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Abstract

In this study, we investigated the potential of a dual-targeted pH-sensitive doxorubicin
prodrug-microbubble complex (DPMC) in ultrasound (US)-assisted antitumor therapy. The
doxorubicin prodrug (DP) consists of a succinylated-heparin carrier conjugated with doxorubicin
(DOX) via hydrazone linkage and decorated with dual targeting ligands, folate and cRGD peptide.
Combination of microbubble (MB) and DP, generated via avidin-biotin binding, promoted intracellular
accumulation and improved therapeutic efficiency assisted by US cavitation and sonoporation.
Aggregates of prepared DP were observed with an inhomogeneous size distribution (average
diameters: 149.6+£29.8 nm and 1036.2+38.8 nm, PDI: 1.0) while DPMC exhibited a uniform distribution
(average diameter: 5.804+2.1 um), facilitating its usage for drug delivery. Notably, upon US exposure,
DPMC was disrupted and aggregated DP dispersed into homogeneous small-sized nanoparticles
(average diameter: 128.6+42.3 nm, PDI: 0.21). DPMC could target to angiogenic endothelial cells in
tumor region via ovB3-mediated recognition and subsequently facilitate its specific binding to tumor cells
mediated via recognition of folate receptor (FR) after US exposure. In vitro experiments showed higher
tumor specificity and killing ability of DPMC with US than free DOX and DP for breast cancer MCF-7
cells. Furthermore, significant accumulation and specificity for tumor tissues of DPMC with US were
detected using in vivo fluorescence and ultrasound molecular imaging, indicating its potential to integrate
tumor imaging and therapy. In particular, through inducing apoptosis, inhibiting cell proliferation and
antagonizing angiogenesis, DPMC with US produced higher tumor inhibition rates than DOX or DPMC
without US in MCF-7 xenograft tumor-bearing mice while inducing no obvious body weight loss. Our
strategy provides an effective platform for the delivery of large-sized or aggregated particles to tumor
sites, thereby extending their therapeutic applications in vivo.
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Introduction

Doxorubicin hydrochloride (DOX), an anticancer ~ therapeutic efficacy of free DOX is compromised by
agent belonging to the anthracycline class, is a leading  various side-effects, including severe cardiotoxicity,
clinical cytotoxic drug for breast cancer. However, the = nephrotoxicity and myelosuppression [1].
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Development of novel strategies to improve
therapeutic efficacy and reduce side-effects is
therefore crucial for the successful treatment of breast
cancer.

The pH value of normal tissue is around 7.4,
while that of tumor tissue is as low as 6.0, due to
hypoxia and high lactate metabolism of the tumor
microenvironment [2, 3]. Here, we prepared a
pH-sensitive prodrug composed of DOX and
dual-targeted ligands, cRGD and folate, using heparin
as the backbone. c¢cRGD was decorated with
polyethyleneglycol (PEG), with the aim of extending
circulating time and escaping the reticuloendothelial
system (RES) in vivo [4]. Through recognition of ayfs,
the prodrug could specifically target to angiogenic
endothelial cells in tumor region, and subsequently,
selectively bind to tumor cells via recognition of FR
after US exposure [5-7]. Simultaneously, DOX was
conjugated to heparin via a pH-sensitive hydrazone
linkage to facilitate its release in the tumor
microenvironment [8]. Although DP with high
drug-loading capability exerts a greater anti-cancer
effect than free DOX in vitro, DP is inclined to
aggregate and enlarge in size, which is unfavorable
for drug dispersion and presents a significant obstacle
for penetration into solid tumors.

Ultrasound-targeted microbubble destruction
(UTMD) is an adjuvant modality for drug delivery to
localize intratumoral drug release and enhance
intracellular drug accumulation. The inertial acoustic
cavitation of microbubbles (MBs), including bubble
implosion, microstreaming, shock waves and
microjets, causes sonoporation (pore forming), which
greatly improves intracellular uptake of drugs at the
target site [9]. Aggregation is a common issue during
preparation of the nanoparticle drug delivery system
due to the interaction force between particles, which
may limit its penetration into solid tumors. In view of
previous study that nanoparticles can be fragmented
into smaller pieces under laser irradiation to promote
drug release [10], we combined aggregated DP and
MB and explored whether these large-sized
drug-loaded particles could be disrupted to facilitate
intracellular uptake into tumor cells, assisted by US as
an external force.

In the current study, aggregated dual-targeted
pH-sensitive DP was conjugated with MB via an
avidin-biotin bridge to generate a DOX prodrug-MB
complex (DPMC). We examined the morphological
changes of DPMC before and after US destruction,
then focused on validating its tumor targeting
specificity and imaging ability using in wvivo
fluorescence and ultrasound molecular imaging
analyses. In particular, the anti-tumor efficacy of the
complex with and without US was evaluated, both in

vitro and in vivo. For prodrugs with significant
cytotoxicity but relatively larger sizes, the newly
generated complex assisted by US represents a
promising approach to decrease size and integrate
tumor imaging and therapy, providing an alternative
therapeutic anti-tumor strategy.

Materials and methods

Materials

Doxorubicin  hydrochloride  (DOX)  was
purchased from Sangon Biotech Co., Ltd. (Shanghai,
China). Heparin sodium salt (Mn=1.25 kDa, 189
U/mg) was obtained from Sinopharm Chemical
Reagent Co. (Shanghai, China) and succinylated in
our lab. Adipic dihydrazide (ADH), 1-ethyl-3,3-
dimethylaminopropylcarbodiimide = hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were
purchased from Medpep Co. (Shanghai, China).

Polyethylene glycol (PEG, MW 5069 Da) was
synthesized by AppliChem Co. (Darmstadt,
Germany). Cyclic RGD peptide (cRGD) was
synthesized by Bohin biotechnology Co. Ltd.

