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Abstract

Conventional chemotherapy of pancreatic cancer (PaCa) suffers the problems of low drug
permeability and inherent or acquired drug resistance. Development of new strategies for enhanced
therapy still remains a great challenge. Herein, we report a new ultrasound-targeted microbubble
destruction (UTMD)-promoted delivery system based on dendrimer-entrapped gold nanoparticles
(Au DENPs) for co-delivery of gemcitabine (Gem) and miR-21 inhibitor (miR-21i).

Methods: In this study, Gem-Au DENPs/miR-21i was designed and synthesized. The designed
polyplexes were characterized via transmission electron microscopy (TEM), Gel retardation assay
and dynamic light scattering (DLS). Then, the optimum exposure parameters were examined by an
ultrasound exposure platform. The cellular uptake, cytotoxicity and anticancer effects in vitro were
analyzed by confocal laser microscopy, spectra microplate reader, flow cytometry and a
chemiluminescence imaging system. Lastly, the anticancer effects in vivo were evaluated by
contrast-enhanced ultrasound (CEUS), hematoxylin and eosin (H&E) staining, TUNEL staining and
comparison of tumor volume.

Results: The results showed that the Gem-Au DENPs/miR-21i can be uptake by cancer cells and
the cellular uptake was further facilitated by UTMD with an ultrasound power of 0.4 W/cm® to
enhance the cell permeability. Further, the co-delivery of Gem and miR-21i with or without UTMD
treatment displayed 82-fold and 13-fold lower IC50 values than the free Gem, respectively. The
UTMD-promoted co-delivery of Gem and miR-21i was further validated by in vivo treatment and
showed a significant tumor volume reduction and an increase in blood perfusion of xenografted
pancreatic tumors.

Conclusion: The co-delivery of Gem and miR-21i using Au DENPs can be significantly promoted by
UTMD technology, hence providing a promising strategy for effective pancreatic cancer treatments.

Key words: ultrasound-targeted microbubble destruction; PAMAM dendrimers; gold nanoparticles; drug
delivery; gene delivery; pancreatic cancer

Introduction

Pancreatic cancer (PaCa) is one of world’s common cause of cancer-related death in Europe and
leading causes of cancer mortality and the fourth most ~ the United States [1]. Conventional therapy methods
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include curative resection and chemotherapy alone.
However, most patients have no chance of surgical
resection in the advanced stage with distant
metastases and chemotherapy suffers the problems of
low drug permeability and inherent or acquired drug
resistance [2, 3]. Thus, improved treatment strategies
including new chemotherapeutics and drug delivery
systems are necessary for enhanced PaCa treatment.

Gemcitabine (Gem; 2/, 2’-diflurodeoxycytidine)
is the standard chemotherapeutic drug administered
to patients with locally unresectable advanced or
metastatic PaCa [4]. It is a nucleoside analog that can
be incorporated into DNA to create an irreparable
error, leading to inhibition of further DNA synthesis
and cell death. However, due to inherent
chemoresistance of PaCa as well as impaired drug
delivery pathways, PaCa patients show modest
clinical response to Gem. In addition, Gem shows
common side effects like systemic toxicity due to its
high dosage and non-specificity with respect to
normal cells [5-7]. To overcome these adverse effects,
free Gem therapy has been combined with gene
therapy as a multi-target chemotherapeutic to treat
PaCa [8, 9]. Park et al. reported that miRNA-221
inhibitor (miR-221i) and miRNA-21 inhibitor
(miR-21i) can be wused as a gemcitabine-based
combination regimen to produce a synergistic effect in
various pancreatic tumor cells [10]. Hence, new and
different types of therapies are needed to enhance the
anti-proliferative effects of Gem in the treatment of
PaCa.

Recently, microRNAs (miRNAs) have received
increasing attention in the field of cancer research.
miRNAs are a group of small RNAs, which are
single-stranded and consist of 18-25 nucleotides (-22
nt). miRNAs function via base-pairing with
complementary sequences within messenger RNAs
(mRNAs) that can inhibit the translation of the
mRNAs into protein. miRNAs regulate the
proliferation and apoptosis of tumor cells, and their
down expression leads to effective tumor inhibition
[11-13]. Literature reports show that four types of
miRNAs have abnormally high expression in PaCa,
including miR-155, miR-21, miR-221 and miR-222,
and the miR-21 displays the highest overexpression in
PaCa [8, 14]. These results showed that miR-21 was
among the top miRNAs with increased expression in
PaCa. The mechanism of miR-21 includes modulation
of apoptosis, Akt phosphorylation, and expression of
genes involved in the invasive behavior in PaCa [15].
Furthermore, miR-21 expression correlated with
outcome in PaCa patients treated with Gem. For
instance, overexpression of miR-21 leads to
downregulation of tumor suppressors phosphatase
and tensin homologue (PTEN) and phosphorylation

of its downstream kinase Akt, rendering the cancer
cells less susceptible to Gem [10, 16]. Hence,
simultaneous delivery of a chemotherapeutic drug
and miR-21i has been demonstrated to be an effective
strategy for cancer therapy [17, 18]. However, the
synthetic naked miRNA inhibitors are unstable in a
nuclease rich serum and the development of an
effective delivery system capable of co-delivery of
Gem and miR-21i still remains challenging.

