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Background: Cancer stem cells (CSCs) are responsible for cancer therapeutic resistance

and metastasis. To date, in addition to surgery, chemotherapy, and radiotherapy, gene

delivery has emerged as a potential therapeutic modality for ovarian cancer. Efficient and

safe targeted gene delivery is complicated due to the tumor heterogeneity barrier. Ultrasound

(US)-stimulated microbubbles (MBs) have demonstrated a method of enabling non-invasive

targeted gene delivery.

Purpose: The purpose of our study was to show the utility of poly(ethylene glycol)-SS-

polyethylenimine-loaded microbubbles (PSP@MB) as an ultrasound theranostic and redox-

responsive agent in a gene delivery system.

Patients and methods: PSP nanoparticles were conjugated to the MB surface through

biotin–avidin linkage, increasing the gene-loading efficiency of MB. The significant increase

in the release of genes from the PSP@MB complexes was achieved upon ultrasound exposure.

The positive surface charge in PSP@MB can condense the plasmid through electrostatic

interactions; agarose-gel electrophoresis further confirmed the ability of PSP@MB to con-

dense plasmids. The morphology, particle sizes and zeta potential of PSP@MB were char-

acterized by transmission electron microscopy and dynamic light scattering.

Results: Laser confocal microscopy showed that the combination of ultrasound with

PSP@MB could promote the cellular uptake of plasmids. Plasmids which encode enhanced

green fluorescence protein (EGFP) reporter genes or luciferase reporter genes were delivered

to CSCs in vitro and to subcutaneous xenografts in vivo via the combination of ultrasound with

PSP@MB. Gene transfection efficiency was evaluated by fluorescence microscopy and In

Vivo Imaging Systems. This study demonstrated that the combination of ultrasound with

PSP@MB can remarkably promote gene delivery to solid tumors as well as diminishing the

toxicity towards normal tissues in vivo. The combination of PSP@MB and the use of ultra-

sound can efficiently enhance accumulation, extravasation and penetration into solid tumors.

Conclusion: Taken together, our study showed that this novel PSP@MB and ultrasound-

mediated gene delivery system could efficiently target CSCs.
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Introduction
Ovarian tumors are phenotypically heterogeneous and include subpopulations of

cancer stem cells, which exhibit a significant obstacle toward solid tumor

treatment.1 Routine chemotherapy and radiotherapy are mainly to kill mitotic

phase cancer cells, not including CSC.2,3 CSC are regarded as a key point in the

origin of tumor relapse and chemo-resistance due to the its characteristic property,

such as slow cell cycle, self-renewal capabilities, differentiation and tumorigenesis

in vivo.4,5
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Gene therapy is a promising strategy for reducing the

risks of cancer relapse and metastasis. Cationic polymer

nanoparticles (NPs) have been investigated as non-viral

vectors for gene delivery due to their favorable safety

profile when compared to viral vectors. Vaidyanathan

et al summarized that there were five possible rate-limiting

processes involved in gene delivery: (i) protection of DNA

from nucleases, (ii) transport within specific intracellular

pathways, (iii) endosomal release, (iv) transport into the

nucleus, and (v) DNA release from vectors.6 In most

cases, there were different demands for the attributes of

NPs in different phases during the delivery process to solid

tumor in vivo. Low positive charges or negative charges

were conducive to the stability of NPs during circulation;

however, high positive charges were required for a higher

cancer cellular uptake.7 Among the non-viral gene vectors,

high-molecular weight polyethylenimines (PEIs) are

widely used for in vitro gene transfection. In our previous

experiments, we showed that gene transfection efficiency

was enhanced by low-dose 25 kDa-branched PEI with the

assistance of 1.8 kDa-branched PEI with low cytotoxicity

in vitro.8 To overcome these obstructions, many researches

have modified the surface of polymer nanoparticles to

achieve safer and more efficient gene delivery. According

to the characteristics of the tumor microenvironment

which involves acidity and a high concentration of glu-

tathione (GSH), a gene delivery system capable of being

triggered by pH or GSH must be designed. Guan et al

showed that modified PEI was the result of polyethylene

glycol (PEG) via the Schiff base reaction. PEGylation can

shield the positive charges on the surface of PEIs and

tighten the complex particles, leading to decreased cyto-

toxicity, improved stability and prolonged circulation.

PEG shielding will rapidly disappear due to the acidic

pH as soon as arriving at the tumor.7 Other groups carried

out similar studies. Luo and Lei demonstrated that nano-

particles which consisted of PEG-modified 25 kDa PEI via

disulfide bonds (SS) had high transfection rates in vitro

and in vivo. PEG shielding will also rapidly disappear due

to GSH as soon as arriving at the tumor. Consequently,

PEI/DNA nanoparticles can be taken up into cancer cells

and escape from endosomes into the cytoplasm, then genes

can be release without severe cytotoxicity.9,10

Several strategies are being explored to improve the

therapeutic effect, by improving the delivery and accumu-

lation of NPs in cancer tissue.11,12 The use of therapeutic

ultrasound has received great interest for the past two

decades. Ultrasound-targeted gene delivery techniques

show great potential to locally enhance NPs extravasation

from the vascular system, penetration through the extra-

cellular matrix and uptake into solid tumors.13 In previous

studies, De Cook et al compared the cellular delivery

between nanoparticle-loaded MBs and unloaded MBs,

and the experiments showed that the nanoparticle-loaded

MBs substantially improved the cellular delivery of nano-

particles, whereas unloaded MBs did not enhance cellular

delivery. There are different cell uptake mechanisms at

different acoustic pressures: at low acoustic pressures

endocytosis is enhanced, while higher acoustic pressures

favored uptake via membrane pores. The new mechanism

of “sonoprinting” was mentioned in the process of real-

time swept field confocal microscopy imaging.14 In our

previous studies, Li et al showed that ultrasound increased

the transfection rate of folate-modified chitosan nanoparti-

cles/plasmid into 293T cells.15

De Cook et al had also shown that there were some

definite advantages to the loading of nanoparticles onto

MBs with biotin-avidin bridging. Firstly, the nanoparticle-

loaded MBs can be tracked in the blood circulation in vivo

by contrast-enhanced ultrasound. Secondly, focused ultra-

sound insonation enabled the nanoparticle-loaded MBs to

form a passive targeting gene delivery system, which

ensures that the attached nanoparticles are present at the

target site. Thirdly, using the ultrasound-targeted MBs

method at a targeted location leads to the targeted deposi-

tion of PSP nanoparticles and plasmid DNA (pDNA).