(Xiamen, China). Cyanine5.5 amine (Cy5.5) was
purchased from Lumiprobe LLC (Florida, USA).
Dialysis Membrane (MWCO 3,500) was obtained from
Pharmacia (Piscataway, NJ, USA). Folate-NH> and
Biotin-NH> were prepared in our laboratory.
Biotinylated MBs were donated by the Department of
Pharmacy (Nanfang Hospital, China). Human breast
carcinoma cell line MCF-7 and lung cancer cell line
A549 were obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). All other
chemicals and reagents were purchased from Sigma
Co. (St. Louis, MO, USA).

Synthesis of the DOX prodrug and DOX
prodrug-MB complex

Synthesis of the DOX prodrug

PEG-cRGD was prepared using a previously
described method. Briefly, PEG (506.9 mg, 0.1 mmol)
and cRGD (75 mg, 0.2 mmol) were dissolved in dry
dimethylfumarate (DMF) with the addition of EDC
(40 mg, 0.2 mmol) and reacted with -catalytic
triethylamine overnight at 50°C. The mixture was
evaporated to remove DMF. Trifluoroacetic acid
(TFA) was added and reacted at room temperature for
1 h, the solution evaporated, and neutralized with
triethylamine. The mixture was re-evaporated and the
product obtained.

To prepare Heparin-Folate-PEG-cRGD-DOX
prodrugs, succinylated-heparin (50 mg) was stirred in
dry dimethyl sulfoxide (DMSO) with gentle heating.
Folate-NH: (6 mg), Biotin-NHb> (4.5 mg), PEG-cRGD (2
mg of cRGD), EDC (14 mg) and NHS (11 mg) were
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added and reacted at room temperature for 24 h. The
mixture was dialyzed using a dialysis membrane for
48 h. Adipic acid dihydrazide (ADH; 2 mg, 0.01
mmol) and EDC (4 mg, 0.02 mmol) were added and
reacted in water solution at room temperature for 6 h.
Following the addition of corresponding amounts of
DOX (6 mg, 0.01 mmol), the mixture was reacted
under acid conditions overnight. The mixture was
subsequently neutralized and subjected to membrane
dialysis for a further 48 h, and the product obtained as
lyophilized red powder.

Conjugation of biotinylated DOX prodrug to
biotinylated MB

The complex was prepared with the aid of
avidin-biotin staining using a previously described
method [9]. Briefly, A given amount of avidin (final
concentration of 0.3 mg/mL) per 108 MBs was added
to biotinylated MBs and incubated on ice for 30 min.
MBs were washed with double-distilled water three
times to remove unreacted avidin, and the
corresponding amounts of prodrugs added and
incubated for a further 30 min. Complexes were
washed 3-4 more times to remove free prodrugs.
Cy5.5-labeled complexes were synthesized using a
similar procedure.

Characterization of the DOX prodrug and
DOX prodrug-MB complex

Characterization of the DOX prodrug

Particle size and zeta potential of DP were
assessed using Dynamic laser light scattering (DLS,
Zetasizer Nano-ZS, Malvern, UK). Samples were
dissolved in deionized water to generate a solution
with a final concentration of 0.1 mg/mL. Procedures
were conducted at 25°C after equilibration for 10 s
according to the manufacturer's instructions.
Morphology and particle size of DP were further
assessed wvia transmission electronic microscopy
(TEM, Hitachi HC-1, Tokyo, Japan) with an
accelerating voltage of 80 kV. Prior to examination, a
drop of DP solution was deposited on carbon-coated
formvar copper grids for 2 min. The grid was blotted
with filter paper to remove excess aqueous solution
and dried at room temperature. Samples were
subsequently stained with phosphotungstic acid and
air-dried. The H NMR spectra of DP were
determined by a Bruker-400 MHz NMR in DMSO-d6
and D20, while its FT-IR spectrum was analysed
using infrared detection. To evaluate the drug loading
content (DLC), DP was dissolved in PBS and analyzed
via UV-vis spectrophotometry (UV-2401PC) using a
standard curve constructed from DOX/PBS solutions
with different DOX concentrations. UV-vis analysis
was conducted at a wavelength of 480 nm and the

whole procedure performed in the dark. DLC was
calculated according to the following formula: DLC
(%) = ((weight of loaded drug)/(total weight of
DP))x100%. The weight of folate on DP was also
calculated by UV spectrometer based on a folate
standard curve of concentration-absorption at 280 nm.
The loading content of cRGD was determined by a
BCA protein kit at 570 nm. All values were calculated
as the average of at least three independent samples.

Characterization of the DOX prodrug-MB
complex

DPMC with US exposure was additionally
characterized via dynamic light scattering (DLS) and
transmission electron microscopy (TEM). Briefly, 1
mL DPMC in a 2.0 mL Eppendorf tube was placed in a
water tank. Exposure was achieved with 20 mm US
probe of a therapeutic US system (CZ906A,
Chongqing Medical University, Chongqing, China),
which was placed 2 cm away from the Eppendorf
tube below the water surface. Irradiation parameters
were set as follows: 1 MHz, 2 % duty cycle, duration
of 1 min and US intensity of 1 W/cm? [11, 12]. To
characterize the morphologic differences between
DPMC with and without US exposure, the suspension
was mounted on a slide with a coverslip and
visualized using confocal microscopy. The size
distribution of DPMC was further estimated using a
Coulter Multisizer (Beckman Coulter, Brea,
California, USA). To determine the drug loading
content of DPMC, the amount of DP that bound to
MBs was estimated by removing unbound DP via
centrifugation at 400 g for 3 min [9]. Unloaded DOX in
the collected solution was quantified at 480 nm with a
UV-Vis spectrophotometer, and the drug loading
content calculated using the formula: DLC (%) = (total
added drug - unloaded drug)/total amount of MB.

