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Purpose: Triple negative breast cancer (TNBC) is challenging for effective remission due to its very aggressive, extremely metastatic
and resistant to conventional chemotherapy. Herein, a multifunctional theranostic nanoparticle was fabricated to enhance tumor
targeted imaging and promote focused ultrasound (FUS) ablation and chemotherapy and sonodynamic therapy (SDT). A multi-modal
synergistic therapy can improve the therapeutic efficacy and prognosis of TNBC.
Methods: AS1411 aptamer modified PEG@PLGA nanoparticles encapsulated with perfluorohexane (PFH) and anti-cancer drug
doxorubicin (DOX) were constructed (AS1411-DOX/PFH-PEG@PLGA) to enhance tumor targeted imaging to guide ablation and
synergistic effect of FUS/chemotherapy. FUS was utilized to trigger the co-release of doxorubicin and simultaneously PFH phase
transition and activate DOX for SDT effect. The physicochemical, phase-changeable imaging capability, biosafety of nanoparticles and
multi-mode synergistic effects on growth of TNBC were thoroughly evaluated in vivo and in vitro.
Results: The synthesized AS1411-DOX/PFH-PEG@PLGA (A-DPPs) nanoparticles are uniformly round with an average diameter of
306.03 ± 5.35 nm and the zeta potential of −4.05 ± 0.13 mV, displaying high biosafety and FUS-responsive drug release in vitro and
in vivo. AS1411 modified NPs specifically bind to 4T1 cells and elevate the ultrasound contrast agent (UCA) image contrast intensity
via PFH phase-transition after FUS exposure. Moreover, the combined treatment of A-DPPs nanoparticles with FUS exhibited
significantly higher apoptosis rate, stronger inhibitory effect on 4T1 cell invasion in vitro, induced more reactive oxygen species
(ROS), and enhanced anti-tumor effect compared to a single therapy (p < 0.05). Additionally, the joint strategy resulted in more intense
cavitation effect and larger ablated areas and reduced energy efficiency factor (EEF) both in vitro and in vivo.
Conclusion: Themultifunctional AS1411-DOX/PFH-PEG@PLGAnanoparticles can perform as amarvelous synergistic agent for enhanced
FUS/chemotherapy, promote real-time contrast enhanced US imaging and improve the therapeutic efficacy and prognosis of TNBC.
Keywords: focused ultrasound, multifunctional nanoparticle, synergistic therapy, phase transformation, acoustic cavitation, breast
cancer

Introduction
Breast cancer is one of the most malignant cancers in women worldwide, which caused the second most death cases
of tumors in women worldwide in 2020.1 Triple negative breast cancer (TNBC) is a subgroup of breast cancer that
lacks expressions of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2).2,3 Regrettably, TNBC is challenging for oncologists due to its very aggressive, extremely
metastatic and resistant to conventional chemotherapy, which is difficult to be treated for effective remission by
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relying only on conventional chemotherapeutic drugs or other physical therapy. Recently, combination therapy has
become an important strategy for minimizing side effects and enhancing the therapeutic outcomes of cancer
treatment.4

Focused ultrasound (FUS), as a non-invasive treatment that has been widely used in the treatment of solid tumors, is
a new choice to improve the therapeutic efficacy and overcome the drug resistance to the TNBC treatment.5,6 However,
for some advanced TNBC patients whose tumors were always in diabrosis and their physical condition was poor, which
prevented them from receiving the hyperthermia ablation during higher energy FUS treatment with a series of severe side
effects, such as skin burns, nerve damage and transient pain would appear.7 In order to improve the ablation efficiency of
high-intensity FUS at lower energy, the introduction of effective synergistic agents in the FUS ablation process is
expected to solve the problems of incomplete treatment and recurrence.

Nanoparticles (NPs) with smaller size, longer blood-circulation time, good stability and easy surface modification
may be the effective synergistic agents via increasing the cavitation effect to kill tumor cells in the FUS ablation
process.8,9 However, the diameters of nanoscaled agents limit their capability to generate back-scattering echo signals for
real-time contrast enhanced ultrasound (CEUS) imaging. In recent years, liquid fluorocarbon perfluorohexane (PFH) with
a low boiling point (56°C) and liquid-gas phase transition characteristics are generally enclosed in liposomes, polymer, or
albumin shells to facilitate tumor imaging. Importantly, studies have demonstrated that NPs containing PFH can be
triggered by thermal effect of FUS to undergo the liquid-gas phase transition, which could be used to assist the contrast-
enhanced US (CEUS) imaging and therapeutic monitoring of the tumor.10,11

Doxorubicin (DOX) is famous as not only one of the most universally used chemotherapeutic drugs for treating
various tumors but also one of the well-known effective sonosensitizers with sonodynamic therapy (SDT) effect after
interaction with ultrasound.12,13 However, owing to the insufficient quantity of drugs available in the breast tissue even
when systemically administered at very high doses and serious dose-dependent DOX-induced cardiotoxicity, its clinical
application in TNBC therapy has been progressively limited.14 To circumvent most of these hurdles, various nano drug
delivery systems have been constructed to greatly reduce drug toxicity and exerted the specific functionality as either
ultrasound-based contrast agents or ultrasound-based synergistic agents for tumor diagnostic imaging and therapies.15–17

Among various nano/micro-materials, Poly(ethylene glycol) (PEG)-functionalized PLGA NPs are especially desirable
because PEGylation provided a hydrophilic layer on the surface of NPs to significantly prevent the rapid clearance of
NPs by the reticuloendothelial system elimination, which is especially important for the passive targeting of nano-carriers
to tumor by the enhanced permeability and retention (EPR) effects.18

Furthermore, except for the passive targeting of EPR effect, a specific active selection and efficient drug delivery
design is the key to achieving precision imaging and treatment of solid tumors. Compared to conventional targeting
agents such as antibodies, peptides, small molecules, DNA aptamers have attracted remarkable attention in the design of
active drug delivery systems benefit from the advantages of low molecular weights, lack of immunogenicity, good
stability and high specificity and affinity with target molecules.19 AS1411, a 26-mer DNA aptamer with the G-quadruplex
structure, has a strong binding affinity to nucleolin which is a protein highly expressed in the plasma membrane of cancer
cells and has been successfully exploited as a targeting ligand for tracking 4T1 breast cells.20,21

Herein, we have successfully fabricated multifunctional theranostic nanoparticles for enhanced tumor targeted
imaging and synergistic FUS ablation and chemotherapy on TNBC. Such a nano-theranostic agent is based on PLGA-
PEG biomaterial as outer shell of NPs, FUS-responsive PFH and anticancer drug DOX as the core and the aptamer
AS1411 was covalently linked onto the outer shell of NPs for targeting transportation and accumulation in tumor
tissue (designated as AS1411-PFH/DOX-PEG@PLGA NPs). FUS was utilized to trigger the co-release of DOX and
PFH, simultaneously PFH undergo a liquid-gas phase transition upon activation by the thermal effect of FUS to
enhance tumor imaging and DOX be activated for sonodynamic therapy. The designed multifunctional theranostic
AS1411-PFH/DOX-PEG@PLGA NPs mediated FUS/chemo therapy totally eradicated tumors with great biosafety
in vitro and in vivo, providing a promising way to treat TNBC. Schematic illustrations of the designed multi-
functional AS1411-PFH/DOX-PEG@PLGA nanoparticles and the procedure of the FUS/chemo therapy are shown in
Scheme 1.
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Materials and Methods
Materials
PLGA-PEG50/50-COOH (MW 15000, Jinan Daigang Biotechnology Co., LTD.); Chloroform (CHCI3, MW 119.38), isopropyl
alcohol (MW 60.10, Chongqing Chuandong Co., LTD.); Polyvinyl alcohol (PVA, MW 30000–70000), Perfluorohexane (PFH,
MW 338.04), 1,1-dioctadecyl-3,3,3ʹ,3ʹ-tetramethylindocarbocyanine perchlorate(DiI), 4’,6-diamidino-2-phenylindole (DAPI),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, MW 191.70), N-hydroxysuccinimide (NHS, MW 115.09) were all
purchase from Sigma Ltd. Co., (USA); 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ-tetramethylindotricarbocyanineiodide (DiR), 2,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA) were bought from Beyotime Biotechnology Co., Ltd. (Shanghai, China). MES buffer
(Thermo Fisher Scientific, USA); Doxorubicin (DOX,MW579.98) (Aladdin, Shanghai, China); CCK-8 (Dojindo, Japan); 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) probe; Aptamer AS1411 and Aptamer FAM modified AS1411-NH2 were purchased
by ShengGong BIO Engineer Ltd. Co. (Shanghai, China) with a nucleotide sequence: (5ʹ-GGTGGTGGT
GGTTGTGGTGGTGGTGG-3ʹ). The Focused Ultrasound Tumor Therapeutic System (Model-JC200, Chongqing Haifu
Medical Technology Co., Ltd, Chongqing, China) was chosen to be the high-intensity FUS transducer.

