokines, including HIF-1a, VEGF,
TNF-a, and TGF-(3, were determined using ELISA. The results
of ELISA are presented in Table 2. After six treatments, the
contents of HIF-1a, VEGF, TNF-a, and TGF-B in the USMB + GEM
group were all lower than those in the other two groups,
while the control group had the highest contents.
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Figure 2. The comparison of tumor blood perfusion before and after treatment in Experiment Set 1. (A) B-Mode and CEUS images of tumors in the six groups.
Tumor perfusion was improved by USMB in the five treatment groups. (B, C) Results of CEUS quantitation. The Pl and AUC values of tumors in the six groups
before and after treatment. The data are presented as the mean+SD. *p<0.05, ** p<0.01. n=10. (D) The perfusion area rate of tumors in the six groups
before and after treatment. The data are presented as the mean+SD. *p<0.05, ** p<0.01. n=10.

Table 1. Pl values, AUC values and perfusion area rate of tumors in Experiment Set 1 before treatment and after treatment (; +s).

Pl (dB) AUC (dB-s) Perfusion Area Rate (%)

Groups Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment
A 136.7£16.1 146.3+19.4 7233.1+3668.9 8753.1+£4121.2% 833+17.3 92.4+13.7*%

B 136.7+£17.6 149.3+21.8*% 9195.9+5844.5 11561.4+5640.3 823+21.7 88.5+19.1*

C 136.5+23.6 153.4+£20.9* 9331.1+£5673.3 11630.1+5081.2*% 83.8+15.4 94.6+6.1*

D 134.8+£24.6 155.7 £17.0** 94441 +4140.7 12690.7 +4953.9* 82.9+13.2 98.2 £ 1.5%*

E 13424225 153.8£16.4%* 8376.2+4794.7 11353.3+2669.5% 81.1+21.3 95.0+5.7*

F 136.6+23.6 135.7+£21.1 8032.9+4648.2 7481.3+4150.7 81.9+20.7 81.8+18.3

p <0.05 versus pre-treatment.
“p<0.01 versus pre-treatment.

Discussion

The effect of USMB treatment on enhancing tumor chemo-
therapy has been verified in previous studies (Sennoga et al.,
2017; Xia et al,, 2021). Nevertheless challenges remain in the
translation of USMB treatment from basic research to clinical
practice (Sennoga et al., 2017). The treatment occasion for
USMB treatment is one of the key points affecting the syn-
ergistic therapeutic efficacy. The results of this study identi-
fied the optimal treatment occasion for USMB treatment in
combination with intravenous chemotherapy. In Experiment
Set 1, the tumors treated with USMB immediately after GEM
infusion had the highest drug concentration, which was
2.83-fold that of the control. The other three groups that
received drug infusion 20 min before or during USMB treat-
ment had similar but lower drug concentrations. The tumors

that received the drug after USMB treatment had the lowest
drug concentration compared with the other experimental
groups, although it still was 1.65-fold that of the control.
These results indicate that the USMB treatment occasion is
probably an independent factor influencing drug delivery to
the tumor when performing sonochemotherapy, and the
optimal occasion for USMB administration is immediately
after chemotherapeutic infusion. It is known that the peak
plasma concentration of intravenous chemotherapy usually
occurs immediately after drug infusion (Tham et al., 2008).
Sometimes a delayed peak plasma level may occur when the
prodrug needs to be converted into its active form (Escoffre
et al., 2013). However, sonoporation always takes effect simul-
taneously with the onset of USMB and may last a few hours
after sonication (Lammertink et al., 20153; Yang et al., 2020).
Therefore, it is in keeping with that USMB treatment occasion
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Figure 3. (A) The concentration of GEM in the tumors of the six groups 40 min after infusion. The data are presented as the mean+SD. * p <0.05, *** p <0.001
versus the control group. t p<0.05. n=8. (B) Representative fluorescence images of the FS distribution in the six groups (scale bar: 50 ym).
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immediately after intravenous drug administration results in
the highest local GEM release. It is also understood that other
treatment occasions fail to meet the peak plasma level of
the drug, so the opportunity is missed to maximize drug
delivery to the tumor. Some previous studies did choose to
perform sonochemotherapy immediately after drug admin-
istration and obtained noteworthy therapeutic effects
(Kotopoulis et al., 2014; Zhang et al,, 2021). This coadminis-
tration regimen was used in the first clinical study of pan-
creatic cancer and significantly extended the survival time
of patients (Dimcevski et al., 2016).

