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Abstract

The cell membrane is a semi-fluid container that defines the boundary of cells, and provides an 

enclosed environment for vital biological processes. A sound excitable drug (SED) that is non-

cytotoxic to cells is developed to disrupt the plasma membrane under gentle ultrasound insonation, 

1 MHz, 1 W/cm2. The frequency and power density of insonation are within the physical therapy 

and medical imaging windows; thus the applied ultrasound is safe and not harmful to tissues. The 

insertion of SEDs into the plasma membrane is not toxic to cells; however, the intruding SEDs 

weaken the membrane’s integrity. Under insonation, the ultrasound energy destabilized the SED 

disrupted membranes, resulting in membrane rupture and eventual cell death. In a xenograft breast 

tumor model, the SED alone or the ultrasound alone caused little adverse effects to tumor tissue, 

while the combined treatment triggered necrosis with a brief local insonation of 3 minutes. The 

described sono-membrane rupture therapy could be a safe alternative to the currently used high-

energy tissue ablation technology, which uses X-rays, gamma rays, electron beams, protons, or 

high- intensity focused ultrasound.
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Introduction

Tumor ablation, which uses high-energy particles or waves, is an important and common 

means of cancer treatment. It is generally effective, but is often associated with severe side 

effects. The high-energy source causes undesired damage to the tissues along the radiation 

pathway. A low-energy technology, which could achieve the same ablation effect without 

damaging normal tissues, would be a preferred choice. In addition, thermal ablation that 

uses radiofrequency (RF) energy or high intensity focused ultrasound (HIFU) as the heat 

source are known to have limitations due to the convective cooling of blood flow, which can 

protect cancer cells near blood vessels from thermal damage. This sometimes results in 

recurring aggressive tumor growth. A technology based on similar modalities that does not 

mainly or entirely rely on thermal ablation is therefore highly desirable.

Ultrasound technology has been widely applied in diagnostic imaging, interventional 

guidance, and physical therapy. In addition to the routine imaging and medical applications, 

low-intensity ultrasound (<5.0 W/cm2) has been introduced in recent years to assist 

therapies.[1, 2] In contrast to the use of HIFU for direct thermal ablation, low-intensity 

ultrasound works together with chemical cytotoxic agents.[3, 4] A few recent studies have 

reported the use of the combination of chemotherapeutic agents with ultrasound enhances 

the drug’s anti-cancer effects, and sensitizes drug resistant cells. It was believed that 

ultrasound-induced cavitation weakens the cell membrane and facilitates the intracellular 

distribution of drugs.[5, 6] Direct tumor insonation could also loosen up tight tissue 

junctions in under-vascularized areas for better intratumoral drug dispersions.[7, 8] Most 

recently, an implantable ultrasound device was used to open up the blood-brain barrier in 

brain tumor patients to enhance drug delivery.[9] Drugs bound or loaded micrometer sized 

hollow microbubbles also have been used to deliver drugs.[1, 10] Alternatively, 

microbubbles in conjunction with other carriers, such as liposomes or micelles, could be 

burst to achieve a local drug release by a locally applied ultrasound energy.[11–13]

Sonodynamic therapy (SDT) is similar to the clinically used photodynamic therapy (PDT), 

but instead of light, ultrasound is used to activate therapeutic sensitizers.[14–16] PDT, which 

allows for the exclusive eradication of diseased tissue while sparing surrounding healthy 

cells from damage, suffers from poor tissue penetration and light diffusion. The substitution 

of ultrasound as the energy source in SDT allows the therapy to overcome these roadblocks. 

The physics of ultrasound propagation allows for a more favorable and direct deep tissue 

penetration compared to photons. Most of the reported sonosensitizers are also 

photosensitizers or derived from photosensitizers; therefore, the accepted mechanism of 

action of SDT is similar to that of PDT.[14, 17] Conversely, a few non-photosensitive 

sonosensitizers have also been identified.[18–20] These sonosensitizers cannot be excited by 

light; but under insonation, reactive oxygen species (ROS) were generated, triggering 

apoptosis. Intrigued by these prior arts, we sought to develop a novel non-toxic non-light-
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sensitive sound excitable drug (SED) to pair with a low-intensity ultrasound for tumor 

ablation.