Synthesis and Characterization of AS1411-DOX/PFH-PEG@PLGA Nanoparticles
PEG@PLGA nanoparticles integrated with PFH and DOX were prepared by the double-emulsion method. Briefly, 200 µL
PFH and 5 mg DOX were added into 2 mL of CHCl3 after dissolving 40 mg of PEG@PLGA crystals. The mixture was
emulsified in an ice bath by using an ultrasonic probe (XL2020 Acoustic Vibrograph, USA) with the power of 150 W (70%
amplitude) for 90s. Then, the emulsion was added into 4 mL of PVA solution (4% w/v) and sonicated for another 150s. The
final solution was added to an 8 mL of isopropanol and placed in an ice bath overnight to stabilize the NPs and extract CHCl3.
Subsequently, the NPs were centrifuged at 1000 rpm for 10 min to remove impurities and washed with deionized water for
three times repeatedly. The prepared DOX/PFH-PEG@PLGA nanoparticles (DPPs) were stored at temperature 4°C.

AS1411 aptamers were linked to the shell of PEG@PLGA nanoparticles via a carbodiimide reaction. First, the DPPs were
resuspended in a MES buffer (0.1 M, pH = 5.5), where then agents EDC (molar ratio of PLGA and EDC was 1:10) and NHS

Scheme 1 Schematic demonstration of FUS/chemo synergistic therapy strategy.
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(mass ratio of EDC and NHS was 1:3) were added in an ice bath for 15 min with gentle stirring to activate PEG@PLGANPs.
The unreacted EDC and NHS were removed by centrifugation and the NPs were repeatedly cleaned. Then, the activated NPs
and dissolved AS1411 aptamer were incubated with MES (0.1 M, pH = 8.0) buffer at room temperature overnight. The
constructed AS1411-DOX/PFH-PEG@PLGA NPs (A-DPPs) were washed with MES buffer for three times to remove
unbound aptamers. DiI or DiR fluorescence labeled nanoparticles, blank NPs and Dil-labeled A-DPPs with FAM fluorescent
(FAMwas modified at the 3ʹ end of AS1411-NH2) were fabricated by the same procedures. AS1411-DOX-PEG@PLGANPs
(A-DPs) were constructed by the same procedure except that PFH was not added.

The mean size and zeta potential of nanoparticles were measured by utilizing Dynamic Light Scattering (DLS, Malvern
Instruments, UK). Morphology and structure characterizations of the A-DPPs were observed by Transmission Electron
Microscopy (TEM, Hitachi H-7600, Japan). During the continuous observation of changes of the scattered A-DPPs in fetal
bovine serum (FBS) at 37°C, which focused on themean size of A-DPPswithin 1week, and size were examined at Day 0, 1, 3, 7.

The linkage between AS1411 aptamer and DPPs was measured quantitatively and qualitatively. 10μL of 4.0 mg/mL
DiI-labeled A-DPPs with FAM were taken onto the glass slide, and confocal laser scanning microscopy (CLSM, Nikon
A1, Japan) was utilized to observe the successful conjugation between nanoparticles and AS1411 through the fluorescent
fusion state. The connection rate was examined by the Flow Cytometry (Beckman Coulter, Inc., USA).

To determine the loading efficiency and encapsulation efficiency of drug DOX in A-DPPs, first the drug DOX
standard curve was calculated through the absorbance intensities among varying concentrations of DOX (1, 5, 10, 20, 40,
50, 60, 70, 100, 125 μg/mL) by UV-vis spectrophotometer (UV-2600 SHIMADZU, Japan) at 480 nm. Then, loading
content and encapsulation efficiency were counted as follows:

LC % ¼ ðweight of DOX in NPs=total weight of NPsÞ � 100%

EE % ¼ ðweight of DOX in NPs=total weight of DOXÞ � 100%

Cell Culture and Animal Models Establishment
The murine 4T1 breast cancer cell line and human normal liver cells (L-O2) were both obtained from Laboratory of
Cytopathology, the First Affiliated Hospital of Chongqing Medical University. The L-O2 cells were authenticated by
STR profile for accuracy of the study. 4T1 Cells were cultured in RPMI-1640 medium with 10% fetal bovine serum and
1% penicillin/streptomycin while L-O2 cells were cultured in DEME medium with 10% fetal bovine serum and 1%
penicillin/streptomycin and all cells were preserved in a humidifier incubator containing 5% CO2 at 37°C. All the cells
used in the experiments were in logarithmic growth phase.

Female Balb/c mice (6–8 weeks old; weight of 16–21 g) were purchased from and raised at the Animal Experiment
Center of Chongqing Medical University (Chongqing, China). To inoculate solid murine TNBC, the murine breast cancer
cell line 4T1 cells were detached with trypsin and resuspended in sterile saline (pH = 7.4). Then, the logarithmic growth
phase cells (1 × 106 cells/200 µL) were subcutaneously injected into the right flank of every mouse. All tumor-bearing
mice were experimented when the volumes reached 100–150 mm3 approximately. The use of the cell lines and
experimental procedures involving human species and animals were approved by the ethics committee of Chongqing
Medical University. All procedures involving animals were conducted with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of Chongqing Medical University.

Cytotoxicity and Biosafety of A-DPPs
L-O2 human normal liver cell and 4T1 cells were planted in 96-well culture plates (1×104 cells/well) and incubated in the
cell incubator (37°C, 5% CO2) for 24 h. Sterilized A-DPPs were configured with serum-free cell culture medium at
varying equivalent DOX concentrations (1.25, 2.5, 5.0, 10.0, 20.0, 40.0 μg/mL) and added into the 96-well culture plates.
Subsequently, all the cells were cultured for 24 h and then washed with saline. Then, 10% CCK-8 reagent was added into
every well at a dose of 100 μL for another 2 hours and the absorbance values of these cells at 450 nm wavelength were
detected by the Multifunctional Enzyme Label Instrument (ELI, Thermo Fisher Scientific, USA). The wells containing
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only medium without cells were set as the blank group and the wells with both cells and serum-free medium were
regarded as the control group. Cell survival rate was calculated according to the formula as follows

Cell Viability ð%Þ ¼ ODNPs� ODblankð Þ= ODcontrol� ODblankð Þ � 100%

Hemolysis assay was carried out as a standard biosafety test. First, blood samples were collected from healthy Balb/c
mice. Red blood cells (RBCs) were isolated by centrifugation. The plasma was removed and the precipitated RBCs were
retained and diluted with normal saline. Then, 100 µL blood samples were evenly mixed with A-DPPs of different
concentrations (0.1, 0.25, 0.5, 1.0, 2.0, 4.0 mg/mL) and co-incubated at 37°C for 4 h. Finally, the samples were
centrifuged at 1200 rpm for 3 min, and the supernatant was taken to a 96-well plate (100 µL/well). The absorbance
value at 541 nm was read by multi-functional Enzyme Label Instrument (ELI, Thermo Fisher Scientific, USA). The
hemolysis rate was calculated according to the following equation:

Hemolysis rate ð%Þ ¼ ODsample � ODnegative
� ��

ODpositive � ODnegative
� �

� 100%

ODsample is the value at each concentration level, ODnegative is the value detected in the negative control (RBCs with
deionized water), ODpositive is the value tested in the positive control (RBCs with normal saline).