Fourthly, the radiation force generated by focused ultra-

sound can increase the concentration of PSP nanoparticle-

loaded MBs at the desired site.14

Effective delivery requires the PSP nanoparticles to be

loaded onto the MBs. There are multiple methods to link

the nanoparticles with the MBs. One of the most common

methods to attach a nanoparticle to the MBs are through

biotin-avidin interaction, which is one of the strongest

non-covalent interactions in nature. This is because the

avidin-biotin interaction possesses many innate advantages

of simple fabrication without changing the biology and

chemical properties of the coupled complexes. Therefore,

the avidin-biotin interaction has been extensively utilized

as probes and affinity matrices within various fields of

nanotechnology, such as diagnostics, biochemical assays,

tissue engineering and nanoscale delivery systems, includ-

ing nucleic acids, vaccines, small molecules and so on.16

Hence, in this article, the avidin-biotin interaction was

applied to link the biotinylated PSP and the lipid biotiny-

lated MB.
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In this article, the ultrasound-triggered and GSH-sensi-

tive gene release platform PSP@MB was produced suc-

cessfully. The resulting PSP@MB was characterized by

dynamic light scattering and transmission electron micro-

scopy. There was a synergistic effect on gene transfection

from the combination of ultrasound and PSP@MB in vitro

and in vivo, indicating the potential application of this

method for spatiotemporally-controlled gene delivery

(Figure 1).

Materials And Methods
Materials
The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phospho-

choline (DPPC, MW, 734.039 g/mol) and 1,2-dipalmitoyl-

3-trimethylammonium-propane (DPTAP) were purchased

from Avanti Polar Lipids in USA. The phospholipids 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy

(poly(ethyleneglycol))-2000] (DSPE-PEG2000-Biotin, MW,

3,016.781 g/mol) and Biotin-PEG(2k)-SS-NHS were pur-

chased from Xi’an Ruixi Biological Technology Co. in

China. Perfluoropropane (C3F8) gas was purchased from

the R&D Center for Specialty Gases at the Research

Institute of Physical and Chemical Engineering of Nuclear

Industry (Beijing, China). FITC-Avidin was purchased from

Solarbio Inc (Beijing, China). The human ovarian cancer

cells A2780 were from the American Type Culture

Collection.

Preparation Of PSP@MB Transfection

Agent And DNA Binding Analysis
The lipid biotinylated MBs were synthesized by the thin-

film hydration method. DPPC: DPTAP: DSPE-PEG2000-

Biotin=9: 2: 1 were dissolved in 1 mL chloroform and

drained to form a dried film by rotary evaporator for 24 h.

The film was then hydrated with 0.2% glycerol phosphate-

buffered saline (PBS). and the gas in the vial was replaced

with C3F8. Finally, the vial was mechanically shaken for

45 s using agitator (TD-1002).

The biotin-PEG2000-SS-NHS and 25 kDa PEI were

added together with a mass ratio of 1.25:1. It was then

mixed on the magnetic stirrer overnight and put on dialysis

for 24 hrs with a 3500 Da molecular weight cut-off. Then

we used a 0.22 μm filter for sterilization and finally acquired

sterile biotinylated PSP. The preparation of biotinylated

PSP@ biotinylated MB complex was performed via the

biotin–streptavidin bridging chemistry method. To start,

the final concentration of 0.3 mg/mL of FITC-Avidin and

the 1010 MBs/mL biotinylated MB was mixed with a

volume ratio 1:1 and incubated for 30 min. The mixture

was then washed three times with double-distilled water to

remove unreacted avidin, centrifuged at 800 rcf for 5 min

each time, before the upper foam was collected. Then we

acquired avidin-MB. Next, 800 μL of biotinylated PSP was

mixed with a volume ratio 10:1 and incubated for 30 min.

The complexes were washed and centrifuged three times to

remove the remainder of the unloaded biotinylated PSPs.

Then the diameter, zeta-potential and concentration of the

PSP@MB was characterized with ZS Nano (Malvern, UK)

and Multisizer 3 (BECKMAN COULTER, USA), and used

the fluorescence microscope to verify the connection of

PSP@MB.17,18

The pDNA binding capability of was investigated by

agarose gel electrophoresis. The PSP@MB/pDNA poly-

plexes were loaded into 0.7% agarose gel. The electro-

phoresis was run using TAE buffer at 100 V for 30 min.

The gel was visualized stained by DNA dyes and analyzed

under an electrophoresis gel imaging system.

Cell Culture
Human ovarian cancer cells lines A2780 were from the

American Type Culture Collection (Rockville, MD, USA).

The A2780 cells were cultured on ultra-low-attachment

culture dishes (Corning). DMEM/F12 (Gibco) supplemen-

ted with 10 ng/mL bFGF (Invitrogen), 20 ng/mL EGF

(PEPROTECT), GlutamaxTM-1 (100X, Gibco), sodium

pyruvate (100X, Gibco), B27 (50X, Gibco), penicillin/

streptomycin (100X), 20 mmol/L Y27632 (Wako), and

10 mg/mL insulin (Roche) were put in the culture dishes.

For serial passage, spheroid cells were divided with

TrypLE™ Express (Stem Cell Technologies Inc.) once

every 7 days.19

ALDEFLUOR Assay And Fluorescence-

Activated Cell Sorting
The enzymatic activity of aldehyde dehydrogenase1

(ALDH1) within the ovarian carcinoma A2780 cell suspen-

sions were measured using the ALDEFLUOR Stem Cell

Identification Kit (Stem Cell Technologies, Canada). The

A2780 spheroid single cells were resuspended in Aldefluor

assay buffer and incubated for 40 min at 37 ℃. The test

ALDH1-positive population was gated using control cells

incubated under identical condition in the presence of a 10-

fold molar excess of the ALDH inhibitor, diethylamino ben-

zaldehyde (DEAB). Fluorescence-Activated Cell Sorting
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Figure 1 Graphical abstract.

Notes: (A) Schematic illustration of the construction of PSP@MB. (B) The combination of PSP@MB, and the use of ultrasound can efficiently promote the effect of EPR

and enhance accumulation, extravasation and penetration into solid tumors. As soon as PSP@MB arrived at the tumor, PEG shielding will be rapidly cleaved by the

abundance of GSH at the tumor site. Consequently, PEI/DNA nanoparticles can be internalized into cancer cells by sonoporation and endosomal escape in the cytoplasm,

then finally DNA is released. (C) Gene delivery was evaluated by ultrasound imaging and In Vivo Imaging Systems.

Abbreviations: PEI, polyethylenimine; PEG, Polyethylene glycol; SS, disulfide bond; MB, microbubble; EPR, enhanced permeability and retention effect; GSH, glutathione.
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(FACS) was performed with 1 × 106 cells using the BD

FACS Aria III (Becton Dickinson, USA) under low pressure

in the absence of UV light. FACS data were analyzed using

BD FACS Diva software V6.1.3. After cell sorting, the

ALDH1+ cells and the ALDH1− cells were collected.20

Subcutaneous Ovarian Xenograft Model
Four-to-five weeks old female BALB/c-nu/nu mice weigh-

ing between 13–15 g were purchased from Guangdong

Experimental Animal Center (qualification number SCXK

(Guangdong)2013-0002). According to the rules of

Committee on Animal Research and Ethics, this research

project had been reviewed and approved to be appropriate

and humane by Institutional Animal Care and Use

Committee of Guangzhou Medical University. ALDH1+

ovarian cancer stem cells (OCSCs) and ALDH1− A2780

cells were digested into a single cell suspension. 1 × 103

100 μL ALDH1+ OCSCs and 100 μL Matrigel (Corning,

USA) were mixed and injected into the right flank of each

nude mouse (n=3, respectively). Feeding was continued

under specific pathogen free (SPF) conditions, and the

tumor volume was calculated as L*W2/2; where L is length

and W is width.