In vitro release of doxorubicin

The release profiles of DOX from DP were
examined using dialysis [1]. Briefly, 5 mg of
freeze-dried DP without US, DPMC with or without
US exposure applied according to the above
parameters was dissolved in 5 mL phosphate buffered
saline solution (PBS) at different pHs (5.0 and 7.4) and
sealed in a dialysis bag. Samples was dialyzed against
50 mL corresponding buffers and incubated in a
horizontal shaker at 37°C under constant shaking (150
rpm). At predetermined time intervals, 2 mL of
release medium was removed for drug concentration
measurement and replenished with an equal volume
of fresh medium. The amount of released DOX was
analyzed at 480 nm wunder a UV/Vis
spectrophotometer. Release of free DOX was
conducted under the same conditions as control. All
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experiments were conducted in the dark and
performed in triplicate.

Cell culture

The human breast carcinoma cell line MCF-7 and
lung cancer cell line A549, were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai,
China). Cells were cultured in RPMI 1640 (HyClone,
Logan, UT, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS, HyClone), 100 IU/mL penicillin
and 100 mg/mL streptomycin sulfate. All cells were
cultured at 37°C in 5% CO:s.

Cellular uptake

The cellular uptake behavior and the
intracellular distribution of DOX and DOX-loaded
prodrug were analyzed using both flow cytometry
and confocal laser scanning microscopy (CLSM). For
flow cytometry, MCEF-7 cells were seeded into six-well
culture plates at a density of 5x10° cells/well and
incubated overnight. To investigate the cellular
uptake of carrier with single targeted ligand and dual
ligands, the medium was replaced with fresh medium
containing H-F-DOX, H-RGD-DOX and
H-F-RGD-DOX at a DOX concentration of 2 pg/mL.
For quantitative evaluation of the cellular uptake of
DOX, MCEF-7 cells were incubated according to the
above methods. The medium was replaced with fresh
medium containing free DOX, DP and DPMC at a
DOX concentration of 2 pg/mL. Simultaneously, cells
treated with DPMC were irradiated with US as for the
cytotoxicity assay. Untreated cells were used as the
blank control. After a 4 h incubation period, cells were
washed with cold PBS and harvested. The
fluorescence intensity of DOX was measured using a
flow cytometer (FACSCalibur, BD Biosciences,
Franklin Lakes, NJ, USA) with a FL2-H filter. For
CLSM studies, MCF-7 cells (1x10°) were seeded onto
glass coverslips placed in 6-well plates and cultured
overnight. Cells were treated with free DOX,
pH-insensitive prodrug, DP and DPMC with US for 4
h (DOX concentration 2 pg/mL). To evaluate the
specific binding of DPMC to tumor cells with US
exposure, FR-positive MCF-7 cells and FR-negative
Ab549 cells (1x10°) were seeded onto glass coverslips as
the above method, then cells were incubated with
small-sized nanoparticles from DPMC disrupted by
US for 5 mins (DOX concentration 2 pg/mL). Then,
cells were washed and fixed with 4% (w/v)
para-formaldehyde followed by Hochest33342
staining. Coverslips were placed onto glass
microscope slides, the fluorescence images were
observed by confocal microscope (Olympus FV1000,

Japan).

In vitro cytotoxicity assays

The cytotoxicity of prepared DP and DPMC with
US was evaluated using the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay.
MCEF-7 cells were routinely cultured before seeding
into 96-well plates at a density of 5x103 cells/well and
incubated overnight. The medium was replaced with
fresh medium containing free DOX, DP and DPMC to
generate final DOX concentrations of 0.1, 0.25, 0.5, 1
and 3 pg/mL, respectively. Cells treated with the
same number of MBs with US were used as control.
Cells treated with DPMC and MBs were irradiated
using US with the probe covered with coupling agent
and placed on the bottom of the plate according to the
above parameters. The medium was substituted with
complete medium, followed by incubation for 48 h.
The culture medium was removed and 20 pL MTT
solution (dissolved in RPMI1640 to a final
concentration of 0.5 mg/mL) added for another 4 h.
Next, the medium was replaced with 150 pL dimethyl
sulfoxide (DMSO) per well to dissolve formazan
crystals generated by living cells, and absorbance
monitored using a microplate reader (Bio-Tek
ELx800) at a wavelength of 490 nm. Untreated cells
were used as the control. Relative cell viability (%)
was calculated by comparing absorbance with that of
control cells. ICsyp values were determined from the
dose-effect curve and expressed as concentration
(ng/mL) of DOX equivalency. Experiments were
performed in triplicate.

Mouse tumor model

Female BALB/c nude mice (4-6 weeks old, 16-20
g) were purchased from the Department of
Experimental Animals of Sun Yat-sen University
(Guangdong, China), and received care in compliance
with the guidelines of the Guide for the Care and Use
of Laboratory Animals. All procedures were
approved by the ethics committee of the Southern
Medical University, Chinese Academy of Sciences. To
generate the breast xenograft tumor model, MCF-7
cells (1x10°) suspended in 50 pL PBS were injected
subcutaneously into the flank region of each mouse.