To confirm the biosafety of A-DPPs in vivo further, healthy female Balb/c mice were injected with 200 µL A-DPPs at
a concentration of 4.0 mg/mL respectively via tail vein. Blood samples were collected for blood routine analysis and
biochemistry analysis at 0d, 3d, 7 d and 14 d after injection, respectively. At the 14th day, the main organs (liver, spleen,
kidney, heart and lung) of the mice were isolated, sliced and H&E stained for the evaluation of biocompatibility.

Releasing Behavior and Pharmacokinetics of Nanoparticles
The in vitro drug release pattern from nanoparticles was conducted via the dialysis method.22 On account of the acid
microenvironment of tumors, A-DPPs in different pH conditions without FUS stimulation were initially assessed. The
same volume of nanoparticle solutions in 3 mL saline at two different pH (5.5 and 7.4) was placed in two dialysis bags
(8–12 kDa MWCO, Spectrum Laboratories, CA, USA) and shaken at 120 rpm at 37°C. Then we further analyzed the
DOX-releasing behavior of nanoparticles triggered by FUS. After 4 h releasing, the samples in pH 5.5 and pH 7.4 were
exposed to FUS (1.0 MHz, 80 W/cm2, 5 s), respectively, followed by shaking. At pre-determined time points (0, 1, 2, 4,
8, 12, 24, 48, 72 h), the DOX concentration of each sample was detected by using the UV-vis spectrophotometer.

We investigated the plasma pharmacokinetics of DOX released from A-DPPs in vivo through Balb/c mice bearing
4T1 tumors. Based on the DOX loading efficiency, Mice were injected intravenously with free DOX (1.5 mg/kg) and
DPPs (DOX concentration 1.5 mg/kg) and A-DPPs (DOX concentration 1.5 mg/kg), respectively. At various time
intervals (10 min, 30 min, 1, 2, 4, 8, 24 h) post i.v., blood sample was collected, centrifuged for 10 min (3000 rpm, 4°C)
for 10 min, and 100 μL of the supernatant plasma was extracted using 900 μL of acetonitrile to precipitate all of the
proteins. The organic phase was detected using UV−Vis spectrophotometry to measure the DOX concentration.

Targeting Ability Assay in vitro
The cell-targeting ability in vitro was confirmed qualitatively by CLSM. The cells were inoculated in the CLSM-exclusive
culture dishes (1×105 /well) and incubated for 24 h. Then, all cells were divided into three groups: the Non-targeting group
(4T1 and DiI-labeled DPPs), the Targeting group (4T1 and DiI-labeled A-DPPs) and the Negative control group (L-O2 cells
and DiI-labeled A-DPPs). After the corresponding culture media were added, the three groups were placed into incubation
for 4 h. Importantly, cells were fixed with 4% paraformaldehyde (15 min), stained by DAPI (10 min). During the mentioned
process above, the cells were washed 3 times with saline per step to remove the untargeted NPs and residual dye.
Eventually, the uptake of A-DPPs by cells was observed under the CLSM (Nikon, Japan). Meanwhile, the corresponding
quantitative investigation of cell-targeting ability was performed by the Flow Cytometry (Beckman Coulter, Inc., USA).

Biodistribution and Tumor-Targeting Evaluation in vivo
To monitor the biodistribution and tumor-targeting ability of DPPs and A-DPPs in vivo, the 4T1 tumor-bearing Balb/c mice
were randomly divided into 2 groups: A-DPPs group (Targeting group) and DPPs group (Non-targeting group). DiR-
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labeled A-DPPs and DiR-labeled DPPs (4.0 mg/mL, 200 μL) were injected into mice through the tail vein, and in vivo
fluorescence images were captured before and after injection at different time points (3, 6, 9, 24, 48 h) to detect the
fluorescence signal intensity of the tumor sites. At 48 h after injection, the major organs (heart, liver, spleen, lung, kidney)
and tumor tissues were dissected from each group for ex-vivo fluorescence imaging. The NIRF images of mice were
obtained by the NightOWL LB 983 Living Animal Imaging System (Berthold, Germany). Furthermore, both DiI-labeled
nanocomposites were injected into tumor-bearing mice via tail vein. Mice were sacrificed and dissected at 24 h post-
administration. The collected tissues and organs were frozen and stained with DAPI and analyzed by CLSM.

Phase Transition and in vitro/vivo US Imaging Assessment
To test the thermal-responsive liquid-gas phase transition of A-DPPs, 20.0 μL of A-DPPs (4.0 mg/mL) was placed on the
glass slide and heated. Optical images of nanoparticles were taken before and after 30s of heating at 60°C, 80°C and
90°C, respectively. To determine whether FUS can trigger phase transformation of A-DPPs, images of NPs solutions
were captured before and after stimulation by Focused Ultrasound Tumor Therapeutic System (Model-JC200, Chongqing
Haifu Medical Technology Co., Ltd, Chongqing, China) at parameters 1.0 MHz, 80 W/cm2 for 5 s via an optical
microscope (Olympus, Canada). Additionally, the %EE of PFH was determined according to Mousnier’s method and %
LC was tested by evaporation method.23,24

The ultrasound-imaging performance of A-DPPs in vitro was evaluated. A-DPPs (4.0 mg/mL), Blank NPs (4.0 mg/mL)
and saline control were placed in 1 mL Eppendorf tube and exposed by a FUS transducer, then transferred to 3% agarose gel
(w/v) phantom and images were taken immediately under B-mode and contrast enhanced ultrasound (CEUS) mode by
using MyLab 90 (Esaote, Italy). Subsequently, the corresponding average gray values within the region of interest (ROI)
were quantitatively measured by software ImageJ (National Institutes of Health, USA).

To investigate the US imaging capability in vivo, the tumor-bearing mice in different groups were injected with 200 µL
A-DPPs (4.0 mg/mL), 200 µL DPPs (4.0 mg/mL) and 200 µL saline separately through tail vein for the FUS exposure and
CEUS imaging later. Based on fluorescence distribution of nanoemulsion in vivo at time points, tumor sites of mice were
exposed by the FUS transducer (1.0 MHz, 80 W/cm2, 5 s) 24 h later after transvenous injection. The US and CEUS images
before and after exposure were obtained using an ultrasonic diagnostic apparatus (MyLab 90, Esaote, Italy).

ROS Generation in vitro
The capability of A-DPPs to produce ROS in 4T1 cells in vitro was measured by DCFH-DA (Beyotime Biotechnology,
China). 4T1 cells (1×104) were grown in CLSM dishes at 37°C (5% CO2) for 24 h. All cells were divided into 6 groups:
Control, Free DOX, Free DOX+FUS, FUS alone, A-DPPs and A-DPPs+FUS groups. Then, a serum-free medium
containing DCFH-DA (1000 μL, 1 μM) was added to the culture dish and cells were incubated for 25 min for reaction
with DCFH-DA to generate the steady green fluorescence signals (DCF). Next, the dishes were rinsed thrice with serum-
free media to eliminate redundant DCFH-DA probes. Then, free DOX, A-DPPs (the equivalent DOX concentration was
20.0 μg/mL) were introduced by replenishing the fresh culture medium for 2 h. Next, dishes in FUS, Free DOX+FUS and
A-DPPs+FUS groups were exposed by FUS (1.0 MHz, 80 W/cm2, 5 s). CLSM images of intracellular ROS were
captured at 495 nm and 485 nm. Finally, the cells were harvested for each group were detected for fluorescence density
detection by Flow Cytometry.