Materials and Methods

Synthesis of RB4 (2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7-tetraiodo-3-oxo-3H-xanthen-9-yl)-
N-(2-hydroxyethyl)-benzamide)

Rose Bengal (RB), O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate (HBTU), and diisopropoyl ethyl amine (DIEPA) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). All other solvents, including dimethyl formamide 

(DMF), dichloromethane (DCM), and methanol (MeOH), were purchased from Thermo 

Fisher (Waltham, MA).

RB4 was synthesized following a published protocol.[21] To a solution of RB (509 mg, 0.5 

mmol) in DMF (3 ml) and DIEPA (2 ml) was added HBTU (190 mg, 0.5 mmol) and stirred 

at room temperature (RT) for 4h, then 2-aminoethanol (91 µL, 1.5 mmol) was added and 

reacted overnight at RT. The solvent was removed under reduced pressure. The residue was 

extracted with DCM and washed with brine, dried over anhydrous sodium sulfate and 

concentrated, the residue was purified by silica gel column, eluted with DCM, DCM/

MeOH=10/0.5 and 10/1(V/V) to give product as pale yellow solid (161mg, yield 31.7%). 

TCL: Rf=0.3, DCM/MeOH=10/1. 1H NMR (DMSO-6d, 300 MHz): δ 2.99 (s, 2H), 3.32 (s, 

2H), 4.60 (br, 1H), 5.76 (s, 1H), 7.25 (s, 1H), 10.07 (s, 1H). ESI-MS: 1015.57 (M−H)−. The 

NMR and Mass spectra of RB4 are included in the Supplementary Materials and Methods.

Tumor cell culture and animals

MDA-MB-468 cells were obtained from the American Type Culture Collection (Manassas, 

VA, USA) and were maintained in Leibovitz’s L-15 medium (Corning, Manassas, VA, 

USA), and supplemented with 10% fetal bovine serum and antibiotics penicillin (100 µg/ml) 

and streptomycin (100 µg/ml) without CO2. HT1080-Luc2 cells obtained from Caliper 

(Hopkinton, MA, USA) were grown at 37 °C with 5% CO2 in Eagle's MEM from Corning 

(Manassas, VA, USA), and supplemented with 10% fetal bovine serum (Seradigm, Radnor, 

PA, USA) and antibiotics penicillin (100 µg/ml) and streptomycin (100 µg/ml) (Invitrogen, 

Carlsbad, CA, USA).

All animal studies were performed in compliance with the approved animal protocols and 

guidelines of the Institutional Animal Care and Use Committee of Weill Cornell Medicine. 

BALB/c Nu/Nu female nude mice (5–6 weeks) were purchased from Charles River 

(Wilmington, MA).

Ultrasound system

A portable bench top ultrasound system (Accusonic plus, Metron, Warrenville, IL) with 1–3 

MHz, and 10, 20, 50 and 100% duty cycle capability was used to conduct all studies (Fig 

S1). Transducer one (5 cm2, Model# 901150, Metron) and transducer two (0.75 cm2, 

Model# 901175, Metron) were used in the cell culture and animal studies, respectively.
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Sonotoxicity with RB4

MDA-MB-468 cells (5 × 104) in 24 well plates were incubated in complete media with 10 

µM RB4 for 1 hour prior to the ultrasound treatment. The plates were then placed on a pre-

cut gel pad (2cm × 3cm, Parker Laboratories, Fairfield, NJ, USA) with multipurpose 

ultrasound gel (Parker) over a mounted handheld ultrasound transducer (5 cm2) at 1MHz, 1 

W/cm2 for 30s, 100% DC. Cells were checked under the EVOS® FL Auto Cell Imaging 

system microscope (Thermo Fisher). Cell viability at 24 h was quantitated using an MTS 

assay (Promega, Madison, WI, USA). The plate was incubated at 37 °C for 4 h. Absorbance 

was measured at 490 nm using a microplate reader (Infinite M1000 Pro, Tecan, Männedorf, 

Switzerland).