Dendrimer is a macromolecule characterized by
highly branched, abundant surface functional groups,
spherical geometry, and monodispersed and
well-defined molecular structure. The dendrimer
surface and interior can be modified or physically
changed for noncytotoxicity, high-efficiency, and
specific gene and drug delivery applications [19, 20].
To increase the aqueous solubility and
biocompatibility, polyethylene glycol (PEG) can be
modified on the dendrimer surface to reduce
interactions with serum proteins and shield the
positive surface charge [21, 22]. To further improve
the gene transfection efficiency, the dendrimers
should maintain a 3D conformation to improve their
DNA compression capability. For instance, amine-
terminated generation 5 (G5) poly(amidoamine)
(PAMAM) dendrimers entrapping gold nanoparticles
(Au DENPs) are able to well maintain their
three-dimensional conformation for enhanced gene
delivery applications [23-25]. Further modification of
PEG and PEGylated arginine-glycine-aspartic (RGD)
peptide onto the surface of Au DENPs enables specific
human bone morphogenetic protein-2(hBMP-2) with
plasmid DNA(pDNA) delivery to  human
mesenchymal stem cells [26] and specific siRNA
delivery to cancer cells [27]. Although dendrimers
have been widely applied in the delivery of anticancer
drugs [28-31] or genes [27, 32, 33], there have been few
reports related to the co-delivery of genes and drugs
using dendrimers as vectors [34], and no reports
related to the use of Au DENPs for combinational
chemotherapy and gene therapy of PaCa.

PaCa is well known to be a hypovascular tumour
with less perfusion than the tissue surrounding it [35,
36]. In order to enhance drug delivery, it is ideal to
enlarge the permeability of vessels and the tumor
cells. Ultrasound-targeted microbubble destruction
(UTMD) is not only an effective approach to monitor
the tumor in real-time with high spatial and temporal
resolution, but also a useful tool to promote the
cellular uptake of drugs or genes by improving the
permeability of cancer cells [37-40]. Microbubbles
exposed to ultrasound can be destroyed and the
resultant cavitation effect is able to enhance cell
membrane permeability without deterring the cell
viability for desired drug or gene delivery at a specific
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tumor site and in a given time period [41-43]. It also
has been proven that UTMD can enhance the
clathrin-based endocytosis of nanoparticles (NPs)
[44]. In our previous study, we have also shown that
under a UTMD condition, the delivery of paclitaxol
(PTX) by methoxy polyethylene glycol-polylacticco-
glycolicacid-polylysine (mPEG-PLGA-PLL) NPs can
be enhanced for tumor chemotherapy [45, 46].

In this study, we developed a new PEGylated Au
DENPs-based delivery system for simultaneous
loading and delivery of Gem and miR-21i (Scheme 1).
Partially PEGylated G5 PAMAM dendrimers were
first used as templates to entrap Au NPs, and the
generated Au DENPs were used to sequentially load
Gem via electrostatic interactions or hydrophobic
interactions and miR-21i via electrostatic compression.
The formed complexes were systematically
characterized wvia different methods in terms of
structure, size and morphology, drug and gene
loading capacity, drug release kinetics, and
cytotoxicity. The co-delivery of drug and gene was
validated by in vitro cell cytotoxicity, apoptosis,
western-blot and PCR assays. Finally, the synergistic
effects of co-delivery of Gem and miR-21i using
UTMD technology were also investigated in vitro and
in vivo using a xenografted tumor model. To our
knowledge, this is the first report related to the
development of an Au DENP-based delivery system
for UTMD-promoted co-delivery of drug and gene for
PaCa treatment.

Materials and Methods

Preparation of Au DENPs/miR-21i and
Gem-Au DENPs/ miR-21i polyplexes

According to the protocols described in our
previous study related to the preparation of
PEGylated dendrimers [26] and the formation of Au
DENPs [23-25] (see Supplementary Material), we

prepared PEGylated Au DENPs for co-delivery of
Gem and miR-21i (Scheme S1). The Gem was loaded
onto the Au DENPs platform, and the miR-21i (20
pM) was mixed with Gem-Au DENPs solution
containing appropriate ratio of primary amines on the
vector surface to phosphate groups in the miR-21i
backbone (i.e., the N/P ratio). The mixture was gently
vortexed and incubated at room temperature for 30
min. The polyplexes were prepared according to the
appropriate N/P ratio. The Au DENPs/miR-21i
polyplexes without Gem at different N/P ratios were
prepared in the same way.

Gel retardation assay

A gel retardation assay was performed to assess
the condensation ability of Au DENPs and Gem-Au
DENPs. 1% (w/v) agarose gel mixed with 0.1 pg/mL
ethidium bromide (EB) was prepared using
Tris-acetate-EDTA buffer. Gel electrophoresis was
carried out at 80 V for 30 min. The retardation of the
Au DENPs/miR-21i and Gem-Au DENPs/miR-21i
polyplexes prepared at different N/P ratios was
analyzed by a gel image analysis system (Shanghai
FURI Science & Technology, Shanghai, China) [27].

Optimization of acoustic cavitation
parameters

Acoustic cavitation parameters for sonoporation,
in which ultrasound and microbubbles-mediated
cavitation generates transient or repairable pores for
facilitating cellular uptake of external molecules such
as drugs, genes and proteins into living cells—was
optimized using fluorescein isothiocyanate (FITC) to
study the UTMD-mediated cellular uptake and cell
apoptosis under different ultrasound conditions [37].