Ultrasound molecular imaging
Imaging protocol

The imaging session was carried out with a
Philips iU22 ultrasound system using a 10 MHz
ultrasound probe, according to a previous protocol
[13]. Briefly, prior to the imaging session, each animal
was restrained on a flat platform and anesthetized
with 10% hydral. The ultrasound probe was placed
gently on the top of the tumor covered with 5 mm
thick commercial diagnostic ultrasound gel and the
orientation aligned along the longest axis of the
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tumor. After a single bolus injection of 0.2 mL blank
MBs or DPMC (1 x 10°/mL) through the tail vein, the
process ~ was  continuously = monitored  via
ultrasonography in B-mode with low MI value (0.07).
After 4 min, targeted MBs generally adhered firmly to
the tumor site. Blank MBs or DPMC were destroyed
using the Flash mode of the ultrasound system with a
relatively higher MI value (0.64). The process was
monitored, starting from injection to at least 30 s after
Flash destruction (Figure 5A). To minimize bias from
repetitive injections in the same mice, injections were
separated by at least 30 min to allow clearance of MBs
from previous injections.

Imaging data analysis

After each imaging session, datasets from all
mice were analyzed offline in a random order with
commercially available software for myocardial
contrast echocardiography (MCE, Florida, USA).
Analysis was performed by one independent reader
blinded to the type of MB (DPMC versus blank-MB).
Regions of interest (ROI) were drawn over the tumor
site and vedio intensity (VI) from adherent MB
assessed by calculating average pre- and
post-destruction vedio intensities and subtracting the
average post- from pre-destruction intensity (Figure
5A) [13]. Images representing intensity from adherent
MBs (molecular imaging signals) were displayed as
color maps overlaid on B-mode images, automatically
generated by MCE. The scale for the color maps was
constant for all images.

In vivo fluorescence imaging analysis

Free Cy-5.5, Cy-5.5-loaded DPMC and
Cy-5.5-loaded DPMC with US (similar absorption
intensity as Cyb5.5, 200 pL) were intravenously
injected into tumor xenograft mice. The DPMC with
US exposure group was irradiated with US after the
injection as described earlier. At 0.5, 12, 24, 48 and 72
h  post-injection, biodistribution in  MCF-7
tumor-bearing mice was visualized using an in vivo
fluorescence imaging system (IVIS Lumina II, Caliper,
Boston, USA), with excitation at 640 nm and emission
at 695-770 nm. Mice under anesthesia via isoflurane
inhalation were automatically moved into the
imaging chamber for scanning.

In vivo antitumor efficacy

Tumor volumes were measured using a caliper
and calculated using the formula: V = (L x W?) / 2,
whereby length (L) is the longest diameter and width
(W) the shortest diameter perpendicular to length.
After a tumor volume of ~30 mm?2 was reached,
tumor-bearing mice were randomized into four
groups (5 mice/group): PBS (Control), free DOX
(DOX), DPMC without US (DPMC) and DPMC with

US (DPMC+US). Each mouse was intravenously
injected with the corresponding formulations at 2.5
mg DOX equivalent per kg within a final volume of
200 pL through the tail vein five times every 4 days.
For the DPMC+US group, tumors were irradiated
with US after every injection under the following
settings: 1 MHz, 2 % duty cycle, duration of 1 min and
intensity of 2 W/ecm? [11, 12]. At the end of the
experimental period, all mice were sacrificed, and
tumors harvested and weighed. Throughout the
experiment, body weights of mice and tumor volumes
were measured every other day.

Histological and immunohistochemical
analyses

At the end of the experiment, tumors from
different groups were collected and washed with PBS,
fixed in 4% formaldehyde and embedded in paraffin.
Embedded tissues were cut into 4 mm slices for
immunohistochemical analyses of Capase 3 (1:50
dilution in 5% bovine serum albumin (BSA); Cell
Signaling Technology, Danvers, Massachusetts, USA),
Ki67 (1:200 dilution in 5% BSA; ABclonal, Woburn,
MA, USA), and CD34 (1:200 dilution in 5% BSA;
Abnova, Taipei, Taiwan). Tissue slices were
visualized under an optical microscope (Nikon
Eclipse 80i, Tokyo, Japan) and subsequently analyzed
with Image J2x software (National Institutes of
Health, Bethesda, Maryland, USA). The ratio of cells
staining positive for Capase 3 and Ki67 in each image
was determined as a ratio of apoptotic or proliferative
cell number to total tumor cell number. For CD34
staining, microvessel density (MVD) was quantified
by counting the number of capillaries per microscopic
field within five random fields in the hot spot per
slide at 400x magnification.

Statistical analysis

Statistical analysis was conducted with SPSS
software (version 19.0). Data are presented as means +
SD. Significant differences between groups were
determined using Student's t-test, one-way ANOVA
and Repeated Measures ANOVA. Data were
considered statistically significant at p<0.05. All
experiments were repeated at least three times.

Results and discussion

Design and characterization of the DOX
prodrug and DOX prodrug-MB complex

The pH value of normal tissue is around 7.4
while that of tumor could be as low as 6.0 [1].
pH-sensitive DOX-loaded nanoparticles exhibited
significant antitumor potential due to their selective
release in tumor and relative stability in blood
circulation, as reported previously [4, 14, 15].
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Hydrazone linkage, a pH-responsive bond, has been
widely used in the design of anticancer drug delivery
systems to facilitate drug release and improve
anti-tumor efficiency [16]. Recent development of the
heparin-based drug delivery system has had a
significant impact on the tumor therapy field owing to
the biocompatibility and biological activities of
heparin [17]. Previous studies have demonstrated
selective binding of the cRGD peptide to a.[s integrin,
a principal marker of angiogenesis that is
overexpressed in angiogenic endothelial cells of
various malignant tumors and some of the tumor
cells, including breast cancer cells [5, 18]. Another
targeting ligand used for the preparation of our
complex was folate, which specifically targets the
folate receptor (FR) that is significantly upregulated in
malignant tumor cells [6, 7]. In our study, the first step
involved the preparation of pH-sensitive DP. In brief,
DOX was engineered to the heparin backbone via
hydrazone linkage to promote drug release, and the
terminal carboxyl groups of heparin decorated with
dual targeting ligands, PEG-cRGD and folate,
facilitating its specific binding to angiogenic
endothelial cells and tumor cells in target sites. The
flexible spacer, PEG, was connected with cRGD
conjugated to heparin, with a view to extending the
retention time in blood and avoiding premature
clearance of DP wvia escape from the RES [4].
Furthermore, DP was biotinylated by biotinamide to
facilitate combination with the ultrasound-mediated
delivery system. Subsequently, MB was incorporated
in the lipid shell of the complex via avidin-biotin