Synergistic Killing Effects in vitro
To detect the synergistic inhibitory effects of FUS combined with A-DPPs on 4T1 cells in vitro, the cell proliferation
assay was performed by Flow Cytometry. For evaluation of apoptosis rates, all cells were inoculated in 6-well plates
(1×106/ well) for 24 h and were divided into 6 groups: Blank control, Free DOX, DPPs, A-DPPs, FUS alone and A-DPPs
+FUS groups. Then, serum-free medium was added to the blank control group and FUS group, respectively, and serum-
free medium containing Free DOX, DPPs, A-DPPs (DOX concentration of 20.0 μg/mL) were added to the corresponding
groups. After co-incubation for 4 h, the nanoparticles that were not taken up by cells were washed with serum-free
media. Digestion was performed with 0.25% trypsin (without EDTA) for 3 min. After digestion was terminated, all
groups were added with saline to prepare cell suspensions and transferred to 1.5 mL centrifuge tubes. Specifically, cell
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suspensions in the FUS group and A-DPPs+FUS group were exposed with FUS (1.0 MHz, 80 W/cm2, 5 s), followed by
the centrifugation (1000 rpm for 5 min) and washing twice. Finally, 1×106 cells were re-suspended in saline for cell
apoptosis assessment using an annexin V/propidium iodide (PI) staining kit (Beyotime Biotechnology, China) by Flow
Cytometry (Beckman Coulter, Inc., USA). Furthermore, the corresponding qualitative analysis of the synergistic killing
effect was performed by CLSM.

Inhibitory Effect on Cell Invasion in vitro
Transwell chambers assay was performed to investigate the synergistic effect on cell invasion in vitro. The matrigel was added
to the upper chambers and allowed solidification overnight at 37°C. 4T1 cells were incubated in serum-free media for 24 h,
then harvested and suspended in serum-free media. However, cells in the A-DPPs group and the A-DPPs+FUS group were
immersed in the serum-free medium containing A-DPPs (DOX concentration of 20.0 μg/mL). The cell suspensions in the FUS
group and the A-DPPs+FUS group were exposed with FUS (1.0 MHz, 80 W/cm2,5 s). Afterward, the cells were seeded onto
the upper Transwell chambers (Corning Costar, Corning, USA) in 200 µL of serum-free medium with a density of 2×105/mL,
and 500µL of RPMI-1640mediumwith 20% FBSwas added to the lower chambers as a chemoattractant and cells were plated
in the upper membrane. After 48 h of incubation, the medium on the top chambers was removed and the cells retained in the
upper chambers were washed with a cotton swab. On the opposite, the cells on the lower chambers were fixed by 4%
paraformaldehyde and stained with crystal violet (15min). For invasion rate calculation, the cells were counted five times in
random fields per chamber under a microscope (DC 300F, Leica, Germany) at ×100 magnification. The invasion rate was
calculated with the non-treated cells as control.

In vivo FUS/Chemo Synergistic Therapeutic Efficacy
When the tumor size reached 100–150 mm3, 4T1 tumor-bearing Balb/c mice were randomly divided into 6 groups with the
following treatments (n = 5): (1) Saline; (2) Free DOX; (3) DPPs; (4) A-DPPs; (5) FUS; (6) A-DPPs+FUS. All agents were
mixed in 200 µL Saline. For the Free DOX group, the DOX dose in each injection was 1.5 mg/kg. For (3), (4), (6) groups,
each mouse was injected with agents at concentration of 4.0 mg/mL via tail vein, respectively. For groups with FUS, the
FUS exposure was conducted by the therapeutic FUS transducer at an energy of 80 W/cm2 for 5 s under a real-time
guidance of diagnostic US imaging. The tumor volume and body weight of each mouse were measured every 3 days for 15
days, and tumor volume was calculated as follows: Tumor Volume (mm3) = (Length × Width2)/2. In addition, these mice
were sacrificed 15 days after treatment and tumors of mice were harvested for H&E staining to observe apoptosis and
necrosis, followed by TUNEL assay kit (Solarbio, China) staining. To determine the inhibition on metastasis by the
combined therapeutic strategy, tumor tissues were conducted with the Vimentin immunohistochemistry assay. Additionally,
treatments mentioned forehead were performed to explore the long-term (40 days) survival of mice bearing tumors.
Survival probabilities were calculated as the percentage of mice that survived relative to the total mice in each group.

FUS Effects Enhanced by A-DPPs
To evaluate the FUS effects mediated by A-DPPs in vitro, the exposing procedure was conducted by Focused Ultrasound
Tumor Therapeutic System (Model-JC200, Chongqing Haifu Medical Technology Co., Ltd, Chongqing, China) that
mainly contains a therapeutic transducer (0.5–2 MHz of frequency and focal distance from 100 to 250 mm) for FUS,
a real-time diagnostic transducer (3.5 MH of frequency) in the center of the therapeutic transducer for simultaneously
monitoring therapeutic procedure and computer for automated control, individually. To examine the enhanced effect of
FUS in vitro, fresh isolated bovine livers (10 cm × 10 cm × 10 cm in volume) were degassed for 1 h as the model in vitro,
and were divided into 3 groups: A-DPPs, A-DPs and the saline control groups. Typically, 200 µL agents at 4.0 mg/mL
were directly injected into the bovine livers by a 1 mL syringe, and the injection site was simultaneously monitored by
a diagnostic US transducer in the FUS system. For each group, FUS was set at relative high energy (1.0 MHz, 100 W/
cm2, 5 s) and relative low energy (1.0 MHz, 80 W/cm2, 5 s) for ablation on the injection sites. The volume of coagulated
necrosis in liver tissues was calculated immediately after FUS according to the formula: V(mm3) = (Length × Width2)/2.
Meanwhile, the passive cavitation of each exposure was recorded simultaneously via the passive cavitation detector
(PCD) probe (National Instruments, USA) and the Energy Efficiency Factor (EEF) in each group was determined by the
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formula: EEF (J/mm3) =ηPt/V, where η represents the focusing coefficient of the transducer (η of JC-200 = 0.7); P is the
total radiation sound power (W); T stands for the total exposure time (s); V equals the volume of coagulative necrosis
(mm3). Furthermore, grayscale value changes of coagulated liver tissues in each group before and after FUS exposure
were recorded on the diagnostic ultrasound instrument to monitor synergistic FUS efficacy assisted by A-DPPs during
FUS ablation.

Moreover, for the exploration into enhanced effects of FUS by A-DPPs in vivo, the tumor-bearing mice were injected
by A-DPPs, A-DPs and saline via tail veins. Tumor regions were exposed by FUS (1.0 MHz, 80 W/cm2, 5 s) monitored
by US-imaging and PCD probe (National Instruments, USA) simultaneously at 24 h post administrations. After the mice
were euthanized at Day 1, tumors and main organs were collected. Then the volumes of coagulative necrosis in tumors
were stained with TTC assay kit and calculated according to the law: V(mm3) = (Length × Width2)/2. Meanwhile, the
EEF in each group was determined by the formula: EEF (J/mm3) =ηPt/V. Additionally, tumor tissues were conducted
with H&E staining procedure for histological evaluation.

Statistical Analysis
All data were expressed as mean ± standard deviation (SD) and statistical analysis was performed using GraphPad Prism
version 8.00 for Windows (GraphPad Software; La Jolla, CA, USA). Significant differences among groups were analyzed
using a one-way ANOVA and differences for individual groups were determined using Student’s t-test. The results were
regarded as a significant difference when *P < 0.05. **P < 0.01, ***P < 0.001.

Results and Discussion
Design, Synthesis and Characterization of AS1411-DOX/PFH-PEG@PLGA
Nanoparticles
The multifunctional AS1411-DOX/PFH-PEG@PLGA nanoparticles (A-DPPs) were fabricated in a combination of
double emulsion method followed with carbodiimide method to simultaneously encapsulate hydrophilic DOX and
inert PFH as the core of the nanoparticles and link with AS1411 aptamer around the PLGA shell, as shown in
Scheme 1. A-DPPs were elaborately designed to combine multiple functions, including active tumor targeting, ultra-
sensitivity real-time US imaging and synergistic FUS ablation and chemotherapy on TNBC.