SW1990 cells were seeded in a 6-well plate at a
density of 4.0 x 10* cells per well. After the cells
reached 60-70% confluence, the cells were trypsinized
and collected in a tube preloaded with FITC in PBS to

- Gemcitabine
«» G5.NH,
@ AuNPs

. —— mPEG-COOH
~ miR-21i

Scheme 1. Schematic illustration of Au DENPs-based delivery system for UTMD-promoted co-delivery of drug and gene for PaCa treatment.
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have a final concentration of 2 mg/mL for each
sample. Then, according to our previous study,
SonoVue microbubbles were added into each cell
suspension to a concentration of 20% (v/v) [45]. The
tube filled with a total of 2 mL mixed suspension was
fixed in the tank at room temperature (Fig. S1) and
exposed to a 1 MHz therapeutic ultrasound machine
(PHYSIOSON-Basic, PHYSIOSON  Elektro-medizin,
Germany) with 1 kHz pulse repetition frequency
(PRF) with a total exposure time of 30 s under
different power densities (0.2 W/cm?, 0.4 W/cm? and
0.6 W/cm?). The half-pressure diameter of the beam
was 8.5 mm.

After exposure to ultrasound, samples were
placed in the incubator to recover from the effects of
cavitation for 30 min, and then were centrifuged at
209 x g for 3 min to remove excess FITC from the
extracellular medium. To assess the cell viability after
acoustic cavitation treatments, the cells were treated
with propidium iodide (PI, 2 pM) that stains the dead
cells for 5 min. Then the cells were washed at least
twice with PBS and assayed via fluorescence activated
cell-sorting (FACS, Beckman Coulter, Miami, Florida).

Cytotoxicity evaluation

SW1990 cells were seeded in a 96-well plate at a
density of 1.0 x 10* cells per well. After 24 h
incubation, the cell medium was replaced with 100 pL
fresh medium containing 10 pL of Au DENPs or the
polyplex solutions at different concentrations in each
well. Cells treated with PBS were used as control. For
the group of Gem-Au DENPs/miR-21i + U (Gem-Au
DENPs/miR-21i combined with UTMD), UTMD was
performed using an optimized condition (0.4 W/cm?,
1 MHz, 20% microbubbles, PRF 1kHz, 30 s). After the
cells were cultured for 24 h, 48 h, or 72 h, CCK-8
solution (10 pL) was added to each well, and the cells
were incubated for another 4 h at 37 °C before
quantification by a Spectra Max 190 microplate reader
(BIO-RAD, Hercules, CA) at a wavelength of 450 nm.

Cellular uptake of the polyplexes

To investigate the intracellular localization of the
Gem-Au DENPs/ miR-21i polyplexes, confocal laser
microscopy  (Leica  Microsystems, Mannheim,
Germany) was applied. SW1990 cells were seeded in
6-well plates at a density of 3.0 x 105 cells per well for
24 h to bring the cells to the defined confluence. The
medium was replaced with 1 mL fresh medium
containing 100 pL Gem-Au DENPs/Cy3-miR-21i
polyplexes ([Cy3-miR-21i] = 20 pM, N/P = 8:1) and
the cells were incubated for 1 h, 2 h and 4 h. Then the
cells were washed three times with PBS, fixed with 5%
glutaraldehyde in PBS for 15 min at 4 °C, counter
stained with Hoechst 33342 (1 pg/mL) for 30 min at 37

oC to stain the cell nuclei, and further washed three
times with PBS. Images of cells were acquired using
confocal laser microscopy.

The cellular uptake of Gem-Au DENPs/Cy3-
miR-21i polyplexes was also detected by an Accuri C6
Flow cytometer (BD Biosciences, San Diego, CA). The
cells were prepared as described above and
trypsinized, followed by analysis of the Cy3
fluorescence by flow cytometry.

To study the UTMD-triggered cellular uptake of
the polyplexes, cells were seeded in 6-well plates at a
density of 3.0 x 10> cells per well to reach 70%
confluence. Before incubating with Gem-Au DENPs/
Cy3-miR-21i for 4 h, the cell suspension mixed with
SonoVue was exposed to the ultrasound apparatus at
the optimize parameters (0.4 W/cm?, 1 MHz, 20%
microbubbles, PRF 1 kHz, 30 s). The fluorescence
intensity of cells was detected using flow cytometry as
described above.

Evaluation of cell apoptosis

SW1990 cells were seeded in 6-well plates at a
density of 1.0 x 105 cells per well. After 24 h
incubation, the cell medium was replaced with fresh
medium containing 100 pL of the Au DENPs or the
polyplex solutions in each well for another 24 h. Then
cells were collected and re-suspended in 100 pL
ice-cold binding buffer, followed by addition of 5 pL
of Annexin V-FITC and 5 pL of PI solution (BD
Biosciences, San Diego, CA). The samples were
incubated for 15 min in the dark at room temperature
before being subjected to flow cytometry analysis. The
assay was performed 3 times for each sample. The
cells treated with PBS under the same processes were
used as control.

Western blot analysis

SW1990 cells were seeded in a flask at a density
of 5.0 x 105 cells/mL for 24 h to bring the cells to the
defined confluence. The medium was replaced with
fresh medium containing Au DENPs or the
polyplexes solutions and the cells were incubated for
48 h. The cells were washed with PBS three times and
then exposed to 1% cell lysate buffer to extract
protein. The whole cell protein lysates were
electrophoresed on 10% sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gels and transferred
onto  polyvinylidene  difluoride = membranes
(Millipore, Bedford, Massachusetts), followed by
blocking in Tris-buffered saline with 5% non-fat milk,
and then incubated with primary antibodies at 4°C
overnight. The primary antibodies were diluted in
PBS as follows: Bcl-2, Bax, P53 and PTEN (Abcam,
Cambridge, UK). Membranes were then incubated
with secondary antibody (Beyotime, Shanghai, China)
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for 1 h at room temperature. The density of target

protein  signals was  visualized using a
chemiluminescence  imaging system  (Tanon,
Shanghai, China).