Biotinlyated microbubbles (MB)

& DP (pH-sensitive)

.@6)\ Prodrug (aggregated DP)

~~— Succinlatyed heparin @ Doxorubicin

~>x  PEG-RGD Folate

binding to generate the DOX prodrug-MB complex
(DPMC).

Complex with micron size is expected to be
limited in vascular without US radiation thereby
reducing its side effect to non-targeted tissue.
However, endothelial gaps of tumor range from 100
to 700 nm, and thus penetration of tumor tissues is
evidently difficult for large-sized particles. In other
words, particles with sizes of about 10-300 nm should
display better permeation and accumulation in tumor
tissues, instead of rapid elimination [19, 20]. In our
experiments, DPMC was designed to selectively
target to angiogenic endothelial cells in the tumor
region via RGD-a 3 integrin mediated recognition. In
addition, disruption using localized US cavitation
resulted in DP dispersion into uniform small-sized
nanoparticles, thereby facilitating its penetration into
tumor interstitium through temporary endothelial
gaps. Subsequently, small-sized DP could specifically
bind tumor cells mediated via recognition of FR.
Release of DOX into nuclei was pH-triggered,
inducing higher cytotoxicity (Figure 1). The process
resulted in better dispersion of prodrugs with larger
sizes, thus enhancing the feasibility of their
application in tumor therapy. On the other hand,
DPMC can be used as acoustic probes for tumor
imaging. The accumulation of complexes and accurate
position of drugs in tumor sites in vivo can be
observed and tracked by US imaging system,
indicating their important role in integrating tumor
imaging and therapy [9].
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Figure 1. Schematic illustration of US combined with DPMC to deliver DOX into nuclei and induce cytotoxicity. Using US cavitation and sonoporation, DPMCs
were disrupted, facilitating drugs penetration into the tumor sites through temporary gaps in the endothelium. DPs were targeted to tumor cells, followed by release

of pH-triggered DOX into nuclei.
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Figure 2. Characterization of DP and DPMC. (A) TEM images and DLS graphs of DP pre-destruction with US (left) and DPMC post-destruction with US (right). (B)
Confocal laser scanning microscopy images and corresponding bright field images of DPMC pre-destruction (left) and post-destruction (right) by US. DPMCs were
visualized using the fluorescence of bound DOX. Data are presented as means * standard deviation (n=3).

As shown in Figure 2A, TEM images revealed
approximately spherical, small-sized DP, along with
aggregated morphology, which may be attributed to
high drug loading weight and particle aggregation via
noncovalent forces [4]. Similarly, corresponding DLS
revealed inhomogeneous size distribution (average
diameter: 149.6+£29.8 nm and 1036.2+38.8 nm) and the
polydispersity index (PDI) was as large as 1.0 (Table
1). However, the average diameter of the prepared
DPMC was 5.804+2.1 pm, as estimated using a Coulter
counter, clearly indicating better dispersion than DP
alone. Compared with aggregated DP, application of
external US induced fragmentation of DPMC into
uniformly smaller particles (average diameter:
128.6+42.3 nm, PDI: 0.21), as measured with DLS,
corresponding to TEM findings. The morphology of
DPMC was additionally confirmed wvia confocal
microscopy (Figure 2B). The surface of MB was clearly
surrounded by DP with red fluorescence before US
dispersion, suggesting that preparation of DPMC was
able to prevent DP from further aggregating. After US
radiation, DPMCs were disrupted into small
fragments displaying red fluorescence (Figure 2B),
observed as nanoparticles in post-US TEM images
(Figure 2A). Previous research showed that
nanoparticles can be disrupted into smaller fragments
under heat, visualized using TEM [10], indicating that
external forces, including ultrasound and thermal
effects, are capable of affecting particle behavior in
aqueous solution. In addition, the DOX loading
content of DP detected via UV-vis analysis was 18.9%,

which was higher than that of particles investigated
previously [21, 22]. Estimation of the amount of DP
bound to MBs following removal of unbound DP via
centrifugation showed that 75% DP attached to MBs.
When 1x107 MBs were mixed with 50 pg DP, the
loading content of DPMC was ~70.9 ng DOX/108
MBs. THNMR spectra, FT-IR spectrum and
quantitative analysis of DP were shown in
supplementary information.

Table 1. Characterization of DP and DPMC determined by DLS,
UV-vis analysis and Coulter counter.

Size(nm)  PDI Zeta-potential DOX loading
(mV) content
DP Pre-destruction 149.6£29.8 1.0 -19.8+4.5 18.9% (w/w)
1036.2+38.8
Post-destruction 128.6+42.3 0.21 -20.6+3.4
DPMC 5804+2100 709pg
DOX/108 MBs

In vitro release of doxorubicin

To evaluate the pH sensitivity of DI’ and DPMC
with or without US, an in vitro DOX release
experiment was performed at 37°C in PBS at pH 7.4
and 5.0 (Figure 3B). Compared with 30% obtained at
pH 7.4, cumulative release of DOX from DP and
DPMC with or without US at pH 5.0 was estimated as
84%, 90% and 81% after 8 h respectively, indicating
comparative stability in neutral conditions. The
release rate was dramatically improved due to
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hydrolysis of hydrazone, accelerating DOX liberation
at decreasing pH values, consistent with large
numbers of recent studies in pH-responsive drug
delivery system [1]. In addition, compared to DP, the
release rate of DPMC was slightly higher following
US exposure. The data clearly demonstrate that the
introduction of MB into DP does not hinder its pH
responsiveness, but rather, promotes DOX release due
to US cavitation, providing a foundation for its
application in wvivo within an acidic tumor
environment.