The physicochemical properties and morphology of the fabricated formulations were summarized in Table 1 and
Figure 1. The A-DPPs displayed a uniform size and a consistent core-shell sphere under TEM observation (Figure 1A).
The average diameter of the A-DPPs was 306.03±5.35 nm (PDI = 0.033±0.035), which was not significantly increased
compared with DPPs (263.0 ± 1.16 nm). And the mean zeta potentials of A-DPPs were −4.05±0.13 mV while that of
DPPs were −13.53 ± 0.40 mV (Figure 1B and C and Table 1). The favourable size and negative surface charge of NPs are
conducive for NPs to escape absorption and elimination by the reticuloendothelial system and penetrate through the
endothelial space of the tumor blood vessels based on passive enhanced permeability and retention (EPR) effect.25,26

Moreover, the formation of a stable DNA (AS1411)-protein (nucleolin) complex depends on a negative binding energy,
and a more negative binding energy corresponds to an increase in binding affinity.27 Besides, the mean size and PDI
value of A-DPPs remained relatively consistent in 10% fetal bovine serum medium at 37°C within seven days

Table 1 The Physical Characterizations of Nanoparticles

Nanoemulsion Average Size (nm) Zeta Potential (mV) PDI LC (%) EE (%)

Blank NPs 189.33±3.35 −23.4 ± 0.96 0.054±0.046 – –

A-DPs 258.83±12.77 −5.66 ± 0.49 0.046±0.006 3.86±0.1 30.90±0.76

DPPs 263.0 ± 1.16 −13.53 ± 0.40 0.057±0.041 5.29±0.03 42.28±0.26
A-DPPs 306.03 ± 5.35 −4.05 ± 0.13 0.033±0.035 3.53±0.39 29.33±3.38

Abbreviations: Blank-NPs, water-loaded PEG@PLGA nanoparticles; A-DPs, AS1411 aptamer modified DOX-loaded PEG@PLGA nanoparticles; DPPs, DOX-and-PFH-
loaded PEG@PLGA nanoparticles; A-DPPs, AS1411 aptamer modified DOX-and-PFH-loaded PEG@PLGA nanoparticles; PDI, polydispersity index; LC, loading content of
drug DOX; EE, encapsulation efficiency of drug DOX.
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(Figure 1D), which indicated the high stability of A-DPPs under simulative physiological conditions and the possibility
of further in vivo study. The standard curve of DOX aqueous solution was drawn (Figure S1) and a linear equation
underneath the concentration-absorbance intensity relationship was calculated as: Y = 0.0178*X + 0.05081 (R2= 0.9972),
the DOX encapsulation efficiency (%EE) and loading content (%LC) of A-DPPs were 29.33±3.38%, 3.53±0.39%,
respectively. In addition, the highest absorption peak of the A-DPPs overlapped with that of the drug, which indicated the
successful packaging of anticancer drug DOX (Figure S2).

Then, the drug releasing behavior of A-DPPs triggered by FUS was measured by using the dialysis bag method. As
shown in Figure 1E, an immediate dramatic drug release stimulated by FUS exposure was recorded in pH 5.5 (31.1
±4.11%) and in pH 7.4 (17.21±3.87%) at the 4th h, and the sustained release of the drug within 72 hours was significantly
higher than non-FUS exposure group, which demonstrated that DOX releasing behavior of A-DPPs could be triggered by
FUS exposure. The acidic extracellular environment induced by glycolysis under hypoxic conditions is perhaps the most
pervasive of tumor microenvironments.28 We further explored the drug release of A-DPPs under different pH conditions,
and the results showed that the drug release was higher at pH 5.5 than pH 7.4 regardless of US intervention, which may

Figure 1 Physical and chemical characterization of the AS1411-DOX/PFH-PEG@PLGA NPs (A-DPPs). (A) TEM image of the A-DPPs (left scale bar=2 μm, middle scale
bar=0.2 μm, right scale bar=0.5 μm). (B) The average size of A-DPPs. (C) The zeta Potential of A-DPPs. (D) The size distribution of A-DPPs in FBS within 7 days. The
A-DPPs displayed a uniform size and negative zeta-potential with good bio-stability in vitro. (E) Cumulative DOX release at different pHs and FUS-exposure conditions was
examined by UV-vis spectrophotometer. (F) The plasma pharmacokinetics of DOX from nanoparticles. The data were represented by mean±SD (n = 3). DOX released from
A-DPPs was prolonged in vivo. **P < 0.01.
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be related to the higher dissolve ability of DOX in relation to a lower pH.29 The pH-sensitive releasing pattern of A-DPPs
can be controlled by the surrounding environment of TNBC.

Moreover, the drug release of A-DPPs in vivo and the pharmacokinetics of DOX in plasma were detected by UV−Vis
spectrophotometry. After intravenous administration of certain doses of different DOX pharmaceutical, DOX was almost
totally cleared from blood circulation within 24 h at a concentration of 0.006± 0.007 mM in Free DOX group, while the
drug concentration in A-DPPs group was 5-fold higher than that at 0.03±0.004 mM (Figure 1F). The results showed that
A-DPPs and DPPs were both stable in the blood circulation as time increased compared to free DOX, demonstrating that
the nanocomposites had good physiological stability and a prolonged period of clearance.

Cytotoxicity and Biosafety Analysis in vitro and in vivo
The cytotoxicity of A-DPPs relative to free DOX against normal human hepatic L-O2 cells and murine TNBC 4T1 cells
in vitro was examined by CCK-8 assay and the cell viability at varying corresponding DOX concentrations (1.25, 2.5, 5.0,
10.0, 20.0 and 40.0 μg/mL) is depicted in Figure 2. Figure 2A result revealed that the viability of hepatic L-O2 cells
incubated with A-DPPs or DPPs was significant higher than that with free DOX (P < 0.05), which was consistent with

Figure 2 In vitro and vivo biosafety evaluation. Cell viability of free DOX, DPPs, A-DPPs on L-O2 human normal cells (A) and murine TNBC 4T1 cells (B) were measured
by CCK-8 assay. The results showed that A-DPPs could inhibit 4T1 cells in a dose-dependent manner except for normal cells L-O2. (C) Hemolysis assays (n = 3). (D) Blood
biochemistry analysis (n = 3). (E) H&E stained images of major organs of Balb/c mice post i.v. (scale bar = 200 μm). The results revealed that A-DPPs have a great biosafety in
mice. **P < 0.01, ***P < 0.001.
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previous studies demonstrating that polymer shell-coated DOX nanoparticles exhibited high biocompatibility and desirable
safety.30,31 Whereas 4T1 cells’ viability was declined to 71.74±0.82% distinctly with the co-culture of A-DPPs at the same
20.0 μg/mL concentration (Figure 2B), which may be because AS1411 is an anticancer aptamer that inhibits NF-κB
signaling and down-regulates expression of bcl-2 to finally inhibit the cell viability of TNBC 4T1 cells.32

Since the nano emulsion needs to be delivered through blood, hemolysis assays are important to conduct the biosafety
test for A-DPPs in vivo. As displayed in the Figure 2C, RBCs suspensions were incubated with A-DPPs at different
concentrations (0.1, 0.25, 0.5, 1.0, 2.0, 4.0 mg/mL) and no obvious hemolysis phenomenon was observed. Even in
highest concentration (4.0 mg/mL) of A-DPPs suspension, the hemolysis rate was less than 5%, which is considered as
no-toxic according to ASTM F-756–08 standard.33

Moreover, we assessed the in vivo biosafety of A-DPPs by detecting the blood biochemical indices and pathological
assessment of organ damage of rats. The blood chemical index analysis showed that alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) as liver function indicators, Creatinine (CREA) as renal function indicator and Creatine
kinase (CK) and lactate dehydrogenase (LDH) as heart function indicators were no obvious differences compared to the
saline control group values at 3, 7 and 14 days after A-DPPs injection (Figure 2D). Then, HE pathological assessment
revealed no distinguished coagulative necrosis or injuries were found in major organs including heart, liver, spleen, lung
and kidney at 14 day post injection of A-DPPs (Figure 2E), which re-confirmed that the biosafety of A-DPPs in vivo of
biomedical applications. The lower toxicity of DOX-loaded nanoparticles could be due to the fact that the drug release
characteristics exhibited the gradual release of DOX for a longer duration from nanoparticle formulation.34

In vitro Targeting Efficiency for 4T1 Cells
Before evaluating the targeting capability of A-DPPs, the bonding rate and stability of AS1411 aptamer linked to the
surface of nanoparticles were firstly measured. Based on the CLSM, the overlap of green fluorescence (FAM modified
aptamers) and red fluorescence (DiI-labeled NPs) was distinctively observed in the A-DPPs group while no significant
overlap was displayed in the control (DPPs) group (Figure 3A). Meanwhile, the Flow Cytometry detected the combina-
tion rate of aptamer on A-DPPs (81.58±2.30%) was significantly higher than that on DPPs (0.70±1.17%) (Figure 3B),
indicating that the A1411 aptamer was successfully and efficiently bond to the nanoparticles.