Cell Viability Assay
A CCK-8 assay was applied to evaluate the cell viability

after co-incubation with PSP@MB for 24 hrs. The OCSCs

and vascular endothelial cells (VECs) were seeded onto

96-well plates at 3,000 cells per well and cultured for

24 hrs. The experimental groups were similar to those

described above. Transfection was conducted with 90 μL
medium and 10 μL sample suspension by using the same

process as previously described. All assays were per-

formed in four replicates. Then, the plate was incubated

for four hours. The absorbance at 450 nm in each well was

measured by the Infinite F200 Multimode plate reader.

Cell viability = (A1-A2)/(A3-A2) ×100%, where A1 is

the absorbance of wells in the experimental group, A2 is

the absorbance of wells containing medium and CCK-8

solution without cells and samples, and A3 is the absor-

bance of wells containing medium, CCK-8 solution, and

cells without experimental samples.

Intracellular Uptake Of PSP@MB/pDNA

In OCSCs Under Ultrasound
The characteristics of ultrasound combined with PSP@MB

is that it facilitates sonoporation (the transient small pores of

cell membrane), which facilitate entry of pDNA into cells.

The scanning electron microscope (SEM) (HITACHI

S-3700N, Japan) was used to observe the sonoporation of

OCSCs under PSP@MB and ultrasound. Ultrasound para-

meters were (0.4 W/cm2, 0.8 W/cm2, 1.2 W/cm2 of intensity,

1 MHz, 20% duty cycle, 1 min). The OCSCs sample were

fixed by 3% glutaraldehyde for SEM imaging after 10 min of

ultrasound exposure.

To find out the effects of pDNA cellar uptake of OCSCs

after ultrasound exposure, OCSC spheres were blown into

serum-free medium at a final concentration of 106 cells/mL.

FITC-streptavidin was conjugated with MB, and the Cy5-

labeled pDNA was loaded with PSP nanoparticles at a final

concentration of 1 μM. Then, the PSP@MB/pDNA was

observed with a confocal laser scanning microscope

(CLSM) (Nikon, Japan). It was then mixed at room tempera-

ture by shaking gently for 15 mins. The optimal ultrasound

parameters (0.8W/cm2, 1MHz, 20% duty cycle, 1 min) were

used for sonication. After sonication, 300μL OCSC samples

were fixed at different time intervals (10 min, 60 min, 3 hrs,

20 hrs) by mixing with 4% paraformaldehyde. The samples

were thenwashedwith 2mL PBS per plate and centrifuged at

1000 rpm for 5 min, twice. The samples were finally

quenched with a sealing agent including DAPI and observed

using a CLSM.

Transfection Efficiency Of OCSCs Via

Ultrasound And PSP@MB In Vitro
After a series of characterization analysis aboutOCSCs and the

gene vector PSP@MB, we used the gene vector PSP@MB to

deliver the pDNA with our independent research ultrasonic

transfection apparatus, SXULTRASONIC (Shengxiang Hi-

Tech, CO., LTD., Shenzhen.) at different parameters, such as

intensity (0.4~1W/cm2), duty cycle (20%), irradiation time (30

s~1 min), and PSP@MB concentration (2%). The optimized

N/P ratio of pDNA was selected and the parameters of opti-

mum ultrasound transfection (1 MHz, 20% and 0.8 W/cm2,

1 min) was chosen. Ultrasonic irradiation was performed on

the form of suspension cells (cell density of 1×107 cells/mL).

In this experiment, we allocated six groups: (a) Control (plas-

mid), (b) PSP, (c) MB+US, (d) Lipofectamine 2000, (e)

Lipofectamine 3000, (f) PSP@MB+US. PSP@MB and

pDNA were mixed for 20 mins. The OCSCs were shifted

into 15 mL centrifuge tubes and left to stand for 5 mins, and

then we collected the sediment of OCSC spheres. The spheres

were blown off gentlywithOptiMEM. 300μL cell suspension,

10 μL PSP@MB and pDNA (30 μg) was inserted into each of
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the 24 pore plates. The mixture was exchanged after 4 hrs.

After 24 h the fluorescence intensity of the EGFP of OCSCs

was observed with a fluorescence microscope and quantified

using flow cytometry.

Flow Cytometry
After 24 h after treatment of ultrasound and PSP@MB, the

OCSCs were collected with centrifugation for 5 min at

1,000 rpm (180 g) at 4°C. Then OCSCs pellet was resus-

pended in phosphate buffered saline (PBS) at a concentra-

tion of 1×106 cells/mL for analysis by flow cytometry. The

percentage of transfected cells (EGFP expressing) in each

sample was determined by the Flow Cytometry Facility

(Life Technologies Attune NxT, Life Technologies, USA).

The flow cytometer parameters were (the excitation at 488

nm, emission at 525 nm). The mean fluorescence intensity

was recorded with 10.000 events per each sample.

Contrast-Enhanced Ultrasonography

With PSP@MB In The Subcutaneous

Xenograft
To assess the instantaneous biodistribution of PSP@MB in

vivo, we performed ultrasonography on tumor-bearing

BALB/c-nu/nu mice. Mice were anesthetized with pento-

barbital 200 μL via intraperitoneal injection. In vivo ima-

ging of the MBs was performed using Aplio 500

ultrasound (Toshiba, Japan) with an 18 MHz probe

(MS250) allowing non-linear imaging. The gel pad was

covered onto the subcutaneous tumor of mice; the probe

was fixed and placed in the axial plane to image the whole

subcutaneous tumor. Images were acquired using contrast

mode acquisition. PSP@MB was injected at a concentra-

tion of 100 μL PSP@MB (1.0~3.0×1010 MBs/mL). The

contrast-enhanced ultrasonography in subcutaneous xeno-

graft lasted for more than 3 mins.

Exposure On The Low Intensity Focused

Ultrasound (LIFU)
Gene delivery was performed using the ultrasound signal

generator (AFG3000C, Tektronix) with a high-power

amplifier (LZY-22+) and 1 MHz pulse focus probe. The

system allowed the generation of any duty cycle and a

peak negative pressure of 0.7 MPa at its focal zone

(20 mm). The collimator was linked to the focus probe

while the emission diagram of the system was provided by

the ultrasound signal generator. The collimator (a 2 cm

funnel-shaped spacer consisting of a rigid tube filled with

de-aerated water) was used to ensure that the focal zone

was located below the skin, in the subcutaneous xenografts

of nude mice. The sonication probe was positioned on the

right flank of the nude mice. PSP@MB injections were

tested to determine optimal transfection conditions. The

optimal ultrasound parameters were: 250mV voltage

(acoustic pressure 0.7 MPa, measured with needle hydro-

phone and oscilloscope), 1 MHz, 10,000 cycles, and a

pulse repetition frequency (PRF) of 5 Hz. The optimal

sonoporation parameters were used to compare PSP, MB

and PSP@MB gene carriers for plasmid luciferase reporter

genes (n=3). PSP, MB and PSP@MB/plasmid luciferase

complexes were prepared prior to injection in the tail vein

with a PSP@MB at a concentration of 100 μL PSP@MB

(1.0~3.0×1010 MBs/mL) and 80 μg (100 μL) of plasmid

luciferase. The focus probe was exposed for 5 mins.