In vivo antitumor activity study

All animal studies were approved by the
Shanghai Jiaotong University Animal Care and Use
Committee and performed in accordance with
guidelines and regulations of National Ministry of
Health. A total of 36 female athymic BALB/c nude
mice (4-6 weeks old) weighing 18-20 g were
purchased from Sippr-BK laboratory animal Co. Ltd
(Shanghai, China) and kept in the Laboratory Animal
Center of Shanghai General Hospital (Shanghai,
China). These mice were maintained in a
pathogen-free environment (23 + 2 °C and 55% * 5%
humidity).

In order to establish a xenografted mouse tumor
model, 1 x 106 SW1990 cells were collected and
subcutaneously injected into the back of the BALB/c
nude mice. When the tumor volume reached 32-80
mm? at 14 days, the mice were divided into four
groups (n = 9 for each group): Control (PBS, 100 pL),
free Gem (10 mg/kg, in 100 pL PBS), Gem-Au
DENPs/miR-21i ([Gem] = 10 mg/kg, [miR-21i] = 20
uM, in 100 uL PBS), and Gem-Au DENP/miR-21i + U
([Gem] = 10 mg/kg, [miR-21i] = 20 pM, in 100 pL
PBS). Each tumor-bearing mouse was intratumorally
injected with the polyplexes every other day for 3
weeks. For the Gem-Au DENPs/miR-21i + U group,
the US transducer (PHYSIOSON-Basic, PHYSIOSON
Elektro-medizin, Germany) was positioned above the
tumor, and SonoVue (1.18 mg/mL, in 0.2 mL saline)
was slowly injected via tail vein after intratumoral
injection of Gem-Au DENPs/miR-21i polyplexes.
According to a previous study, the tumors were
insonated percutaneously for 2 min to achieve the
longest active sonoporation time (1 MHz, 0.4 W/cm?,
20% microbubbles) [45, 46].

Every three days, the growth of tumors in nude
mice was observed by ultrasound imaging using
B-mode to evaluate the tumor size by a clinical
diagnosis ultrasound scanner (LOGIQ E9, GE,
Fairfield, Connecticut). The tumor volume was
calculated by the equation: V = L x W2/2, where V is
the tumor volume, L is the tumor length and W is the
tumor width. The largest cross-section and
longitudinal-section of each tumor was taken to
ensure the same condition. Body weight was also
recorded every three days. At the end of the treatment
course, contrast-enhanced ultrasound (CEUS) was
performed to record the perfusion process and
capture the morphological changes of tumors for 2
min. In this study, 3 mice were randomly selected

from each group to undergo CEUS after injection of
SonoVue (1.18 mg/mL, in 0.1 mL saline for each
mouse) through orbital vein, and the same probe
(LOGIQ E9, ML 6-15 MHz) was used for the contrast
modality at a low mechanical index (0.12). All CEUS
images were performed in the same condition of 20
mm depth and 10 gains. To investigate the perfusion
process, the perfusion curve of a region of interest
(ROI) was generated after injection of SonoVue, and
the perfusion index within the ROI was calculated by
CEUS immediately at the end of treatment. The
perfusion index corresponds to blood flow within an
ROI and is the ratio of the area under the curve (AUC)
to mean transit time (MTT). The MTT is the contrast
agent circulation time in the ROI of the tissue.

After CEUS, the mice were anesthetized and
dissected to analyze the tumor pathological changes
and toxicity by hematoxylin and eosin (H&E) and
TUNEL staining according to standard protocols [46].
The remaining animals were used to observe the
survival rate (n = 6).

Statistical analysis

All data are represented by mean * standard
deviation. Statistical analysis was performed using
variance tests (two-way ANOVA and one-way
ANOVA). Data sets were compared using two tailed,
unpaired t-test. A value of 0.05 was set as the
significance level; the data were marked as (*) p <0.05,
(**) p <0.01, and (***) p < 0.001.

Results and discussion

Characterization of Au DENPs polyplexes

In this study, G5 PAMAM dendrimers were
selected for the synthesis of a multifunctional drug
and gene delivery vector due to their relative stability,
large internal cavities and numerous terminal amine
groups that can be modified with different
functionalities [47-50]. To better improve the gene
transfection efficiency, Au DENPs were synthesized
using G5.NHo-mPEG dendrimers as templates and
characterized using UV-vis spectroscopy and TEM.
Fig. 1A shows the UV-vis spectrum of Au DENPs,
where an absorption peak at about 510 nm can be
assigned to the typical surface plasmon band of Au
NPs, indicating the successful formation of Au
DENPs. ICP-OES was used to analyze the loading of
Au NPs within the G5.NH,;-mPEG dendrimers. We
show that there were about 25 equiv. (i.e., 25 Mole) of
Au loaded within each G5.NH»-mPEG dendrimer.
TEM was used to characterize the morphology and
size distribution of the Au core particles in the Au
DENPs. All Au core NPs exhibited a spherical shape
and were distributed evenly with an average size of
2.6 nm (Fig. 1B, C).
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Figure 1. (A) UV-vis spectrum, (B) TEM image, and (C) size distribution histogram of the Au DENPs

Characterization of the designed
vector/miR-21i polyplexes

To evaluate the RNA compression ability of Au
DENPs, a gel retardation assay was performed. As
shown in Fig. 2A, the mobility of miR-21i was able to
be retarded at a N/P ratio of 2:1 or greater. To
investigate if the encapsulation of Gem within Au
DENPs impacts the RNA compaction ability of the
vector, the miR-21i retardation of Gem-Au DENDPs
was also evaluated. Fig. 2B shows that the migration
of miR-21i can also be retarded at a N/P ratio of 2:1 or
above, confirming that the loading of Gem does not
impact the compaction capability of the Au DENDPs.