Mechanistic study of death process by flow cytometry

MDA-MB-468 cells (5 × 104) were incubated in complete media with or without 10 µM 

RB4 for 1 hour prior to ultrasound treatment. Then the plates were insonated at 1MHz, 1 

W/cm2, 30sec, 100% duty cycle. Following treatment, cells were re-incubated for 1 day, 4 

groups of cells (Control, RB4 alone, Ultrasound alone, and RB4 with Ultrasound) were 

collected and washed twice with pre-cooled PBS. Cells were stained with FITC-conjugated 

Annexin-V (Life Technologies) and propidium idodide (PI, Life Technologies) for 15min as 

per the manufacture’s instructions, and then analyzed by flow cytometry (Gallios, Beckman 

Coulter). The percentage of dead cells and those undergoing apoptosis were analyzed using 

Kaluza Software.

Chemical ROS assay

To study the insonation induced ROS generation in solution, RB4 was tested using a 

modified 2’, 7’–dichlorofluorescin diacetate (DCFH-DA) assay. DCFH-DA (1 ml, 1 mM in 

MeOH, Aldrich) was hydrolyzed in NaOH aqueous solution (0.01N, 4 mL) at RT for 30 min 

to yield a non-fluorescent DCFH intermediate. The solution was neutralized with 20 ml of 

NaH2PO4 (25 mM) and shielded with aluminum foil. The final solution of DCFH was 

around 40 µM. RB4 (1.0 mg) was dissolved in DMSO (1mL), and then diluted with water 

into a 20 µM solution. The RB4 solution (20 µM, 10mL) was mixed with a DCFH solution 

(40 µM, 10 ml) as the test solution. The test solution (0.5 mL) was placed into each well of a 

24-well plate. The DCFH solution without RB4 was included as a background control. The 

plates were treated with ultrasound (0.4 −1.2 watt/cm2) one well by one well for 30 seconds; 

the insonated wells were then checked using a fluorescence plate reader, ex 485 nm/ em 520 

nm.

Cell based ROS scavenging assay

MDA-MB-468 cells (5 × 104) were treated with free radical scavengers, L-Histidine 

(10mM), D-Mannitol (100 mM), N-acetyl cysteine (NAC, 0.5mM), and superoxide 

dismutase (SOD, 100 µg/mL) for 30min. The treated cells were then incubated with a fresh 

media, containing RB4 (10 µM), for an hour. After incubation, the wells were insonated (1 

MHz, 1 W/cm2, 30 sec, 100% DC) as described above. One day later, the cell’s viability was 

assessed using the MTS solution.
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In vivo SMRT effect using preloaded tumor cells

MDA-MB-468 cells were suspended in PBS or RB4 (10 µM) in PBS for 1 day. The cells 

(5×106, 0.1 ml) were subcutaneously injected into both flanks. The left tumors, which were 

only treated with PBS, were the internal control; while the right tumors were treated with 

RB4 (10 µM) only, ultrasound only (1 MHz, 1 W/cm2, 100% DC, 3min), or an RB4/

ultrasound combination (n=7). The transducer size is 0.75 cm2 (Metron). Tumor size was 

measured with slide calipers on days 7,10, 14,17,21,24, 28, and 36.

In vivo SMRT effect with intra-tumoral injected RB4

MDA-MB-468 cells (107, 0.1 ml PBS) were subcutaneously inoculated into both flanks of 

BALB/c Nu/Nu female nude mice (5–6 weeks). The RB4 injections and ultrasound therapies 

were performed when the tumors had grown to approximately 4–5 mm in diameter, 20–22 

days after inoculation. The tumors were treated with RB4 (10 µM, 50 µl) only, ultrasound 

only (1 MHz, 1 W/cm2, 100% DC, 3 min), and a RB4/ultrasound combination (n=5). Under 

isoflurane anesthesia, RB4 was directly injected to the tumors of the mice. The ultrasound 

treatment was then performed immediately after the injection of RB4. The transducer size is 

0.75 cm2 (Metron). The same RB4/ultrasound treatment was performed on the thigh muscles 

of the mice.

Histochemical analysis

Tumors and muscle tissue were harvested 2 days after therapy and the specimens were fixed 

in 10% formalin, cut in half, and embedded in paraffin. The paraffin sections (7 µm thick) 

were stained with hematoxylin-eosin (H&E). ImageJ 1.48 was used to measure the size of 

whole tumor and necrotic areas in the tumors,

Statistics

The measurement was performed three times for each group by an experienced pathologist. 