Bioluminescence Imaging
Luciferase expression was followed by bioluminescence ima-

ging at 24 hrs, 48 hrs, 3 days, 4 days, and 5 days after exposure

to the focused ultrasound. Firstly, mice were anesthetized with

3% isoflurane (Isovet, Virbac, France) in air for induction, and

maintained at 1.5% isoflurane for imaging. Secondly, intraper-

itoneal injection of 150 mg/kg of luciferin (Xenolight D luci-

ferin potassium salt, Perkin Elmer) was administered 5 min

before image acquisition. Bioluminescence data was acquired

with IVIS Lumina HTX (PerkinElmer, USA) at 10 min, pla-

cing 2 animals simultaneously in the device. This real-time

bioluminescence imaging allowed the detection of the plateau

of photon emission for each individualmouse. This time frame

was used to calculate the photon emission (ph/s/cm2/sr) within

a constant pre-defined ellipsoid region of interest; followed by

the placing of subcutaneous xenografts on each nude mouse.

Statistical analysis of bioluminescence activity was performed

with GraphPad Prism software (version 7.0, GraphPad

Software, San Diego, CA, USA) using a non-parametric

Mann–Whitney test between 2 groups. Differences were con-

sidered statistically significant for a p-value <0.05.

Biosafety Evaluation
To evaluate the biocompatibility of PSP@MB, histological

examination of hematoxylin and eosin (H&E) staining of

vital organs (heart, liver, spleen, lung, kidney) was carried

out. Firstly, the mice were then sacrificed under deep

anesthesia, and tissues were collected, fixed in 4% paraf-

ormaldehyde and processed for paraffin embedding.

Sectioned paraffin blocks of tumors and the major organs

(heart, liver, spleen, lung, kidney) were stained with

Liufu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:148928

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


hematoxylin and eosin (H&E), and whole slide scanning

was performed with inverted microscope (Olympus,

Japan). Two pathologists of the pathology department of

the Third Affiliated Hospital of Guangzhou Medical

University (Guangzhou, China) performed the histopatho-

logical diagnosis of H&E staining sections.

To evaluate the biocompatibility of PSP@MB in vivo,

whole blood and blood serums were collected from the

retro-orbital plexus of each nude mouse under deep

anesthesia at 48 h after intravenous injection of PSP@MB

or lipofectamine 3000. The liver functions serum glutamic-

pyruvic transaminase (ALT) and glutamic-oxalacetic trans-

aminase (AST), renal functions (Crea, Urea and UA),

Direct Bilirubin (D BILI) and routine blood parameters

(hemoglobin and white blood cell) were tested at the clin-

ical laboratory of the Third Affiliated Hospital of

Guangzhou Medical University (Guangzhou, China).

Statistical Analysis
All experiments were performed at least three times each and

the data were shown as the mean ± standard deviation (SD).

One-way analysis of variance (ANOVA) was used to analyze

the results. GraphPad Prism 6.0 (GraphPad Software Inc, San

Diego, CA, USA) was used to obtain graphs and statistics.

Significant values were designated as follows: *P<0.05,

**P<0.01, and ***P<0.001.

Results
Synthesis And Characterization Of The

PSP NPs
Figure S1A showed the chemical structure diagram of PEI,

PEG-SS-NHS and PSP. Biotinylated PSP was constructed

by the PEI and biotin-PEG-SS-NHS via amide linkages

(Figure S1A). The successful synthesis of PSP confirmed

by 1H NMR spectra of PSP in D2O as shown in Figure 2C.

The signals of PEG (3.65 ppm) in “a” and PEI (2.3–2.7

ppm) in “b” were found in the 1H NMR spectra of PSP in

D2O (Figure 2C). The characterizations of PSP NPs are

shown in Figure 2. The dynamic light scattering (DLS)

measurement indicated that the average diameters of the

PSP NPs were approximately 100 nm and showed a slight

positive zeta potential of 4±2.5 mV due to the PEGylation

(Figure 2A and B). To evaluate the reduction sensitivity, the

PSP NPs were incubated with 10 mMGSH for 2 h. After the

GSH treatment, the PSP NPs increased in size from 100±53

nm to 210±101 nm (Figure 2A) and showed a change in the

surface charge from 4±2.5 mV to 12±4.3 mV (Figure 2B).

pDNA Binding Ability Of PSP NPs

Analysis
The complexation of pDNA with PSP NPs is due to

electrostatic neutralization. To confirm the pDNA binding

ability of PSP NPs, we checked the retardation of pDNA

mobility in agarose-gel electrophoresis. As shown in

Figure 2D, the pDNA condensation ability of PSP NPs

were tested with various N/P ratios (0, 8, 10, 11, 12, 14,

16). PSP showed beneficial complexation of pDNA. The

pDNA were completely retarded at an N:P ratio of 16,

which indicated that the PSP can complex the pDNA

entirely. However, the optimized proportion for gene trans-

fection between PSP@MB and pDNA complex is not just

the N:P ratio of PSP/pDNA, but more important is the

concentration of PSP@MB.

Synthesis And Characterization Of The

MB And PSP@MB
To load the biotinylated PSP NPs with biotinylated lipid

MBs, biotin-avidin method was used (Figure S1B). For this,

DSPE-PEG-biotin functionalized lipids were incorporated

in the MB shell. The biotinylated MBs were composited

with the thin-film hydration method. FITC-streptavidin was

conjugated with PSP NPs and MBs. Microscope image of

PSP@MB was showed in Figure 2E. Fluorescence micro-

scope confirmed successful connection of PSP loaded MBs

(Figure 2F). The DLS measurement showed that the aver-

age diameters of the MBs and PSP@MB were approxi-

mately 495±132 nm and 502±75 nm (Figure 2J), and zeta

potential were 7±3.6 mV and 13±4.4 mV (Figure 2I).

Transmission electron microscope (TEM) images of MB

and PSP@MB showed the similar particle size with DLS

(Figure 2G and H).

Formation And Characterization Of

OCSC Spheres Derived From A2780
The human ovarian cancer cell lines A2780 were cultured

as monolayers and spheroids with serum or serum-free

culture mediums. The spheroids were rich with a serum-

free culture medium from the addition of the ROCK inhi-

bitor Y27632, bFGF, EGF and insulin. The spheroids are

shown in the first week and the third week (Figure S2A).

Another method for enriching the spheroids was also used

with cisplatin at a final concentration of 0.5 mg/mL for 24

h in the first week. It was motivating to discover that the

spheroids were formed three weeks later with 0.5 mg/mL

of cisplatin. ALDEFLUORTM assay and flow cytometry
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Figure 2 Characterization of the PSP, MB and PSP@MB.