Acontrol 1:4 1:2 1:1 2:1 4:1 8:1 16:1

B control 1:4 1:2 1:1 2:1 4:1 8:1 161

For gene transfection studies, the designed
vector/miR-21i  polyplexes should have an
appropriate size and relative positive surface
potential. Therefore, dynamic light scattering (DLS)
and zeta potential measurements were applied to
characterize the polyplexes. The results reveal that the
mean hydrodynamic size of the polyplexes (in a range
of 154-276 nm) decreases with an increase in the N/P
ratio (Fig. 2C) and the surface potential of the
polyplexes increases as the N/P ratio increases (Fig.
2D). The surface potential of the polyplexes has a
range of 11-33 mV; this result is in line with our
previous studies [25, 27] and suggests the formed
Gem-Au DENPs/miR-21i polyplexes may be
considered as suitable transfection
materials at a N/P ratio of 2:1 or
above. It should be noted that
between the N/P ratios of 4:1 and 8:1,
the surface potential did not
significantly change. Since only the
Au DENPs covering the surface of
the polyplexes contribute to the
surface potential of the polyplexes,
this suggests that the interaction
between Au DENPs and miR-21i at a

C sk
N s
T 20 =
5 @
_§150 |-
i” ;
50 £
A

0

Figure 2. Gel retardation assay (A) of Au DENPs/miR-21i and (B) Gem-Au DENPs/miR-21i at different
N/P ratios. Mean hydrodynamic size (C) and surface potential (D) of Au DENPs, Gem-Au DENPs, and

Gem-Au DENPs/miR-21i under different N/P ratios (mean * SD, n = 3).

N/P ratio of 8:1 reached saturation
and has the most suitable surface
potential  for gene  delivery.
Therefore, we selected the Gem-Au
DENPs/miR-21i at a N/P ratio of 8:1
for further studies.

Identification of ultrasound
exposure parameters for
cellular uptake of polyplexes
Studies had shown that
fluorescent molecules (e.g., FITC) can
directly penetrate into the cytosol
through the pores caused by UTMD,
which can be used to study the
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cellular uptake efficiency [37, 51]. To examine the
optimum parameters for ultrasound-enhanced
cellular uptake of NPs, a platform suitable for
ultrasound exposure in vitro was established (Fig. S1).
Fig. 3 shows the dot-plots of cells stained with FITC
and PI, and the quantitative analysis of the FITC
uptake efficiency and cell viability with different
treatments. The FITC uptake efficiency can be used to
reflect the number of sonoporated cells. Clearly,
control cells exhibited minimal FITC uptake efficiency
(1.61% £ 0.36%) and high cell viability (98.49% =+
0.36%). In contrast, the cells after treatment with
ultrasound power densities of 0.4 W/cm?, and 0.6
W/cm? displayed high FITC uptake efficiencies of
15.72% £ 1.16%, and 16.94% + 1.13% compared to
control cells, suggesting that the cells could be
sonoporated after treatment with ultrasound
exposure. Moreover, the total numbers of
sonoporated cells in the 0.4 W/cm? and 0.6 W/cm?
groups were significantly greater than those in the 0.2
W/cm? group and control group (p < 0.001).
However, no significant difference between the 0.2
W/cm? group (2.10% * 0.62%) and the control group
could be observed (p > 0.05). This could be because the
power density of 0.2 W/cm? mainly results in stable
cavitation, in which microbubbles stably oscillate
without collapsing in an acoustic field, resulting in
weak sonoporation effects, in agreement with the
literature [52, 53]. Although the FITC uptake
efficiency in the 0.6 W/cm? group was greater than
that in the 0.4 W/cm? group, there was no statistical
significance between the two groups. Additionally,
the cell viability in the 0.6 W/cm? group was lower
than that in the 04 W/cm? group (p < 0.01).
Considering all the above results, we therefore
selected 0.4 W/cm? as the optimum power density for
the follow-up experiments.

Therapeutic efficacy of Gem-Au
DENPs/miR-21i polyplexes

The therapeutic efficacy of Gem for pancreatic
cancer cells was reported to be dose- and
time-dependent and the peak cytoplasma
concentration of Gem was reported to be 100 pM [17].
In this study, the cytotoxicity of the Au DENPs or the
polyplexes was assessed by the CCK-8 cell viability
assay (Fig. 4 and Fig. S5). As shown in Fig. S5, the
SW1900 cells treated with the Au DENPs displayed
the same viability as those treated with PBS,
indicating that the Au DENDPs are non-toxic in the
studied concentration range. The cell viability of cells
treated with Au DENPs/miR-21i still remained at a
high level (> 70%) even after 72 h treatment in the
studied concentration range, suggesting the weak

cytotoxicity of the single-mode gene therapy. For cells
treated with different formulations of Gem, the cell
viability gradually decreased with increasing Gem
concentration and treatment time (Fig. 4A-C). The cell
viability of the free Gem group was much lower than
that of the Gem-Au DENPs group after 24 h
treatment. However, the two groups displayed
similar cell viability at 48 h and a slight decrease in the
Gem-Au DENPs group at the 72 h time point. This
could be due to the fact that the free Gem could
passively diffuse into the cell nucleus more quickly
than the Gem-Au DENPs during a short time period,
while Gem-Au DENPs is able to gradually release
Gem in the cytoplasm and therefore the cytotoxicity is
cumulative over time in vitro. Additionally, both of
the two co-delivery groups with and without UTMD
treatment (Gem-Au DENPs/miR-21i and Gem-Au
DENPs/miR-21i + U) displayed obvious reduction of
viability compared to the single-mode therapy,
suggesting that miR-21i can act as a cytostatic agent to
adjuvant chemotherapy and increase the drug
sensitivity [54, 55]. Moreover, the co-delivery group of
Gem-Au DENPs/miR-21i + U exhibited less cell
viability than the group of Gem-Au DENPs/miR-21i,
further demonstrating the additional role UTMD
plays to improve the anti-proliferative effect.