Cellular uptake

Flow cytometry was conducted to investigate the
cellular uptake of carrier with single ligand and dual
ligands, with untreated cells as the control (Figure
3A). The fluorescence of DOX allowed its direct use to
assay cellular uptake with no requirement for
additional markers. The data indicates that the
fluorescence intensity of H-F-RGD-DOX was higher
than that of H-F-DOX and H-RGD-DOX, confirming
the effectiveness of dual-ligand mediated targeting
since their corresponding receptors, a,f3; integrin and
FR, are overexpressed in malignant tumor cells [5-7].
In the evaluation of cellular uptake of DOX, DP and
DPMC with US, we found that the fluorescence
intensity of DP was higher than that of free DOX,

A

indicating that the dual ligand-targeting effect and
pH-sensitive properties of DP contribute to enhanced
cellular internalization (Figure 3C). Moreover, DPMC
with US exhibited the greatest internalization ability
among the three groups. Based on the collective
findings, we suggest that US disruption of the
complex into smaller particles facilitates its cellular
uptake and drug liberation. Additionally, cell
membrane  permeability ~ enhanced by US
sonoporation was not negligible.

Intracellular distribution of different groups was
detected by confocal microscopy (Figure 4A). The
fluorescence of DOX was visualized in cytoplasm in
cells treated with pH-insensitive prodrug, while that
of cells treated with free DOX, DP and DPMC with US
were visualized mainly in nuclei. This finding might
be due to the different mechanisms of the cellular
uptake of free DOX, pH-sensitive and pH-insensitive
DOX-loaded  prodrugs. = The  pH-insensitive
DOX-loaded prodrugs were taken up by tumor cells
via receptor-medicated endocytosis, while free DOX
was transported into cells via a passive diffusion
mechanism and used as a DNA intercalator in nuclei
[23, 24]. For pH-sensitive DOX-loaded prodrugs, DOX
was easier to be released in microenvironment of
tumor cells and enhanced its penetration into nuclei
through triggering endosomal escape [8, 17].
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Figure 3. Flow cytometry and corresponding histogram profiles of MCF-7 cells incubated with H-F-DOX, H-RGD-DOX and H-F-RGD-DOX (A) and DOX, DP and
DPMC with US (C). In vitro release of DOX from DP and DPMC with or without US after incubation at 37°C in phosphate buffer (pH 5.0 and 7.4) (B). Cytotoxicity
of MCF-7 cells incubated with MB with US, DOX, DP and DPMC with US (D). Values represent means + SD (n=3).
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Furthermore, in pH-sensitive group, fluorescence of
DOX in cells treated with additional US was higher
than that of non-US treating group. The observation
indicated that US promoted intracellular uptake of
DOX resulting in much more nuclear accumulation,
which might be due to not only the improvement of
cell membrane permeability but also the good
dispersion of DOX-prodrug caused by US cavitation
and sonoporation [25].

In the evaluation of specific binding of DPMC to
tumor cells with US exposure, the fluorescence
attached to FR-positive MCF-7 cells was distinctly
higher than that of FR-negative A549 cells, providing
evidence that FR-mediated specific targeting to tumor
cells contributed significantly to the endocytosis of
DPMC (Figure 4B).

In vitro cytotoxicity

The in vitro cytotoxicity of DP and DPMC with
US, compared with free DOX, was estimated in
MCE-7 cells using the MTT assay, while cells treated
MBs with US were used as control (Figure 3D). After
48 h incubation of the particles with cells, cytotoxicity
was increased in the order of free DOX < DP < DPMC
with US (IC50: 310.35 ng/mL, 217.43 ng/mL, 120.23
ng/mL, respectively). The ascending cytotoxicity of
DP may be attributed to the dual ligand-specific
targeting and pH-triggered release of DOX in the
tumor environment. Owing to the sonoporation effect
of US, cell membrane permeability could be
enhanced, contributing to improved cytotoxicity and
drug delivery efficiency to target cells [12]. On the
other hand, cell viability of the group treated with

A

DOX pH-insensitive

pH-sensitive

DOX

Hoechst
33342

Merged

MBs with US was about 94%, confirming that the
toxicity was not caused by the setting US condition. In
conclusion, DPMC with US exhibited the greatest
cytotoxicity among the three formulations, which
could be attributed to the fact that US cavitation
disrupt the aggregated prodrugs into small uniform
particles, improve DOX release and further enhance
its cellular internalization.