Notes: (A) The dynamic light scattering (DLS) measurement indicated that the average diameters of the PSP NPs were approximately 100 nm and (B) showed a slight positive zeta

potential of 4±2.5 mV due to the PEGylation. To evaluate the reduction sensitivity, the PSP NPs were incubated with 10 mM GSH for 2 h. (A) After the GSH treatment, the PSP NPs

increased in size from 100±53 nm to 210±101 nm and (B) showed a change in the surface charge from 4±2.5 mV to 12±4.3 mV. (C) The successful synthesis of PSP confirmed by 1H

NMR spectra of PSP inD2O. The signals of PEG (3.65 ppm) in “a” and PEI (2.3–2.7 ppm) in “b”were found in the 1HNMR spectra of PSP. (D) To confirm the pDNAbinding ability of PSP

NPs, we checked the retardation of pDNAmobility in agarose-gel electrophoresis. The pDNA condensation ability of PSPNPswere tested with variousN/P ratios (0, 8, 10, 11, 12, 14,

16). PSP showed beneficial complexation of pDNA. The pDNAwere completely retarded at anN:P ratio of 16, which indicated that the PSP can complex the pDNA entirely. However,

the optimized proportion for gene transfection between PSP@MB and pDNA complex is not just the N/P ratio of PSP/pDNA, but more important is the concentration of PSP@MB.

(E) Microscope image of PSP@MBwas showed. (F) FITC-streptavidin was conjugatedwith PSPNPs andMBs. Fluorescencemicroscope confirmed successful connection of PSP loaded

MBs. (J) The DLS measurement showed that the average diameters of the MBs and PSP@MBwere approximately 495±132 nm and 502±75 nm, and (I) zeta potential were 7±3.6 mV
and 13±4.4 mV. Transmission electron microscope (TEM) images of MB (G) and PSP@MB (H) showed the similar particle size with DLS.

Abbreviations: PSP, polyethyleneglycol-SS-polyethylenimine; PSP@MB, polyethyleneglycol-SS-polyethylenimine@ microbubble; 1H NMR, 1H nuclear magnetic resonance;

TEM, transmission electron microscope.
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analysis revealed that the shapes of spheroids were the

same as ALDH1+ OCSC spheroids (Figure S2B). In the

third week, the spheroids were collected and sorted with

ALDEFLUORTM assay and flow cytometry analysis. The

ALDH1+ and ALDH1− cells were sorted by flow cytome-

try analysis. The percentage of ALDH1+ cells were 54%

(Figure S2B right) compared with A2780 monolayer cul-

tures. After sorting, the ALDH1+ cells and ALDH1− cells

were cultured in a serum-free culture. The formation of

ALDH1+ OCSC spheroids were shown at one month

(Figure S2C left). Of interest was the transition back

from spheroid-to-monolayer when the ALDH1+ OCSC

spheroids were cultured with serum in a culture medium

for three days (Figure S2C right).

Cytotoxicity Of PSP@MB
The cytotoxicity of the PSP@MB polyplexes was evalu-

ated with CCK-8 assays. OCSCs and vascular endothelial

cells (VECs) were co-incubated with PSP@MB for 24 h.

A CCK-8 assay was applied to evaluate cell viability. The

concentration of PSP@MB was 1.0–3.0 × 1010 MBs/mL.

As shown in Figure 3A, after 24 h incubation with

PSP@MB, the cell viability of OCSCs and VECs was

>85% in each group, which suggested good biocompat-

ibility of the PSP@MB.

SEM And CLSM Images Of OCSCs

Intracellular Uptake Of PSP@MB Under

Ultrasound
There are different cell uptake mechanisms at different

acoustic pressures: at low acoustic pressures endocytosis

is enhanced, while higher acoustic pressures favored

uptake via membrane pores. The new mechanism of

“sonoprinting” was mentioned in the process of real-time

swept field confocal microscopy imaging.14 In this article,

the SEM imaging demonstrated the micropore in the mem-

brane of OCSCs after exposure to different intensities of

ultrasound combined with PSP@MB (scale bar=5 μm). At

the OCSC membranes ultrasound generated reparable

small pores (the yellow arrow), by which OCSCs could

uptake plasmid DNA of extracellular fluids. More small

pores would be generated under high ultrasound acoustic

intensities (1.2 W/cm2) than low ultrasound acoustic inten-

sities (0.4 W/cm2) (Figure 3B).

Ultrasound assisted the endocytosis and sonoporation

of OCSCs. The optimal combined ultrasound parameters

were (0.8 W/cm2, 1 MHz, 20% duty cycle, 1 min). OCSCs

were transfected with PSP@MB combined ultrasound for

10 min, 60 min, 3 h and 24 h. CLSM images of Cy5-

labeled pDNA (red) loaded with PSP@MB and cell nuclei

(blue) showed that in 60 mins there were more pDNA

uptake of OCSCs in the PSP@MB group. And there

were more pDNA into OCSCs in the PSP@MB+US

group than another groups (Figure 3C).

Effect Of Ultrasound On The

Transfection Efficiency Of PSP@MB/

pDNA Into OCSCs
The combination of PSP@MB with ultrasound enhances

the delivery of plasmids encoding EGFP reporter genes into

OCSCs. Fluorescent images of OCSCs exposed to plasmid-

containing different reagents, with or without ultrasound

irradiation, respectively, after 24 h (Figure 4A). There

were six groups: (a) Control (plasmid), (b) PSP, (c) MB

+US, (d) Lipofectamine 2000, (e) Lipofectamine 3000, (f)

PSP@MB+US. The optimized ultrasound parameters (0.8

W/cm2, 1 MHz, 20% duty cycle, 30 s), (scale bar=100 μm).

Transfection efficiency rate was evaluated by flow cytome-

try (Figure 4B). Transfection efficiency rate was repre-

sented as histograms. The transfection efficiency rate was

15.8% in the PSP@MB and ultrasound group, higher than

Lipofectamine 3000 group (12.1%) or MB and US group

(5.6%) (Figure 4C). Data are represented as mean ± stan-

dard deviation; n = 3; **P<0.01.

Effect Of Ultrasound On The

Transfection Efficiency Of PSP@MB/

pDNA Into A2780
The combination of PSP@MB with ultrasound enhances

the delivery of plasmids encoding EGFP reporter genes into

A2780. Fluorescent images of A2780 exposed to plasmid-

containing different reagents, with or without ultrasound

irradiation, respectively, after 24 h (Figure S3A). There

were six groups: (a) Control (plasmid), (b) PSP, (c) MB

+US, (d) Lipofectamine 2000, (e) Lipofectamine 3000, (f)

PSP@MB+US. The optimized ultrasound parameters (0.8

W/cm2, 1 MHz, 20% duty cycle, 30 s), (scale bar=100 μm).

Transfection efficiency rate was evaluated by flow cytome-

try (Figure S3B). Transfection efficiency rate was repre-

sented as histograms. The transfection efficiency rate was

31.4% in the PSP@MB and ultrasound group, lower than

Lipofectamine 2000 group (37%), but higher than

Lipofectamine 3000 group (25%) or MB+US group
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Figure 3 Cell viability, SEM and CLSM images of OCSCs.