The therapeutic effects of different formulations
of Gem were further confirmed by measuring their
half maximal inhibitory concentrations (IC50) at 24 h,
48 h and 72 h, respectively (Fig. 4D). Free Gem had an
IC50 of 1.55 £ 0.26 pg/mL, 0.68 + 0.09 pg/mL and 0.66
1 0.07 pg/mL at 24 h, 48 h and 72 h, respectively.
Gem-Au DENPs/miR-21i displayed an IC50 of 0.48 +
0.14 pg/mL, 0.18 £ 0.06 pg/mL, and 0.05 + 0.01
pg/mL after 24 h, 48 h and 72 h treatment,
respectively, showing a time-dependent effect. At
each time point, the IC50 of Gem-Au DENPs/miR-21i
was significantly lower than that of free Gem (p <
0.01). However, this was not the case for Gem-Au
DENPs, which only had a lower IC50 value than free
Gem at 72 h. Furthermore, compared to Gem-Au
DENPs/miR-21i, Gem-Au DENPs/miR-21i + U
exhibited relatively low I1C50 values at the same time
points, which were 0.096 + 0.008 png/mL, 0.023 + 0.016
pg/mL, and 0.008 + 0.002 pg/mL at 24 h, 48 h and 72
h, respectively. Specifically, Gem-Au DENPs/miR-21i
and Gem-Au DENPs/miR-21i + U displayed 13-fold
and 82-fold lower IC50 values than free Gem at 72 h,
respectively. Taken together, the co-delivery of Gem
and miR-21i after UIMD treatment could
significantly improve the therapeutic efficacy due to
the enhanced cell permeability and the combination
chemotherapy and gene therapy.
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Intracellular uptake assay of Gem-Au
DENPs/miR-21i polyplexes in SW1990 cells

The cellular uptake of Gem-Au DENPs/miR-21i
polyplexes was investigated using confocal
microscopy and flow cytometry at different time
points. Cy3-labeled miR-21i was used to track the
intracellular delivery of Gem-Au DENPs/Cy3-miR-
21i polyplexes in SW1990 cells. Fig. 5 shows the
confocal microscopy images of cells treated with
Gem-Au DENPs/Cy3-miR-21i  polyplexes for
different time periods. At 1 h treatment, obvious Cy3
fluorescence signals on the surfaces of the cells and
also partly in the cytoplasm can be seen, suggesting
that the polyplexes could be quickly uptake by the

cells. At the time points of 2 h and 4 h, more red
fluorescent dots were observed in the cytoplasm,
indicating the cellular internalization of the
polyplexes (Fig. 5). Similarly, the fluorescence
intensity of Gem-Au DENPs/Cy3-miR-21i complexes
was analyzed by flow cytometry and the results were
in accordance with the confocal microscopy
observations (Fig. S6).

Studies have demonstrated that UTMD can
enhance the permeability of the cell membrane and
increase the delivery of nanoparticles to cells by the
effects of sonoporation [42-46], and the therapeutic
effects evoked through sonoporation have been
observed for several days with prolonged therapeutic
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results. At the same, our previous studies reported
that UTMD increased the expression and
accumulation of clathrin over a few hours, thus
enhancing clathrin-mediated endocytosis [44-46]. In
order to further confirm the UTMD-enhanced
polyplexes delivery, the cells were incubated with
Gem-Au DENPs/Cy3-miR-21i polyplexes for 4 h and
exposed to an ultrasound exposure condition. The
confocal microscopy images (Fig. 5) and flow
cytometry analysis (Fig. S6) show that the cells treated
with the polyplexes for 4 h had higher fluorescence
intensity in the cytoplasm than those without
treatment of UTMD at the same conditions. The
increased uptake of polyplexes is probably a
consequence of UTMD causing an increase in the
number of pores and clathrin. These data suggest that

Nulceus Cy3-miR-21i

0 uym 25

Figure 5. Confocal microscopy images of SW1990 cells co-cultivated with Gem-Au DENPs/Cy3-miR-21i
polyplexes for different time periods (red, Cy3-miR-21i; blue, Hoechst 33342, nuclear staining). White arrow
head points to Gem-Au DENPs/Cy3-miR-21i polyplexes observed in the cytoplasm.

UTMD can promote the delivery of Gem-Au
DENPs/Cy3-miR-21i polyplexes at a cellular level.