Then, we assessed the in vitro targeting efficiency of A-DPPs by CLSM and FlowCytometry as shown in Figure 3C andD.
After 4 h co-incubation, abundant DiI-labeled A-DPPs accumulated around and within the 4T1 cells while hardly non-target
DPPs gathered around the cells, and there is almost no red fluorescence signal around the human normal L-O2 cells after co-
incubation with targeting DiI-labeled A-DPPs, which indicated that DiI-labeled A-DPPs could not target towards into the
normal cells around which nucleolin is not over-expressed. Nucleolin, one of the most abundant non-ribosomal phosphopro-
teins of nucleolus, is higher expression on rapidly proliferating cells including various cancer cells, which is related with the
malignancy of cancers.35–37 Besides, the quantitative result of targeting connection rate by Flow Cytometry in targeted
A-DPPs group was 94.74±1.78%, substantially higher than that in non-targeted DPPs group (9.5±4.1%) and negative control
L-O2 group (7.57 ±1.97%). The results showed that A-DPPs targeting capability is expected to achieve targeted accumulation
in tumors as an aid in cancer imaging and therapy.

Biodistribution and Tumor-Targeted Ability of A-DPPs in vivo
To more precisely validate the tumor targeting accumulation and distribution of A-DPPs nanocomposites in vivo, DiR-
labeled A-DPPs and DiR-labeled DPPs were injected into 4T1 tumor-bearing mice transvenously and the fluorescence
images were taken and fluorescence signal intensity was detected at different time points. After 3 h of intravenous
injection, the fluorescence distribution of the DiR-labeled NPs in mice was detected by Living Animal Imaging System
(Figure 4A). The fluorescence intensity in the targeted group was gradually increased as time increased and reached
a peak value at 24 h post-injection. Importantly, as time increased to 24 h post-injection, the fluorescence intensity of the
targeted A-DPPs nanoparticles retained continuously increasing at tumor site. Comparatively, in the non-targeted DPPs
group, the fluorescence intensity was all along significantly lower than that in the targeted group (Figure 4B). Afterwards,
the frozen section of the tumor displayed abundant nanoparticles with red fluorescence signals in the targeting A-DPPs
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Figure 3 In vitro targeting ability of A-DPPs. (A) The conjugation of AS1411 aptamer with DPPs verified by CLSM and (B) the combination rate by flow cytometry. (C)
Fluorescence signals in negative group (A-DPPs in L-O2 cells), non-targeted group (DPPs in 4T1 cells) and targeted group (A-DPPs in 4T1 cells) by CLSM (scale bar = 100
μm). (D) Cellular uptake of negative group, non-targeted group and targeted group by Flow Cytometry.
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group but no small red signals were found in the non-targeting group DPPs at the same time (Figure 4C), further
demonstrating the high targeting efficacy of A-DPPs nanoparticles.

In addition, the major organs (heart, liver, spleen, lung, kidney) and tumors were harvested at 24 h post-injection to
further evaluate the ex vivo distribution of A-DPPs nanoparticles. As shown in Figure 4C, DOX was found to be
distributed widely and rapidly into various organs (heart, liver, spleen, kidney, lung and tumor) after intravenous
administration and the higher fluorescence signals were found in the liver and spleen, ascribed to the uptake effect of
reticuloendothelial system.38 The quantitative fluorescence intensity in the excised tumor of the A-DPPs injected group
was 4723.87± 455.76 (a.u.), which was 3.5-fold (P < 0.05) higher than that in the non-targeted DPPs group of 1345.08
±428.86 (a.u.) (Figure 4D). The above results demonstrated that the A-DPPs nanoparticles could actively and specially
accumulate into tumor site due to the A1411 aptamer–nucleolin interaction, which lays a foundation for the imaging and
treatment of tumors.

Phase Transformation and Performance of US Imaging in vitro and in vivo
The temperature-induced phase transition was explored at first. As displayed in Figure 5A, there were no microbubbles
(MBs) enough to observe before heating. Compared to a few of them at 60°C, more MBs were swelled from A-DPPs at
80°C. As the temperature rose to 90°C, only several MBs were captured, which is consistent to the fact that vaporization
of PFH balloon nanoparticles and let them burst.39 The FUS-induced phase transformation was also conducted by using
an optical microscope before and after FUS exposure on A-DPPs suspensions. A series of MBs emerged substantially
after FUS exposure (Figure 5A), indicating that FUS could generate thermal effect and then trigger PFH vaporization
inside nanoparticles. Moreover, the loading content of PFH was calculated to be 9.15 ± 0.67% and the encapsulation
efficiency was 21.46 ± 1.85% (Table S1 and Figure S3).

The US imaging ability of nanoparticles in vitro was evaluated by FUS exposure on A-DPPs suspension, Blank NPs
suspension and saline, respectively. Compared with the Blank NPs group and control group, the average grey value in
ROI was significantly higher in A-DPPs group (47.56±3.65), which displayed the great US imaging performance of the
nanocomposites (Figure 5B and C). PFH is a hydrophobic but highly biocompatible fluorocarbon compound with a low
boiling point (≈56°C), which makes PFH more beneficial for FUS therapeutic monitoring of the tumor.40 Due to the
liquid-gas phase transition of PFH stimulated by the thermal effect of FUS, microbubbles from A-DPPs can perform as

Figure 4 In vivo A-DPPs targeting and distribution. (A) Fluorescence intensity images of tumor-bearing Balb/c mice after being intravenously injected with DPPs and A-DPPs
respectively at pre i.v., 3 h, 6 h, 9 h, 24 h and 48 h (n = 3). (B) Average fluorescence intensity of tumor sites for 48 hours. (C) The CLSM of tumor slices at 24 h after i.v.
(scale bar = 20 μm). (D) Average fluorescence intensity histogram and (E) fluorescence intensity images of tumors and major organs isolated at 48 h post i.v. (n = 3). The
data were represented by mean±SD. **P < 0.01.
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additional cavitation nucleus to lower the threshold of cavitation effect of focused ultrasound.41 This “small-to-big”
strategy based on an elaborately designed temperature-responsive fluorocarbon nanoemulsion is anticipated to resolve the
contradictions of synergistic agents size effect in FUS ablation surgery. In addition to the thermal effect of FUS, an
optical droplet vaporization (ODV) process was recently realized for near infrared (NIR)-triggered vaporization of
perfluorocarbon (PFC) liquid droplet. Comparatively, acoustic droplet vaporization (ADV) is an ideal strategy to realize
the phase transformation of nanodroplets to form MBs for extravascular US imaging.42

Based on the results of US imaging ability of A-DPPs in vitro, the nanoparticles were injected in vivo as an imaging
contrast agent. The B-mode and CEUS images were captured in three groups (A-DPPs, DPPs, Saline) during FUS treatment at
24 h post intravenous injection. The results indicated that the US imaging capability in vivo of A-DPPs could be boosted by
FUS through liquid-gas phase transition of PFH (Figure 5D). The mean gray values under CEUS were significantly increased

Figure 5 Phase transition of A-DPPs and US imaging in vitro and vivo. (A) Optical images of phase transition of A-DPPs heated at different temperatures (a: before heating, b: 60°C, c:
80°C, d: 90°C), and optical pictures of FUS-induced phase transformation of A-DPPs (e: before FUS, f: after FUS)(×100 magnification). (B) Gray level difference in B-mode and CEUS,
and (C) Mean gray value of CEUS mode in ROI before and after FUS exposure in vitro. (D) CEUS mode images of ROI in tumor-bearing mice after intravenous injection of A-DPPs,
DPPs and saline (n = 3). (E) Mean gray value of CEUS in tumor sites of different treatments before and after FUS exposure at 80 W/cm2, 5 s. **P < 0.01,***P < 0.001,****P < 0.0001.
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in A-DPPs group (from 21.88±2.7 to 59.87±6.7) than that in DPPs group (from 8.66±0.78 to 14.7±7.42) and that in Saline
group (from 9.9±1.56 to 9.81±0.62) (Figure 5E). The A-DPPs solution displayed a distinctly enhanced echo signal, which may
be closely associated with the fact that FUS exposure stimulated PFH phase-transformation and caused nanospheres into
microbubbles, producing strong backscattering echoes the principle of ultrasound imaging is mainly based on.43 TNBC lacks
of typical malignant US features of breast cancer, so early diagnosis and differential diagnosis of TNBC from other cancer
types are facing great challenges.44 However, targeting nano-scaled A-DPPs can accumulate tremendously in targeted tumor
sites and their FUS-responsive phase transformation is sufficient to generate more intense backscattering signals in cases of
diagnostic ultrasound for precise tumor targeted imaging.