Ultrasound molecular imaging

cRGD selectively binds to a3 integrin
overexpressed in angiogenic endothelial cells,
promoting specific targeting of cRGD-loaded MBs to
tumor sites [5]. Recent research on a mouse model of
breast cancer in vivo using ultrasound molecular
imaging revealed significantly greater adhesion
ability of cRGD-MB to tumor sites, compared to
non-targeted MB. Moreover, imaging signals were
obviously decreased after wusing an anti-ay
monoclonal antibody, validating the utility of
ultrasound molecular imaging in demonstrating the
targeting ability of cRGD-loaded MB [26].
Accordingly, we speculated that DPMC composed of
cRGD and folate upon flash effect should exhibit
superior targeting ability, compared to blank MBs.
The targeting ability of DPMC using ultrasound
molecular imaging was investigated, compared with
that of blank MBs. In this experiment, videos were
recorded for the whole process and datasets of all
mice analyzed offline in a random order using
commercially available software (MCE). Images
representing intensities from adherent blank MBs or
DPMC, displayed as color maps overlaid on B-mode

B

pH-sensitive+US

MCF-7 A549

Figure 4. Confocal microscope images of MCF-7 cells treated with free DOX (DOX), pH-insensitive prodrug (pH-insensitive), DP (pH-sensitive) and DPMC with
US (pH-sensitive+US) for 4 h. Scale bar represents 20 pm (A) . Confocal microscope images of MCF-7 cells and A549 cells incubated with small-sized nanoparticles

from DPMC disrupted by US for 5 mins. Scale bar represents 10 um (B).
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images, were automatically generated using MCE
(Figure 5B). The color intensity localized in the tumor
region (yellow circle) from mice treated with DPMC
was obviously higher than that from mice treated
with blank MBs. Simultaneous video intensities for
the images are presented quantitatively in Figure 5C.
Significant differences were observed between the
two groups. The results indicate that the proportion of
DPMC adhering to the tumor site is significantly
higher than that of blank MBs (p<0.001), providing
further evidence that DPMC exhibits better tumor
targeting imaging ability, consistent with earlier
related reports [26]. The existing of MBs in complex
makes it possible to monitor the position of the
prodrug in vivo using US imaging system in real time.
Herein, the targeted complexes can be used as
acoustic probes for imaging and thereby integrate
tumor imaging and therapy [9].

In vivo fluorescent imaging

Fluorescent intensity detection of MCEF-7
tumor-bearing mice was performed to evaluate the
tumor targeting efficiency of the complex in vivo. As
shown in Figure 6, mice treated with Cy5.5-labeled
DPMC combined with US presented higher
accumulation of the complex at the tumor site,

A

Circulating MBs

compared with other groups (p<0.001). And the
strongest fluorescence intensity was detected within
the initial 0.5 h after intravenous injection. We
presume that upon reaching the tumor region, DPMC
is fragmented by localized US, leading to smaller
prodrug size and further enhancing its penetration
into tumor tissue. Compared with the non-US
exposed group, Cy5.5 loaded in DPMC assisted by US
could be more efficiently delivered to the tumor site,
resulting in higher and earlier initial accumulation.
On the other hand, PEG in DP could extend
circulation time in vivo through decreasing opsonin
adsorption and RES recognition [27, 28].
Receptor-mediated endocytosis may additionally be
responsible for improving cellular uptake and
retention of DP, in accordance with previous reports
[24]. In the absence of US stimulation, a slight
fluorescence signal from Cy5.5-labeled DPMC was
detected in the tumor region, which may be
attributable to its targeting effect mediated by
recognition of ayPs integrin. A fluorescence signal
from free Cy5.5 was additionally visualized at the
tumor site, possibly due to passive diffusion of small
molecules.

Adherent MBs

Circulating MBs

T( 4 min

Injection Targeted VI = VI ,,- VI g,

B

Blank-MB

DPMC

S
T

Video Intensity (a.u)
N
i

i 0a.u 0-

Blank-MB DPMC

Figure 5. Schematic illustration of the image and analysis protocol (A). After monitoring for 4 min, targeted MBs were considered to adhere to the tumor site firmly.
Blank MBs or DPMC were destroyed by the Flash mode of the ultrasound system. The process was monitored, starting from injection to at least 30 s after Flash
destruction. The video intensity (V1) from adherent MBs (Targeted VI) was assessed by calculating the average pre- and post-destruction VI, and subtracting average
post- from pre-destruction intensity. Ultrasound molecular images representing intensity from adherent blank MBs or DPMC displayed as color maps overlaid on
B-mode images (B). Yellow line represents the region of interest (ROI). Scale bar represents 1 cm. Image signals are quantitatively presented (*** p<0.001) (C).
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Figure 6. In vivo fluorescence images of tumor-bearing mice administered Cy 5.5-labeled DPMC with US, Cy 5.5-labeled DPMC and Cy 5.5 at different time-points
(A). Quantification of the in vivo tumor fluorescence accumulation of different formulations expressed as fluorescence per mm? of tumor(B). Data are presented as

mean values + SD (n=5).

In vivo antitumor efficacy

Prepared DP inclined to aggregate with
increasing drug loading weight, hindering its
penetration into tumor tissue and compromising
therapeutic efficiency in vivo. In the study of drug
delivery system, drugs loaded in MBs are easily
released and extravasated into tumor tissues, leading
to enhanced antitumor efficiency upon US exposure.
Additionally, drug-loaded MBs are not likely to
rupture and penetrate into tissues not exposed to US,
resulting in reduction of side-effects to normal tissue
[29]. However, the drug loading capacity of MBs with
lipid monolayer shells is limited due to the gas cores
and thin lipid shells [30], and thus increased drug
payload in each bubble is desirable. Accordingly, we
combined DP with high drug-loading capacity with
MB to generate homogeneous DPMC beneficial for
delivery and therapy in vivo with the assistance of US.