Cell apoptosis assay

To further investigate the cell apoptosis
efficiency, SW1990 cells treated with the Au DENPs or
the polyplexes for 24 h were analyzed by flow
cytometry (Fig. 6). No obvious cell apoptosis of the
Au DENPs group (Fig. 6B) could be seen when
compared to the control group (Fig. 6A). However,
cells treated with the Au DENPs/miR-21i (Fig. 6C)
had an apoptosis percentage of 4.03% + 0.84%, which
was significantly higher than the control group (1.33%
+0.15%, p <0.01), suggesting the gene inhibition effect
of the miR-21i (Fig. 6H). Additionally, all of the other
four groups containing Gem (Fig. 6D-G) exhibited
obvious cell apoptosis trends
compared to the control group
(p < 0.001). As expected, the cell
apoptosis percentage of the
Gem-Au DENPs/miR-21i group
(20.87% + 0.81%) and Gem-Au
DENPs/miR-21i + U group
(2543% + 0.60%) were much
higher than that of the free Gem
group  (10.50% = 0.56%).
Moreover, there was a
significant difference in the cell
apoptosis percentage between
the Gem-Au DENPs/miR2-1i
group and the Gem-Au
DENPs/miR-21i + U group (p <
0.001). These results indicate
that the co-delivery system
could achieve the synergistic
gene/chemotherapeutic
efficacy, and the UTMD
treatment could further enhance
the synergistic efficacy.

Merge

To investigate the
apoptosis pathway, SW1990
cells were incubated with

different forms of the Au
DENPs or the polyplexes for 24
h, the expressions of the
apoptosis-related proteins
including Bax and P53 (playing
a critical role in  the

mitochondrial apoptotic
pathway), and Bcl-2 (the anti-
apoptotic proteins as

0 _um 25 downstream targets of miR-21)
and PTEN (tumor suppressor
[56]) were tested by western blot

assays. The four relative protein

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 7

1933

expressions of cells treated with Au DENPs had no
significant differences compared to that of the control
group, suggesting the cytocompatibility of Au DENPs
under a certain studied concentration (Fig. S7). As
shown in Fig. 7, after treatment with Au
DENPs/miR-21i, free Gem, or Gem-Au DENPs, the
relative protein expressions started to exhibit a lower
level of Bcl-2, and a higher level of PTEN, Bax and P53
than the control group, which demonstrates activation
of the apoptosis pathway due to the presence of
miR-21i or Gem. Additionally, both of the two
co-delivery groups displayed dramatically increased
PTEN, Bax and P53 and obvious reduction of Bcl-2
compared to the other groups. Moreover, the greatest

reduction of Bcl-2 and the fastest increase of PTEN
were shown in the Gem-Au DENPs/miR-21i + U
group, indicating that the combined therapy achieved
a significant killing efficacy by the inhibition of
downstream targets of miR-21. The PCR results (Fig.
S7) for the apoptotic pathway evaluation are
consistent with the data of the western blot assay.
Taken together, these results demonstrate that the Au
DENPs loaded with Gem and miR-21i can activate the
mitochondrial apoptosis pathway and
miR-21-mediated apoptosis pathway, achieving an
enhanced efficacy in treating the SW1990 cells.
Furthermore, UTMD plays a significant role in the
promotion of the apoptosis pathways.
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DENPs/miR-21i + U group. (H) Apoptosis percentage of cells with different treatments. Data are shown as mean + SD (n=3).
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In vivo therapeutic effect study

A xenografted SW1990 tumor model in mice was
established to study the therapeutic efficacy of
different forms of Gem in wvivo. Firstly, B-mode
ultrasound imaging was used to monitor the tumor
size after different treatments. As shown in the tumor
ultrasound images after different treatments for 21
days (Fig. 8A), we can visually observe that the tumor
size after treatment in the co-delivery groups was
smaller than that of the free Gem and control groups.
The tumor volume changes after different time points
were also recorded and analyzed to evaluate the
therapeutic effect. As shown in Fig. 8C, the tumor
volumes of mice treated in the co-delivery groups
were also much smaller than those of the free Gem
and control groups (p < 0.001), suggesting the
enhanced  combinational  therapeutic  effect.
Furthermore, the Gem-Au DENPs/miR-21i + U group
displayed a significant tumor volume reduction
compared to the Gem-Au DENPs/miR-21i group
without UTMD treatment (p < 0.001), indicating the
enhanced role of UTMD during the antitumor
process.

In addition, the subcutaneous pancreatic tumor
vascularity after treatment was also observed by
means of CEUS imaging to assess the therapeutic
effect. CEUS imaging is a promising, reliable modality
that can reveal tumor vascular flow and could be

potentially useful to evaluate treatment effect after
chemoradiotherapy [35, 36, 57]. CEUS images (Fig. 8B)
show the tumor vascularity and intratumoral blood
perfusion changes after treatment for the different
groups. More abundant intratumoral blood perfusion
was detected in the co-delivery groups, indicating
their better prognosis [37-40]. A  potential
consequence of the increase in blood perfusion in the
Gem-Au DENPs/miR-21i group is an increase in the
enhanced permeability and retention effect (EPR
effect), in which NPs efficiently accumulate and
release drugs at the tumor site for a longer time period
resulting in much more cellular uptake in the tumor
tissue [58]. The quantitative analysis of the perfusion
index further verifies the above results (Fig. 8D). The
tumors treated in the co-delivery groups showed
much more blood perfusion than those treated with
free Gem and the control group (p < 0.001). Moreover,
the perfusion index of the Gem-Au DENPs/miR-21i +
U group was significantly higher than that of the
Gem-Au DENPs/miR-21i group without UTMD
treatment (p < 0.05). This could be due to the fact that
the microbubbles flow through the vasculature
allowing direct contact with endothelial cells and
increase the vascular permeability by the effect of
sonoporation, resulting in enhanced blood flow and
hence more drug or gene uptake for efficient
treatment [59-61]. These data demonstrate that the
co-delivery system and the application of UTMD

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 7

1935

could significantly enhance the tumor inhibition effect
and improve the intratumoral blood perfusion, which
is consistent with our previous study [46, 62].