Statistical analysis was preformed with one and two-way ANOVA, followed by Bonferroni’s 

multiple comparison tests with the software Prism 7 (GraphPad Software, Inc). p values less 

than 0.05 were considered statistically significant.

Results and Discussion

Rose Bengal (RB, Fig 1A), a known photosensitizer, has been used in photodynamic 

therapy.[22, 23] Interestingly, it was demonstrated that at a very high concentration (>100 

µM) and under ultrasound insonation, RB could generate lethal reactive oxygen species 

(ROS) to kill cells in vitro,[24–26] and potentially in vivo.[27] It is believed that the inertial 

cavitation process, induced by the ultrasound, triggers sono-luminescence and pyrolysis.[14, 

15] The associated light reacted with the photosensitive RB, resulting in ROS dependent 

cytotoxicity. Therefore, RB has been proposed as a sonoseneitizer. It has been modified[25] 

or conjugated to microbubbles[10, 28] for better sonotoxicity. We previously have learned 

that RB lost its photosensitivity after amidation; thus a search for photo-insensitive SED was 

extended to RB derivatives.[21] Among the tested molecules, an RB derivative, RB4 

(2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7-tetraiodo-3-oxo-3H-xanthen-9-yl)-N-(2-

hydroxyethyl)-benzamide), was identified to have the desired low-intensity ultrasound 
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inducible cell killing capability, and it is not photosensitive (Fig 1A). The parent molecule, 

RB, has absorption and emission maximum of 549 nm and 565 nm, respectively, while RB4, 

the N-2-hydroxyethyl amidated derivative, has neither absorption nor emission above 400 

nm (Fig 1B).

RB4’s sound sensitivity was validated with triple negative breast cancer cells, MDA-

MB-468. The cells were incubated with/without RB4 (10 µM) for 60 min, and then 

insonated by a continuous ultrasound (1 MHz, 1 W/cm2) for 30 sec. Significant damage was 

observed in the combination wells after the treatment (Fig 2A). Round detached cells and 

high amounts of debris were observed floating in the media. Little difference could be seen 

amongst the untreated, RB4 treated, and ultrasound treated groups. The treated cells were 

cultured for an additional day and then checked for viability (Fig 2B). Ultrasound alone or 

RB4 alone had a mild effect on the cell’s viability (> 80% viable), while the RB4 combined 

with ultrasound treatment killed over 90% of cells. Based on these observations, the cell 

killing was rapid, and appeared to involve a complete loss of membrane integrity. A similar 

sono-sensitivity of RB4 was observed with a second cell line HT1080, fibrosarcoma, which 

resulted in 95% of the cells killed (Fig S2). RB4 is non-toxic to cells at the test 

concentration; its IC50 to MDA-MB-468 and HT-1080 was 71 and 157 µM, respectively (Fig 

S3).

The cell death process was studied by staining the treated cells with apoptosis and necrosis 

dyes, annexin V and propidium iodide (PI), respectively. As shown in Fig 2C, one day after 

treatment, RB4 treated or ultrasound treated cells were similar to the untreated group, mostly 

healthy. However, a high percentage of the cells treated with the RB4/ultrasound 

combination was annexin/PI double positive (36%), plus small fraction of annexin positive 

(8%) or PI positive (3%) cells. The actual dead cell population was larger than indicated in 

the FACS analysis plot (Fig 2C) because the fragments of the lysed cells could not be spun 

down during preparation.

The majority of the reported sonosensitizers used in sonodynamic therapy are also 

photosensitizers or are derived from photosensitizers.[14, 17] Yet, RB4 is not a 

photosensitive molecule. The photon theory of sonodynamic therapy might not be applicable 

in RB4. To study the mechanism of action, a quantitative fluorescence Dichloro-dihydro-

fluorescein diacetate (DCFH-DA) assay was used to measure the ROS generation.[29] 

Freshly prepared DCFH and RB4 solutions were insonated with different ultrasound powers. 