Note: (A) The OCSCs and vascular endothelial cells (VECs) were incubated with the concentration of PSP@MB (1.0–3.0×1010 MBs/mL) for 24 h, respectively. CCK-8 assay was

showed that the cell viability ofOCSCs andVECswas>85% in each group,which suggested good biocompatibility of thePSP@MB in vitro. (B) The SEM images ofOCSCsunderdifferent

acoustic intensity and PSP@MB (scale bar =5 μm). Ultrasound generated reparable small pores (the yellow arrow) at the surface of OCSCmembranes, by which could enhanceOCSC

uptake of plasmid DNA. More small pores would be generated under high acoustic intensity (1.2W/cm2) compared to low acoustic intensity (0.4W/cm2). (C) CLSM images of OCSCs

transfected with PSP@MB combined ultrasound for 10 min, 60 min, 3 h and 24 h. There was more pDNA into OCSC in the PSP@MB+US group compared to MB+US group or PSP

group. It showed that PSP@MB combined ultrasound could efficiently deliver pDNA to OCSC with sonoporation. pDNAwas labeled with Cy5 (red) and cell nuclei were stained by

DAPI (blue).

Abbreviations: VEC, vascular endothelial cell; pDNA, plasmid DNA; min, minute; h, hour; SEM, scanning electron microscope.
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(11%). (Figure S3C). Data are represented as mean ± stan-

dard deviation; n = 3; **P<0.01.

Contrast-Enhanced Ultrasound Imaging

Of Xenograft Of Nude Mice In Vivo
Contrast-enhanced ultrasound (CEUS) and B mode ima-

ging sequences were recorded in the OCSC-bearing xeno-

graft mice model. PSP@MB (Figure 5A) and MB

(Figure 5B) were injected from tail vein after deep

anesthesia, respectively. In vivo ultrasound imaging was

performed using Aplio 500 ultrasound (Toshiba) with an

18 MHz probe (MS250) at different time points (before

injection, 1 s, 30 s, 60 s, 120 s, 180 s). Line chart

summarized the mean ± standard deviation of mean inten-

sity of CEUS, showing that the PSP@MB was a fantastic

ultrasound contrast agent (Figure 5C).

LIFU Combined With PSP@MB On In

Vivo Gene Transfection Efficiency
In vivo bioluminescence imaging showed the expression

of plasmids encoding luciferase reporter gene in subcuta-

neous xenografts of nude mice on 48 h after tail vein

injection (Figure 6A). The five groups were (a) US, (b)

PSP, (c) US+MB, (d) Lipofectamine 3000, (e) US

+PSP@MB. The LIFU parameters were: (1 MHz, 10,000

cycles, voltage 250 mV, exposure time 5 min). The region

Figure 4 Effect of ultrasound on the transfection efficiency of PSP@MB/pDNA into OCSC.

Notes: (A) Fluorescent images of OCSC exposed to plasmid-containing different reagents: PSP, MB, Lipofectamine 2000, Lipofectamine 3000, PSP@MB, with or without

ultrasound irradiation, respectively, after 24 h. There were six groups: (a) Control (pDNA), (b) PSP, (c) MB+US, (d) Lipofectamine 2000, (e) Lipofectamine 3000, (f) PSP@MB

+US. The optimized ultrasound parameters (0.8 W/cm2, 1 MHz, 20% duty cycle, 30 s), (scale bar=100 μm). (B) Transfection efficiency rate was evaluated by flow cytometry.

(C) Transfection efficiency rate was represented as histograms. The transfection efficiency rate was 15.8% in the PSP@MB + ultrasound group, higher than Lipofectamine

3000 group (12.1%) or MB + US group (5.6%). Data are represented as mean ± standard deviation; n = 3; **P < 0.01.

Abbreviations: PSP, PEG-SS-PEI; PSP@MB, PEG-SS-PEI@microbubble; US, ultrasound.
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Figure 5 Contrast-enhanced ultrasound imaging of xenograft of nude mice in vivo.

Notes: Segmented multi-slice contrast-enhanced ultrasound (CEUS) and B mode imaging sequences were recorded in the OCSC-bearing xenograft mice model. PSP@MB

(A) or MB (B) were injected from tail vein after deep anesthesia, respectively. In vivo ultrasound imaging was performed using Aplio 500 ultrasound (Toshiba) with an 18

MHz probe (MS250) at different time points (before injection, 1 s, 30 s, 60 s, 120 s, 180 s). (C) Line chart summarized the mean ± standard deviation of mean intensity of

CEUS, showing that the PSP@MB was a fantastic ultrasound contrast agent.

Abbreviations: s, second; CEUS, contrast-enhanced ultrasound.
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of interest (ROI) was selected in subcutaneous xenografts

of nude mice with the same color bar. The ROI data

showed that there was higher transfection in the US

+PSP@MB group compared to the US+MB group and

lipofectamine 3000 group (Figure 6B). Data are repre-

sented as mean ± standard deviation; n = 3; ***P<0.001.

Figure 6 LIFU and PSP@MB deliver luciferase reporter gene expression in a tumor xenograft model.

Notes: (A) In vivo bioluminescence imaging showed the expression of plasmids encoding luciferase reporter gene in subcutaneous xenografts of nude mice on 48 h after tail

vein injection. The five groups were (a) US, (b) PSP, (c) US+MB, (d) Lipofectamine 3000, (e) US+PSP@MB. The LIFU parameters were: (1 MHz, 10,000 cycles, voltage 250

mV, exposure time 5 min). The region of interest (ROI) was selected in subcutaneous xenografts of nude mice with the same color bar. (B) The luminescence radiance of

ROI was represented as histograms. It showed that there was higher transfection in the US+PSP@MB group compared to the US+MB group and lipofectamine 3000 group.

Data are represented as mean ± standard deviation; n = 3; ***P<0.001.
Abbreviation: ROI, region of interest.
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Biosafety Evaluation
To evaluate the biocompatibility of PSP@MB, histological

examination of hematoxylin and eosin (H&E) staining of

vital organ (heart, liver, spleen, lung, kidney) sections

were detected. The result of H&E staining assay showed

symptoms of swell, fatty and vacuolar in the liver cells

treated by lipofectamine 3000 (yellow arrow). The

PSP@MB+US group (blue arrow points) demonstrated

the normal morphology of liver cells compared with plas-

mid group (Figure 7A). Two pathologists confirmed the

histopathological diagnosis of diffuse hepatic edema in

lipofectamine 3000 group. The histopathological results

demonstrated PSP@MB had excellent biocompatibility,

but lipofectamine 3000 had abnormal liver damage in at

a certain concentration in vivo.