In Experiment Set 1, the perfusion enhancement effect of
tumors stimulated by USMB treatment was repeatedly con-
firmed as in previous studies (Feng et al.,, 2021; Li et al,
2021). The PI values of tumor CEUS increased by 11.7% =+

3.6%, the AUC values increased by 28.3% + 6.4%, and the
tumor perfusion area rate increased by 13.4% + 4.5% in the
five experimental groups. No obvious changes in tumor per-
fusion were observed in the control. USMB treatment was
administered using a modified diagnostic US system and
lipid-coated MBs. It was remarkably observed that the per-
fusion enhancement effect could be induced at such low
parameters (Ml 0.25, PL 5 cycles, and PRF 1.5kHz). Although
the perfusion enhancement effect is supposed to be stimu-
lated concomitantly with sonoporation, it has been ignored
in most previous studies (Shapiro et al., 2016). Theoretically,
tumor perfusion enhancement may improve the characteristic
poor-perfused and hypoxic microenvironment in central solid
tumors, which is a major cause of chemotherapeutic resis-
tance (Carmona-Bozo et al.,, 2021).



2802 . T.LUO ETAL.

A Control

GEM

USMB+GEM B

30 x

20

Ki67 Positive Cells (%)

USMB+GEM D P

60 4

:g: mﬁ

Mean 10D
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Table 2. The contents of HIF-1a, VEGF, TNF-a, and TGF-B in tumors of the three groups in Experiment Set 2 (x =+ s).

Groups HIF-1a (pg/mg) VEGF (pg/mg) TNF-a (pg/mg) TGF-B (pg/mg)
Control 6.6+0.5" 49.1 711 31.1+3.5" 24.8+3.6M
GEM 54+0.7* 38.1+3.2% 26.0+2.4 18.7+20
USMB + GEM 43+0.8" 29.5+4.9f 258+29 16.9+29

tp<0.05 versus GEM group.
*p<0.01 versus GEM group.
*p<0.05 versus USMB+GEM group.
“p<0.01 versus USMB+GEM group.

*xx

p <0.001 versus USMB+GEM group.

Based on the results of Experiment Set 1, the optimal
combination of USMB and GEM as in group B, was chosen
for long-term therapy and showed significant inhibition of
tumor growth. The growth rate of tumors treated with this
combination therapy was 615.3% + 423.7% after seven
weeks, which was almost one-third of the tumors treated
with chemotherapy alone. Furthermore, the expression of
HIF-1a, VEGF, TNF-a, and TGF-f in tumors was significantly
inhibited after six combined treatments when compared
with the other two groups. HIF-1a and VEGF play an essen-
tial role in angiogenesis and the formation of hypoxic micro-
environment inside tumors (Ramjiawan et al.,, 2017). The
contents of HIF-1a and VEGF decreased by 34.8% and 39.9%,
respectively, compared with the control, suggesting that
tumor angiogenesis was inhibited and the hypoxic micro-
environment of tumors may be improved by combination
therapy (Siveen et al., 2017; Graham & Unger 2018). TNF
plays a complicated role in the development of tumors. It
could promote tumor proliferation, metastasis, and angio-
genesis while also inducing tumor cell death (Pusuluri et al,,
2019). Previous studies have shown that the serum level of
TNF-a in cancer patients decreased significantly after

chemotherapy (Berberoglu et al., 2004; Michalaki et al.,
2004). TGF-B has been reported to stimulate tumor invasion
and metastasis (Tian et al., 2011). Therefore, the decline of
TNF-a and TGF-B can indicate an effective therapeutic
response.

The coadministration of diagnostic US, commercial MBs,
and intravenous chemotherapy is an effective combination
because it can overcome the challenges of drug-loaded MBs,
such as low drug-loading and long and high expense devel-
opment (Gong et al., 2019). As described above, the thera-
peutic benefit of drug delivery using USMB relies on
enhancing drug accumulation in tumor cells or tissues (Li
et al., 2012; Burke et al., 2014). For the coadministration
strategy, treatment occasion or time point might be an inde-
pendent influence for local drug accumulation. In this study,
we concluded that USMB administration immediately after
chemotherapeutic infusion could be the optimal treatment
regimen for the sake of maximal drug delivery, at least for
intravenous GEM infusion.

There are several limitations in this study. First, we did
not compare the therapeutic effect of different USMB treat-
ment occasions in long-term experiments. Second, the



improvement in tumor hypoxia by USMB-enhanced perfusion
remains a theory which requires further investigation.
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