However, the absorption measurement indicated that the ROS level of RB4 solution was not 

significantly different from the background level of the DCFH solution, indicating that 

insonated RB4 did not generate ROS in solution (Fig S4). The possible generation of ROS 

RB4 was then checked in MDA-MD-468 cells in the presence of various ROS scavengers, 

L-Histidine (L-His) for singlet oxygen plus hydroxyl radicals, D-Mannitol (D-Man) for 

hydroxyl radicals, superoxide dismutase (SOD) for superoxide radicals, and N-acetyl 

cysteine (NAC) for hydroxyl radicals plus hydrogen peroxide.[14] Among all the tested 

scavengers, none, with the exception of NAC, showed any protective effects (Fig 2D, and 

Fig S5). NAC was only able to rescue a small fraction (~20%) of cells from the RB4 and 

ultrasound combination treatments. These results suggest that hydrogen peroxide may only 

partially participate in cell toxicity, possibly as a side effect of cell lysis freeing it from 
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intracellular compartments, rather than its direct generation by ultrasound. The majority of 

cells were killed through other mechanisms.

Based on these differences in mechanism studies, it is concluded that RB4 SED is not a 

typical sonosensitizer used in sonodynamic therapy.[14, 15] It produces little ROS, but kills 

cells almost instantly under insonation. The cell killing process is rapid, and appears to 

involve a complete loss of membrane integrity. We propose that RB4 acts as a membrane 

destabilizer, weakening the extracellular membrane by inserting itself into the membrane, 

and promoting the membrane lysis tendency. Assisted by an ultrasound pressure that 

oscillates between compression and expansion, the membrane bursts almost immediately. 

Similar ultrasound induced membrane damage effects have been suggested by other groups.

[26, 30] This RB4 combination with low-intensity ultrasound could lead to a novel Sono-

Membrane Rupture Therapy (SMRT) to ablate tumor tissues.

The potential for tumor ablation using the RB4/ultrasound combination was evaluated in a 

triple negative MDA-MD-468 breast cancer xenograft model. To minimize the variation 

between animals, each animal was inoculated with two tumors. The treatment was then only 

applied to one of the tumors. The other tumor that had not received treatment served as an 

internal reference. The tumors were either treated with ultrasound alone (1 MHz, 1 W/cm2, 3 

min), RB4 alone (10 µM), or an RB4/ultrasound combination. For the experiments that 

required RB4, the cells (5 × 106) were pre-incubated with RB4 (10 µM) for 1 day, and then 

subcutaneously inoculated into the flank. A handheld ultrasound transducer was placed on 

top of the injection site for 3 min with a continuous ultrasound (1 MHz, 1 W/cm2). This 

gentle ultrasound insonation did not cause visible negative effects to the contacted skin. The 

SMRT treatment effect was investigated non-invasively by measuring the tumor sizes twice a 

week up to 36 days (Fig 3A). As expected, there were no significant differences in tumor 

size among the untreated, RB4 treated, and ultrasound treated groups, which have similar 

growth rate ratios (≈ 1). In contrast, the RB4 assisted sonotherapeutic effect was significant 

throughout the tested period. The average size of the RB4/ultrasound treated tumors was 

only about 20 % of the control untreated tumor (Fig 3A and 3B). This data clearly showed 

that growth inhibition happened only with the combination of RB4 and ultrasound. The drug 

alone or ultrasound alone offered no appreciable inhibition effect. These long-term 

inhibition effects further support that the RB4/ultrasound combination could be a new way 

to ablate tumors.

With this encouraging RB4 pretreatment result, the RB4/ultrasound effect was further tested 

by direct intratumoral injection when tumors were about 4–5 mm in size. RB4 (50 µl, 10 

µM) was injected directly into the tumor and followed by a local insonation (1 MHz, 1 

W/cm2, 3 min). Two days after treatment, the tumors were excised, sectioned, and checked 

for cell death (Fig 4). Pathological analysis showed a large necrotic area (~40%) caused by 

the RB4 and ultrasound combination treatment (Fig 4A–i and 4A–iv). Importantly, when the 

same treatment was applied to normal muscle tissue (Fig 4A–v and 4A–vi), no damaged 

cells were found. Similar to the PBS treated group (Fig S6), little tissue damage was 

observed with either ultrasound alone or RB4 alone in vivo (Fig 4A–ii and 4A–iii). Both 

pre-treatment and direct intratumoral injection experiments support the clinical potential of 

low energy ultrasound induced tissue ablation.