To estimate antitumor activity in vivo, DPMC,
DPMC combined with US and free DOX were
intravenously injected into mice bearing MCF-7 breast
xenograft tumors, using saline-injected mice as the
control. Considering its aggregation property, DP
without filtered was not suitable for intravenous
therapy as a positive control group. The formulations
with or without US (2.5 mg equivalent DOX/kg mice)
were applied at four-day intervals for 20 days. It was
observed that the control group showed a progressive

increase in tumor volume while tumors in all
drug-treated groups displayed growth retardation.
The DOX-treated group displayed greater antitumor
efficiency than mice treated with DPMC without US
exposure. One possible explanation for this finding is
that small molecules easily enter cells via free
diffusion while DPMC with micron sizes are
restricted in blood vessels, hardly penetrating the
interstitial spaces in the absence of US stimulation.
Notably, treatment with DPMC assisted by USled to a
higher tumor inhibition rate than DOX alone,
suggesting that US physically exerts a positive
influence on drug release and cell membrane
permeability, consistent with previous reports [9].
Significant differences were observed between groups
treated with DPMC in the presence or absence of US
(p<0.01) (Figure 7A). The body weights of
tumor-bearing mice were simultaneously recorded.
The DOX group showed an obvious weight decrease,
compared to the control, suggesting a certain extent of
systemic toxicity (p<0.05). No obvious body weight
shifts were observed for the group exposed to DPMC
without US. Interestingly, the group exposed to
DPMC plus US presented better drug tolerability,
possibly due to localized DOX release and
accumulation in tumor regions, leading to reduced
side- effects (Figure 7B).
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Figure 7. In vivo tumor growth inhibition of DPMC with or without US. Comparison of the tumor inhibition effect of DPMC with US versus DPMC without US, DOX
and saline in a breast tumor model (n=5). DPMC with US achieved significant tumor inhibition (***p<0.001, compared to saline; ** p< 0.01, compared to DPMC
without US) (A). During the treatment period, mice administered DPMC with US showed no significant body loss compared to those given saline, but differences
were observed in relation to the DOX treatment group (* p< 0.05) (B). At the end of the experiment, tumor tissues were collected from each sacrificed animal after
20 days of treatment, photographed (D) and weighed (*** p<0.001, compared to saline and DPMC without US; * p< 0.05, compared to DOX) (C).

All tumors of the treated mice were excised,
photographed and weighed at the end of the
experimental period (Figure 7C and D). Tumor
weights from mice treated with DPMC along with US
exposure were significantly lower than those from
control  (p<0.001), free DOX- (p<0.05) and
DPMC-treated mice (p<0.001), consistent with the
data on tumor volumes (Figure 7A). Our results
collectively indicate that DPMC with US presents
excellent antitumor efficacy and relative low systemic
toxicity, which may be attributable to not only US
cavitation and sonoporation but also the
dual-targeted effect and pH sensitivity of DP [31, 32],
further confirming the superiority of the combination
treatment strategy.

Immunohistochemical analysis

Immunohistochemical analysis of tumors was
conducted to evaluate apoptosis, proliferation and
angiogenesis. Staining for caspase-3 and Ki-67,
commonly used metabolic markers of apoptosis and
proliferation, was performed to determine antitumor
efficacy. Compared to the control group, tumor
tissues of mice exposed to DPMC combined with US

showed relatively higher levels of capase-3-positive
and lower levels of Ki-67-positive cells (Figure 8A).
Significant differences were observed relative to the
other groups (p<0.001), clearly indicating that DPMC
with US is considerably more effective in inducing
apoptosis and inhibiting tumor cell proliferation
(Figure 8B). Angiogenesis is known to play a major
role in tumor growth, invasion and metastasis in solid
tumors [33, 34]. Antiangiogenic therapy may therefore
suppress the blood supply and trigger apoptosis of
tumor vascular endothelial cells, leading to antitumor
effects. As a specific ligand of DP, cRGD played an
important role in the anti-angiogenic effect of our
complex by blocking ayf3s integrin. CD34 (a marker of
vessel endothelium) staining was further performed
to determine angiogenesis inhibition. As shown in
Figure 8B, DPMC with US exerted the greatest
antiangiogenic  effect, and the corresponding
microvessel density (MVD) per field was significantly
lower than that of other treated groups (p<0.01),
which may be attributed to enhancement of the
targeting effect of cRGD by localized US and
consequent improvement of angiogenesis inhibition
ability. Moreover, relatively few microvessels were
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observed in the group treated with DPMC without
US, compared with the DOX and control groups, since
cRGD incorporated into DPMC could suppress
angiogenesis to some extent, even without US
stimulation. Relatively higher MVD was observed in
the free DOX and control groups, with no significant
differences. One possibility for this finding is that the
equivalent dosages of DOX administered to all the
groups were insufficient to exert anti-angiogenic
effects unless decorated with targeted ligands and
applied with the assistance of US, in accordance with
safety evaluation data. Our immunohistochemical
findings suggest that various mechanisms contribute
to the antitumor effects of DPMC assisted by US,
including enhancement of cell apoptosis, inhibition of
cell proliferation and antagonism of angiogenesis.

Conclusion

Here, we  successfully engineered a
dual-targeted pH-sensitive DOX prodrug displaying
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high drug-loading capacity, excellent tumor targeting
specificity and release ability, but relatively large sizes
due to aggregation, which may limit its application in
tumor therapy. A combination of DP and MB
generated viz an avidin-biotin bridge presented
uniform distribution. Importantly, with the assistance
of localized US, the DPMC could be fragmented into
smaller nanoparticles, facilitating intracellular
accumulation and antitumor activity in vivo. Despite
its important usage as acoustic probes for tumor
imaging, the complex exerted significant antitumor
efficacy through inducing apoptosis, inhibiting cell
proliferation and antagonizing angiogenesis in
conjunction with US exposure. Our data collectively
highlight the significant potential of this strategy to
improve the delivery of large-sized or aggregated
particles to tumor sites and integrate tumor imaging
and therapy, thereby extending their applications in
vivo.
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Figure 8. Histological analysis of tumors from mice treated with different formulations. Images (A) and corresponding quantification (B) of Caspase-3, Ki67 and
CD34 staining of tumors treated with saline, DOX, DPMC without US and DPMC with US. Scale bar represents 100 um.
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