To evaluate the biocompatibility of PSP@MB, whole

blood and blood serums were collected at 48 h after intra-

venous injection of PSP@MB or lipofectamine 3000. The

liver functions (ALT and AST), renal functions (Crea, Urea

and UA), Direct Bilirubin (D BILI) and routine blood para-

meters (hemoglobin and white blood cell) were tested. All

the biochemical parameters in serum and routine blood tests

remained at a normal range in PSP@MB and ultrasound

group. The normal direct bilirubin indicated that there was

no hemolysis, showing the good hemocompatibility of

PSP@MB. Compared with PSP@MB, the lipofectamine

3000 group reported elevated liver functions (ALT and

AST) and D BILI, but normal renal function (Crea) and

routine blood parameters (hemoglobin and white blood

cell), which showed that lipofectamine 3000 resulted in

some liver function lesions in vivo (Figure 7B). The results

exhibited that PSP@MB outbalanced lipofectamine 3000 in

biocompatibility at a certain concentration in vivo.

Discussion
Ovarian cancer is known to have the highest mortality rate

among malignant gynecological diseases.2 Cancer stem

cells (CSCs) are at the top of the hierarchy in multiple

cancer types and are at the root of tumor recurrence and

chemo-resistance.21,22 Killing CSCs is thought to be a key

part of effective antitumor therapies.21 Gene therapy has

been considered to be a promising therapy for CSCs and

cancer cells.23–25 However, gene delivery still faces many

limitations due to their negative charge, high molecular

weight, instability in biological environments and low

levels of transfection. To overcome these drawbacks, ther-

apeutic genes should be carried in a stable nanocarrier and

released at specific target site.26 There are two kinds of

vectors for gene delivery: viral and non-viral vectors.

With the development of material technology, non-viral

vectors are intensively explored to deliver therapeutic genes

in vitro or in vivo due to their great versatility. As compared

to viral vectors, non-viral vectors possess advantages of low

immunogenicity and cytotoxicity, easy modification with

targeting ligands and powerful gene-loading capacity with-

out size limitations.8 Non-viral vectors consist of polymers,

liposomes, peptides, carbon nanotubes, gold nanoparticles

and magnetic nanoparticles.26

Many strategies have been proposed to obtain effective

gene delivery to target cells. An effective gene delivery

system should have the following properties: (i) be able to

carry and protect the therapeutic genes; (ii) accumulate at

targeted tissues, and (iii) release the entrapped payload at

the targeted tissue. Non-viral vectors are usually taken up

by the cells through the endosomal pathway in vivo. Due

to the low pH and digestive enzymes within endosomes,

genes face the risk of degradation before reaching their

site of action.26

There are two kinds of stimuli-responsive gene release

systems; endogenous stimuli-responsive systems (such as

pH-, redox reaction-, enzymatic-triggered approaches) and

exogenous triggered gene release strategies (such as ultra-

sound, light, heat, magnetic field). However, triggered gene

release by intrinsic physical and biological factors faces

many limitations. The environment of the disease site is

heterogeneous and strongly dependent on the patient’s con-

dition such as illness or diet; therefore, the effects are not

easy to predict. Compared to endogenous triggers, exogen-

ous triggered gene release is spatiotemporally controlled via

the active management of external stimuli.26

25 kDa PEI is one of the most effective gene vectors

characterized by a high positive charge density and the

“proton sponge effect”, by which genes can be robustly

condensed and achieve evasion from endosomes or lyso-

zymes. However, high gene transfection efficiency always

comes hand in hand with high cytotoxicity due to the high

positive charge density of 25 kDa PEI. To achieve effec-

tive and safe gene transfection, many groups have applied

modifications to PEI.9,10 PEGylation shielded the positive

surface charges of PEI with disulfide bonds, leading to

decreased cytotoxicity, improved stability and prolonged

circulation. PEGylation would rapidly disappear due to

GSH as soon as arriving at the tumor sites. This is because

the level of GSH in cancer cells is 100-fold higher than the

normal ranges. GSH causes the disulfide bond to fracture
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Figure 7 Biosafety evaluation.

Notes: (A) Histological examination of hematoxylin and eosin (H&E) staining of vital organ (heart, liver, spleen, lung, kidney) sections. The result of H&E staining assay showed

symptoms of swell, fatty and vacuolar in the liver cells treated by lipofectamine 3000 (yellow arrow). The PSP@MB+US group (blue arrow) demonstrated the normal morphology of

liver cells compared with plasmid group (scale bar=100 μm). (B) The liver functions (ALTand AST), the renal functions (Crea), Direct Bilirubin (D BILI) and routine blood parameters

(hemoglobin and white blood cell) were tested. All the biochemical parameters in serum and routine blood test remained at a normal range in PSP@MB and ultrasound group.

Compared with PSP@MB and ultrasound group, the activity of ALT, ASTand D BILI were increased significantly in lipofectamine 3000 group. The histopathological and liver functions

results exhibited that PSP@MB displayed better biocompatibility than lipofectamine 3000 at a certain concentration in vivo. Data are represented as mean ± standard deviation; n = 3;

**P<0.01.
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and can be used as a trigger for redox stimulus gene

release. Finally, PEI could facilitate escape from endo-

somes and release the pDNA intracellularly.27 It had

been reported that PSP nanoparticles were used as a pro-

mising gene vector in glioblastoma10 and gastric cancer.9

Xiu et al reported that the PEG/PEI/DNA nanoparticles at

a mass ratio of 10:2.5:1 with the gel retardation assay

showed the optimum gene compression.28

To obtain higher gene transfection, the biotinylated PSP

nanoparticles were connected to avidinylated MBs via the

avidin-biotin method. As theranostic particles, PSP@MBs

possess a dual ability for imaging as well as treatment to

facilitate the detection and treatment of ovarian cancer. The

lipid MB components have excellent echo signals for ultra-

sound imaging and optical coherence tomography imaging,

while the PSP serves as a high loading vector of therapeutic

materials.29 To achieve more efficient gene transfection,

besides modifying the gene vector, different parameters of

the ultrasound, such as intensity, duty cycle, irradiation

time, and PSP@MB concentration were modified as well.

The PSP@MB complexes showed the beneficial capacity of

loading the pDNA extracellularly and releasing the loaded

pDNA intracellularly into the cytoplasm to enter the

nucleus.30

Ultrasound-mediated gene delivery is a promising non-

viral method for the treatment of cancer cells.31–33 LIFU has

certain special advantages such as being non-invasive, hav-

ing deep tissue penetration and the ability to focus on tumor

tissues. LIFU has been safely and locally implemented to

raise the delivery potency of drugs or genes into cancer

cells. The use of gas-filled MBs as ultrasound contrast

agents in the bloodstream generates resonant volumetric

oscillations in response to rapid variations in acoustic pres-

sure, which lowers the acoustic energy needed for these

processes. In an ultrasonic field, MBs would oscillate and

lead to a stable cavitation. Such stable oscillations create a

liquid flow around the MBs, known as “microstreaming”.

When these oscillating MBs were in close vicinity of cells,

these cells would experience shear stress. Consequently,

elevated levels of shear stress induced by ultrasound can

enhance the cellular uptake of macromolecular plasmids.