Detection of ROS Generation in vitro
In the past two decades, numerous anti-tumor drugs have been used as sonosensitizers to evaluate their synergistic effects with
ultrasound on different biological systems. Doxorubicin is one of the most studied anti-tumor drugs in SDT.45 The CLSM
observed that obvious green fluorescence was captured in free DOX or A-DPPs group after FUS sonication (Figure 6A), which
indicated that DOX could generate ROS upon triggering by US and, thus, has the ability to kill tumor cells in SDT. Subsequently,
quantitative analysis of ROS production shown in the A-DPPs+US group exhibited stronger fluorescence than other groups
(Figure 6B and C). The reason may be related to the fact that nanoparticles can increase the acoustic cavitation effect and induce
stronger sonochemical reactions to enhance the efficiency of ROS generation.46 Investigation into the possible mechanisms
revealed that sonodynamically induced reactive oxygen species and hydroxyl radical generation to result in DNA damage. ROS-
mediated oxidative stress typically leads to oxidation of molecules and cell components, resulting in severe cellular damage,
which is also important synergistic anticancer mechanisms in this study.47,48

In vitro Inhibition of Cell Proliferation and Invasion Analysis
The synergistic effect on cancer cells’ proliferation and invasion by FUS combined with nanoparticles is crucial for
treatment. In this study, 4T1 cells’ apoptosis induced by FUS with A-DPPs was qualitatively detected by CLSM imaging

Figure 6 ROS production of A-DPPs with FUS in vitro. (A) Green fluorescence intensity of intracellular ROS production in cells captured by CLSM qualitatively and by flow
cytometry (B) and (C) quantitative results. (scale bar = 100 μm). *P < 0.05, **P < 0.01.

International Journal of Nanomedicine 2022:17 https://doi.org/10.2147/IJN.S360161

DovePress
2179

Dovepress Kang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


and quantitatively by Flow Cytometry. The live and dead cells were marked by Calcein-AM (green fluorescence) and PI
(red fluorescence) to observe under CLSM, and the live cell counts green fluorescence significantly declined after
combined treatment of FUS and A-DPPs when compared with other treatments (Figure 7A and B). Moreover, the
apoptosis rate of 4T1 cells was significantly higher in A-DPPs+FUS group (89.80±1.32%) compared to the single FUS or
DOX treatment, which demonstrated that FUS combined with A-DPPs could product an obvious synergistic killing effect
on 4T1 cells (Figure 7C). Additionally, the inhibitory effect on 4T1 cell invasion by FUS/chemo synergistic effect was
further confirmed by transwell chamber assay, and the result demonstrated that the increased number of cell in trans-
membrane in A-DPPs+FUS (30.13±2.86%) group was less than that in FUS alone group (73.4±2.61%) and that in
A-DPPs group (67.13±2.8%) (Figure 7D and E). These results indicated that synergistic FUS/chemotherapy can induce
inhibitory effect on the proliferation and invasion of 4T1 cells.

Synergistic Therapeutic Effect of A-DPPs for FUS Ablation in vivo
To confirm the synergistic therapeutic effect of A-DPPs as a theranostic nanocomposite, the treatments combined with
FUS and A-DPPs on Balc/c mice bearing TNBC were conducted in vivo as shown in Figure 8A. The tumor volumes and
body weight in each group were measured every 3 days for 15 days post different treatments. The volume of tumors in
the DPPs group (712.05±131.87 mm3), Free DOX group (820.58±120.76 mm3) was gradually increased for successive
15 days and higher than that in the control group (1539.86±471.44 mm3), indicting no obvious anti-tumor effect of single
free drug or non-targeted nanoparticles. However, the tumor size in the FUS group (592.9±51.30mm3) and the A-DPPs

Figure 7 A-DPPs combined with FUS induce 4T1 cell apoptosis and inhibit cells invasion in vitro. (A) Confocal images of fluorescence signals by annexin V-PI staining in 4T1
cells (red: dead cells, green: live cells; scale bar =100 μm). Flow cytometric analysis of apoptosis in 4T1 cells using annexinV-PI staining (B) and quantitative results (C). The
invasion of cells was determined by Transwell Chamber assay and results were represented in qualitatively (D) and quantitatively (E). The data were represented by mean
±SD. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 8 In vivo synergistic effects of A-DPPs mediated FUS/chemotherapy. (A) The illustration of therapy in tumor-bearing mice. (B) Digital photos of tumor-bearing mice
and isolated tumors at Day 15 post different treatments. (C) Tumor volumes and (D) mice relative body weight in different treatments for successive 15 days (n = 4) for
each group. (E) Survival curve of tumor-bearing mice after different therapies (n = 6). (F) H&E stained images and immunohistochemistry photos of tumors conducted by
different treatments. The data were represented by mean±SD for each group. ***P < 0.001, ****P < 0.0001.
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group (379.14±77.82mm3) grew much slower and smaller. Comparatively, the tumor volumes after A-DPPs +FUS
combined treatment were significantly decreased within 15 days, which indicated that FUS combined with A-DPPs had
a distinguished tumor growth inhibition effect (Figure 8B and C and Figure 4). Moreover, relative body weights in every
group were recorded during 15-day observation and no significant differences were found among all the groups
(Figure 8D). More importantly, the survival probabilities curve showed that the mice in A-DPPs+ FUS group lived
longer distinctly than other mice, demonstrating that the combined therapy could prolong the expectancy of tumor-
bearing mice (Figure 8E).

Then, H&E staining, TUNEL staining were performed to evaluate the histological changes and tumor cell apoptosis.
H&E-stained slices pictures directly displayed that A-DPPs+FUS caused remarkable substantial cell necrosis and destruction
of the tumor cell nucleus, collapse of the cellular structure. Simultaneously, TUNEL-stained images revealed considerable
induction of apoptosis and many apoptotic cells extensively distributed across tumor slices. For the evaluation of the
inhibitory effect of the combined therapeutic strategy on the proliferation and potential metastasis, we detected the expression
of Vimentin to explore the immunity in TNBC mice. Vimentin plays a crucial part in regulating epithelial–mesenchymal
transition (EMT) which is a characteristic process associated with tumor invasion and metastasis in breast cancer cells.49–51

The IHC assays revealed that the expression of Vimentin was decreased remarkably in tumor tissues in synergistic FUS/
chemotherapy compared to other treatments (Figure 8F), which displayed that combinatorial FUS/chemo therapy may boost
immune effects. Overall, the favorable prognosis may be attributed to the suppression on tumors’ growth and formation of
metastasis by effective anti-tumor immune responses triggered by synergistic FUS/chemo therapy.