The tumor apoptosis in vivo was also analyzed
by TUNEL staining. Since the broken DNA strand of
apoptotic tumor cells can be labeled with fluorescence
indicators at the exposed free 3’-OH termini in an
enzymatic reaction by terminal deoxynucleo-
tidyltransferase (TdT), the TUNEL-positive cell nuclei
after different treatments can be detected and
quantified by fluorescence microscopy. As shown in
Fig. 9A, the highest fluorescence intensity was
observed in the Gem-Au DENPs/miR-21i + U group.
The TUNEL-
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£ 5.28%) and Gem-Au DENPs/miR-21i + U (76.33% *
3.85%) groups were significantly higher than that of
the control (2.93% + 1.36%) and free Gem (22.55 %
2.99%) groups (p < 0.001) (Fig. 9C), and there was also
a statistically significant difference between the
Gem-Au DENPs/miR-21i and Gem-Au DENPs/miR-
21i + U groups (p < 0.001). Similarly, H&E staining
(Fig. 9B) shows that tumors treated with Gem-Au
DENPs/miR-21i + U exhibit remarkable nucleus
atypia and increased necrotic cells, indicating the best
therapeutic effect resulted from the enhanced therapy
in PaCa.
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Figure 8. Ultrasound images and therapeutic effect evaluation of tumors in vivo. (A) B-mode ultrasound image; the yellow dots indicate the region of tumor. (B)
Contrast-enhanced ultrasound (CEUS) image. CEUS imaging shows abundant intratumoral blood flow with smaller tumor volume in the Gem-Au DENPs/miR-21i +
U group. (C) Graphs of tumor volume change after different treatments in vivo; day 0 is the first day of treatment. (D) The perfusion index of mice bearing tumors
in the control, free Gem, Gem-Au DENPs/miR-21i and Gem-Au DENPs/miR-21i + U groups after treatment. Data are shown as the mean + SD (n=3).
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We also evaluated the systemic toxicity of the
co-delivery systems by monitoring the body weights
of mice for 21 days (Fig. 9D). The control and free
Gem groups displayed increasing body weight with
time, which may be due to the increasing tumor
volumes of the two groups. However, the treatment of
the co-delivery systems with or without UTMD did
not seem to significantly change the body weights of
the mice, suggesting that the co-delivery systems do
not have obvious toxic side effects to the mice.
Additionally, the biodistribution of Gem-Au DENPs/
Cy3-miR-21i (Fig. S8) and their pharmacokinetics (Fig.
S9) reveal that the accumulation of Gem-Au
DENPs/miR-21i in tumors was significantly
increased by their good biocompatibility in vivo and
further enhanced by UTMD in mouse pancreatic
tumor xenografts.

Finally, the therapeutic efficacy of different
groups was quantified by calculating the survival rate
of mice (Fig. 9E). The median survival rate as analysed
by a Kaplan-Meier test followed the order of Gem-Au
DENPs/miR-21i + U (120 days) > Gem-Au
DENPs/miR-21i (100 days) > free Gem (75 days) >
control (57.5 days). The mice treated with the
co-delivery groups exhibited much longer survival
times than those of the free Gem and control groups.
Meanwhile, the survival rate of the Gem-Au
DENPs/miR-21i + U group was much higher than
that of the Gem-Au DENPs/miR-21i without UTMD
application group at the same treatment time, further
indicating that UTMD plays a significant role in
promoting PaCa treatment. These results revealed
that the therapeutic effect of the combination therapy
is superior to free Gem treatment, and the
employment of UTMD could further prolong the
survival rate of mice bearing pancreatic cancer.

Conclusions

In summary, we have developed a
UTMD-promoted efficient nanoplatform based on Au
DENPs for co-delivery of Gem and miR-21i into
cancer cells. Our results show that the Au DENPs are
able to encapsulate 30 Gem per dendrimer and
compress miR-21i at a N/P ratio of 2:1 or above, and
the formed complexes possess a positive surface
potential (11-33 mV) and hydrodynamic size of
154-276 nm. Under the promotion of UTMD, the
co-delivery of Gem and miR-21i using the Au DENPs
can be much more enhanced, as confirmed by the
enhanced cellular uptake of the polyplexes, the
enhanced therapeutic efficacy in vitro, the enhanced
cell apoptosis rate in vitro along with the apoptosis
pathway analysis from a molecular biology
perspective, and the enhanced tumor inhibition
efficacy in vivo. Taken together, our data suggest that

UTMD-promoted co-delivery of Gem and miR-21i
using Au DENPs may be used as a promising
technology for enhanced therapy of PaCa. However,
there are limitations to this study.

The primary limitation of this study is that the
treatment effect was mainly evaluated using
intratumoral injection. While this method gives an
enhanced inhibition of tumor progression, and the
pharmacokinetics and biodistribution studies by
intravenous injection were added to evaluate the
metabolism and accumulation of Gem-Au DENPs/
miR-21i in vivo, it does not take into account the
clinical setting. Future work should evaluate the
treatment effect in an orthotropic tumor model by
intravenous injection, not only by intratumoral
injection.

In the field of sonoporation, it is typically
assumed to imitate the in vivo environment to study
the enhanced effect of drug or genes delivery. In our
work, the acoustic apparatus is a static model without
flow through the ultrasound beam and the range of
acoustic parameters for optimal delivery was limited
to this ultrasound system. Therefore, much more
work should aim to improve the acoustic apparatus to
induce the highest therapeutic effect.
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