Therefore, the UTMD technique, which has been conven-

tionally used in clinical diagnostic imaging, holds consider-

able promise as an effective strategy to achieve the targeted

delivery of genes from nanoparticle formulations to the

cancer cell. Previous studies have demonstrated that the

gene transfection efficiency was modest using ultrasound-

mediated gene delivery with neutral MBs.29,34 In spite of

this, UTMD has many advantages, such as non-invasive-

ness, repeatability and targeted gene delivery into some

localized tissues.29,35 Previous studies showed that the com-

bination of UTMD with cationic liposomes could enhance

gene transfection. Our previous experiments demonstrated

that the combination of UTMD with PEI can improve gene

transfection of cancer cells with optimized parameters in

vitro and in vivo. Another study showed that ultrasound and

PEI can specifically increase gene transfection, the mechan-

ism being that ultrasound increases endocytosis due to an

increase in the intracellular calcium levels.36

To investigate the gene transfection efficiency of

OCSCs with ultrasound and PSP@MB, gene transfection

was performed on OCSCs and the EGFP pDNA was used

as the reporter gene. The 48 h transfection efficiencies of

PSP@MB and ultrasound showed that the optimal con-

centration ratio and ultrasound parameters can enhance the

gene transfection efficiency of OCSCs. Ultrasound-

mediated nanoparticle delivery with MBs retained a high

efficiency of targeted gene delivery as a spatial and tem-

poral tool. Sonoporation, which resulted from ultrasound

and MB cavitation, was found to overcome the limitations

of PEGylated PEI.

This study demonstrates that PSP@MB and LIFU

enabled the significant promotion of in vitro and in vivo

expression of pDNA to OCSCs and xenograft tumors. This

PSP@MB and LIFU gene delivery system possessed the

following favorable properties: (i) Non-invasiveness and

high tissue-penetrating ability, where this feature of LIFU

could offer effective gene delivery for spatiotemporal con-

trol. LIFU could also improve extravasation from the

vasculature and penetration through the extracellular

matrix to the tumor and promote the efficacy of gene

delivery. (ii) PEGylation shielded the positive surface

charges of PEI with disulfide bonds, leading to decreased

cytotoxicity, improved stability and prolonged circulation.

(iii) PEGylation shielding would rapidly disappear due to

GSH as soon as arriving at the tumor. (iv) Sonoporation,

enhanced endocytosis and sonoprinting generated by LIFU

and MBs would promote the entry of PSP/plasmid into

cancer cells. (v) In the cytoplasm, plasmids can be pro-

tected from endosome or lysozyme capture due to the

“proton sponge effect” by the PEI.

To evaluate whether ultrasound and PSP@MBs could

promote gene uptake into OCSCs, the gene was labeled

with Cy5 and incubated with OCSCs. Cell uptake effi-

ciency was measured by confocal laser scanning micro-

scopy. The results are shown in Figure 3C. Compared to
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all other groups, the uptake efficiency of PSP@MB and

ultrasound group displayed much stronger red fluores-

cence. This was attributed to the generation of sonopora-

tion by ultrasound and MBs. In this study, scanning

electron microscopy (SEM) was used to investigate the

ultra-structural modifications of cell membranes induced

by sonoporation (Figure 3B). The study showed that sono-

poration in the presence of PSP@MB and ultrasound

induced the formation of a significant number of permeant

structures at the membrane level. The number and the size

of these transient pores in the cell membrane were posi-

tively correlated with the enhanced intracellular uptake of

DNA. De Cook et al showed that there were three major

mechanisms concerning the delivery of nanoparticles to

the cells using ultrasound and nanoparticle-loaded MBs:

sonoporation, enhanced endocytosis and sonoprinting.

Additionally, the acoustic pressure strongly influences

which uptake mechanism occurs: at low acoustic pressures

endocytosis is enhanced, while higher acoustic pressures

favor uptake via membrane pores. Sonoprinting is the

process where nanoparticles were directly deposited onto

the cell membrane in patches by the nanoparticle-loaded

MBs.37

To evaluate whether ultrasound and PSP@MB

enhanced gene delivery into tumor tissue in vitro and in

vivo, EGFP reporter genes or luciferase reporter genes

were delivered to A2780 and OCSCs in vitro and to

subcutaneous xenografts in vivo via the combination of

ultrasound with PSP@MB. As shown in Figure 4B, the

gene transfection rate of PSP@MB and ultrasound group

was 15 times greater than that of the PSP group. In addi-

tion, the transfection rate of PSP@MB and ultrasound

group was triple than that of the MB and ultrasound

group. The tumor targeting capability of PSP@MB com-

plexes was assessed in vivo following systemic adminis-

tration. We examined the accumulation of luciferase

reporter gene in the tumor after intravenous injection of

PSP@MB and LIFU exposure by the IVIS Lumina HTX.

PSP@MB and LIFU showed a significantly stronger fluor-

escence signal in the tumor region at 48 h compared to

MB and LIFU group and lipofectamine 3000 group,

further confirming a more effective tumor targeting effect

of PSP@MB and LIFU (Figure 6A). In the tumor tissue,

the sonoporation generated by UTMD heightened the per-

meation and uptake of PSP/pDNA complexes into tumor

tissues. Subsequently, when the PSP nanoparticles reached

the tumor tissues, the disulfide bonds of PSP was cleaved

in the presence of high concentrations of GSH. The de-

PEGylated PEI/pDNA nanoparticles can achieve endoso-

mal escape and release the pDNA into the cytoplasm in a

spatiotemporally controlled manner. Compared to the

PSP@MB and LIFU group, the lipofectamine 3000

group had some non-specific background signal in the

non-tumor area (Figure 6A). As a cationic carrier, lipofec-

tamine 3000 is easily phagocytized by the mononuclear

phagocyte system (eg, liver, spleen and lung) in the blood

circulation. However, surface modification of PSP@MB

with PEG reduces the non-specific uptake by Kupffer cells

in the liver, also, the passive targeting effect of LIFU to

the tumor area increased the enhanced permeability and

retention effect (EPR) effects, which is why the PSP@MB

and ultrasound group possess specific signals in the tumor

area in vivo. Compared to the PSP@MB and US group,

the lipofectamine 3000 group had a two-fold increase in

the liver functions (ALT, AST and D BILI), which showed

that the use of lipofectamine 3000 resulted in abnormal

liver function in vivo. However, the PSP@MB and LIFU

group reported normal data compared to the plasmid group

(Figure 7B). These results proved the good biocompatibil-

ity of the PSP@MB and ultrasound delivery system.

Conclusion
In this article, we synthesized and characterized an ultra-

sound-triggered and GSH-sensitive gene delivery system,

PSP@MB for targeting cancer stem cells. The combina-

tion of ultrasound with PSP@MB/pDNA not only showed

low cytotoxicity and remarkable cellular uptake in vitro,

but also demonstrated successful targeting to the tumor

tissue and no obvious tissue toxicity in vivo. PSP@MB

exhibited the capability to enhance ultrasound contrast for

the detection and treatment of cancer. In summary, the

combination of ultrasound with the gene vector

PSP@MB, with optimal parameters, could achieve the

effective delivery of pDNA with low cytotoxicity in vitro

and in vivo. This study presents an efficient, safe, low-

toxic, non-viral gene transfection strategy based on the

combination of ultrasound and PSP@MB besides showing

potential for gene therapy of ovarian cancer.
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