Enhanced Thermal and Acoustic Cavitation Effect of A-DPPs Mediated FUS Ablation
To explore the mechanism of synergistic effect of A-DPPs for FUS ablation, we compared the ablation efficacy of
A-DPPs and A-DPs (without PFH) mediated FUS treatment in isolated bovine liver and in vivo of tumor-bearing mice.
After FUS ablation of isolated bovine liver or in vivo of tumor-bearing mice, the coagulative necrosis volume of A-DPPs
group was significantly higher than that of A-DPs and saline control groups under the FUS exposure at 80 W/cm2 for 5
s. When the ultrasound energy was raised to 150 W/cm2 for 5 s, the coagulative necrosis volume in A-DPPs group was
also the most obvious (Figure 9A and B). Moreover, the energy efficiency factor (EEF defined as the ultrasound energy
delivered for 1 mm3 of the coagulative necrosis in tissue) and gray level changes during treatment were considered to be
the key factors to evaluate ablation effect.52 The grayscale value difference after FUS in the A-DPPs group was
significantly stronger than that in the A-DPs group under 80 W/cm2 or 150 W/cm2 for 5 s (Figure 9C and D).
Meanwhile, EEF in the A-DPPs group was significantly lower than that in the other groups (Tables 2 and 3), indicating
that A-DPPs could improve the ablation efficiency of FUS and enhanced the ultrasound signals under the same exposure
parameters (Figure 9E–H).

Furthermore, the cavitation effect prompted by A-DPPs during the FUS exposure was detected via passive cavitation
signals from the PCD probe. The broadband noise generated during FUS was characteristic spectra of inertial
cavitation.53 The result showed that signal amplitude values were apparently higher in A-DPPs group than in A-DPs
during the 80 W/cm2 and 150W/cm2 exposure, respectively, in isolated bovine liver and in vivo of tumor-bearing mice,
suggesting that the introduction of PFH inside the A-DPPs nanocomposites could change the acoustic environment and
boost the cavitation effect of FUS, for which more cavities on the ablated areas in A-DPPs group were produced and the
threshold of cavitation was reduced (Figure 9I–K).54 It holds to previous studies that contrast agents were deemed to
change the acoustic characteristics of the tissue, enhance the deposition of FUS energy and promote the cavitation in the
targeted sites.55 Additionally, H&E staining results displayed that cell damage was mainly characterized by cell pyknosis,
nuclear pyknosis with heavy staining, significantly widened cell gaps, and intact cellular contours. The coagulative
necrosis areas were remarkably enhanced in joint FUS/chemo therapeutic strategy (Figure 9L). It may be related to the
fact that inertial cavitation prompted by A-DPPs can enhance heating at the focus, increase chemotherapeutic potency,
elevate mechanical and, more importantly, biological effects of FUS.56–58

As for the biological effects, bubble collapse by cavitation can generate shock waves and micro-jets near the
boundary that can lead to cell damage via sonomechanical effect.59 Simultaneously, ROS is also produced by inertial
cavitation through sonochemical effect.60,61 Intracellular ROS in SDT can cause ultrastructural damage and the
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Figure 9 In vitro and vivo enhanced thermal effect and acoustic cavitation effect of FUS assisted by A-DPPs. (A) Digital photos of ablated areas in vitro fresh bovine livers after the
injection of A-DPPs, A-DPs, and saline, followed by FUS exposure (80 W/cm2, 5 s and 150W/cm2, 5 s). (B) Photos of coagulative necrosis in tumor-bearing mice in vivo at FUS
parameter (80W/cm2, 5 s). (C) Real-time Ultrasound images in bovine livers before and after FUS exposure (80W/cm2, 5 s and 150W/cm2, 5 s) and (D) in tumor sites prior and post
FUS (80 W/cm2, 5 s). (E) Volumes of coagulative necrosis and (F) grayscale value difference of ROI in bovine livers. (G) Volumes of coagulative necrosis and (H) grayscale value
difference of ROI in tumor-bearingmice. The passive cavitation signals of different treatments in bovine livers at 80W/cm2 (I) and 150W/cm2 (J) for 5 s and in vivomice at 80W/cm2 for
5 s (K). (L) Histological changes of tumor sites by different treatments after 24 h of FUS exposurewere performed by H&E staining. The ablated volumewas larger and cavitation signals
were stronger in the A-DPPs group than that in other groups after FUS exposure at the same condition. Necrosis was distinct in the A-DPPs group such as cell pyknosis, nuclear
pyknosis with heavy staining, widened cell gaps, and intact cellular contours. The data were represented by mean±SD (n = 3) for each group. *P < 0.05, **P < 0.01, ***P < 0.001.
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cytoskeletal component destruction in cells, which is relevant to the vimentin.62 Moreover, the focused ultrasound can
mediate anti-tumor immune responses.63–65 Thus, in our studies, the mechanism of the favorable prognosis may be
attributed to the fact that combinatorial FUS/chemo therapy can reduce EMT with assistance of SDT and DOX through
the cavitation effects, thermal effects and biological effects of FUS.66,67 However, the molecular mechanism remains
unclear, which is worth more intense researches in future.

Multi-modal combined theranostic strategy is the trend of tumor therapy in modern medicine. Nano-ultrasonic
biomedicine, as a special cross-disciplinary research frontier, can overcome the drawbacks of traditional microbubbles
and utilize novel US-based contrast agents or synergistic agents for noninvasive therapeutic modalities with high
efficiency and negligible side effects.68 In this study, we fabricated a multifunctional theranostic nanoparticles of
A-DPPs for enhanced tumor targeted imaging and synergistic FUS ablation and chemotherapy on TNBC. After exposure
to FUS exposure, the A-DPPs exhibited liquid-gas phase transition and repeatedly enhanced tumor targeted imaging and
FUS-ablation efficacy post a single intravenous administration. In addition to the nano-ultrasonic multifunctional
synergistic agents for FUS-based cancer ablation surgery, the elaborate design of magnetic resonance (MR) or photo-
acoustic (PA)-guided micro/nanoparticles also realizes some intriguing chemotherapy or radiotherapy.69,70 Compared to
the MR or PA-guided micro/nanoparticles for multi-modal therapy, FUS-mediated integration of diagnosis and therapy is
regarded as one of the most promising approaches due to its unique nature of deep tissue-penetration, non-ionizing
technique for precise acoustic energy deposition into tissues, real-time monitoring and easy manipulation.71 Importantly,
the immunological responses triggered by multi-modal non-invasive FUS thermal ablation surgery may provide
a refreshing perspective into the combined FUS/immunotherapy in the future.72

Conclusion
In this study, we describe a newly developed nanosized theranostic agent, AS1411-DOX/PFH-PEG@PLGA nanoparti-
cles (A-DPPs), which was fabricated using AS1411 aptamer-conjugated and DOX/PFH encapsulated PEG@PLGA NPs.
The A-DPPs exhibited excellent tumor targeted US imaging properties via phase-transformation of PFH and pH/US dual
sensitive release properties, which enhanced the chemotherapeutic effect and sonication-induced hyperthermia under

Table 2 Comparison of FUS EEF in Fresh Bovine Livers in vitro

Groups EEF (J/ mm3)

80 W/cm2 FUS 150 W/cm2 FUS

Saline – 5.11 ± 0.27

A-DPs 3.41 ± 0.72 4.23 ± 1.12
A-DPPs 1.45 ± 0.20# 1.93 ± 0.05#*

P <0.01 <0.01

Notes: #Represents statistically significant difference with 150W/cm2 FUS + Saline
group, P < 0.05. *Represents statistically significant difference with 150W/cm2 FUS +
A-DPs group, P < 0.05.

Table 3 Comparison of FUS EEF in
Tumors in vivo

Groups EEF (J/ mm3)

Saline 39.0 ± 10.51

A-DPs 3.09 ± 0.85

A-DPPs 1.66 ± 0.14#

P <0.01

Note: #Represents statistically significant differ-
ence with FUS + Saline group, P < 0.05.
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FUS exposure. Furthermore, the synergistic DOX chemotherapy and FUS therapy and SDT effect could overcome the
limitations of a single therapy and enhance the treatment efficiency on triple negative breast cancer. The synergistic
mechanism may be that the combined therapy of FUS and A-DPPs enhances the ultrasonic cavitation effect and thermal
effect, and effectively triggered biological effects. Our results indicate that the multifunctional A-DPPs nanocarriers
together with the SDT and FUS synergistic therapy could be used in new approaches for triple negative breast cancer
therapy.
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