Tung et al. Page 7

J Control Release. Author manuscript; available in PMC 2018 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our result indicated that the RB4/ultrasound combination therapy was selective between 

tumor and muscle. Several cell elastic property studies reported that cancer cells are at least 

70% softer than healthy cells.[31–36] Although the exact composition difference and role of 

the softness in cancer cells is still obscure, it has been suggested to be a factor in driving 

tumor metastasis.[37] The intrusion of the bulky RB4 might weaken the cancer cell’s plasma 

membrane, and then promote the ultrasound induced membrane lysis tendency. The healthy 

cells, which are much stiffer, may resist the insertion of RB4 and are less prone to 

ultrasound oscillation. This cell membrane selectivity could be a critical contributor making 

SMRT a unique, safe and effective ablation method.

In this study, a new low-intensity ultrasound assisted SMRT is demonstrated with a Rose 

Bengal derivative, RB4. RB4 alone does not lyse the plasma membrane. However, it has 

been shown to cause membrane rupture when used together with an ultrasound wave.

The cells with broken plasma membrane die near instantly. The frequency and intensity of 

the ultrasound are all within the medical imaging window; thus, the applied ultrasound is 

safe and causes no damage to tissues. As the wavelength of ultrasound is too long to be 

absorbed by chemical bonds, it would not interact directly with SED to induce any chemical 

reactions. The cell death is thus likely a result of the physical oscillation. Instead of targeting 

the traditional therapeutic targets such as pathways, receptors, enzymes, or genes, SMRT 

acts on the container, the plasma membrane. The treatment is expected to be safe, because it 

requires no toxic ingredients, nor high-energy exposure, as well as specific because it 

requires the coexistence of SED and ultrasound. Since the proposed SMRT does not act on 

the typical therapeutic targets, it could also overcome many existing drug resistance issues. 

Membranes, comparing to other biomolecules, are less prone to mutation; thus, SMRT is 

expected to be a new therapeutic combination for a local low-energy tumor ablation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The chemical structures (A) and absorption and emission spectra (B) of Rose Bengal (RB) 

and RB4.
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Figure 2. 
In vitro SMRT effect. The MDA-MB468 cells were treated with RB4 (10 µM) and US (1 

MHz, 1 W/cm2, 30 sec), RB4 alone (10 µM), US alone (1 MHz, 1 W/cm2, 30 sec), or none. 

(A) Microscopic images after treatment; (B) MTS viability assay at 24 hr; (C) FACS 

analysis after staining with a necrotic indicator, propidium iodide, and a apoptosis indicator, 

Annexin V, 24 hr after treatment. (D) ROS scavenger effect. Cells were pretreated with L-

Histidine, D-Mannitol, superoxide dismutase, or N-acetyl cysteine (NAC) and then treated 

with RB4 (10 µM) for 1 hr and then subject to insonation (1 MHz, 1 W/cm2, 30 sec). Only 

NAC was able to rescue a fraction of cells.
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Figure 3. 
In vivo tumor inhibition effect of SMRT and controls. (A) Significant grow arrest was seen 

in the SMRT combination group which was treated with RB4 (10 µM) and US (1 MHz, 1 

W/cm2, 3 min). While the size of tumors of the control RB4 alone (10 µM) or US alone (1 

MHz, 1 W/cm2, 3 min) groups were about the same with the non-treated group. N = 7, p < 

0.0001. (B). A representative image of the excised tumors.
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Figure 4. 
SMRT effect in the MDA-MB468 xenograft tumor model. RB4 (50 µl, 10 µM) was injected 

directly into tumor and followed by a local insonation (1 MHz, 1 W/cm2, 3 min). Treated 

and control tumors were excised two days later for pathological analysis. The same RB4/US 

treatment was applied to the thigh muscle as another control. (A) HE staining of the tissues. 

A large necrotic area was found only in the tumor with RB4 and ultrasound combination 

therapy (i & iv). Little effect was found with only ultrasound or RB4 treatment (ii – iii). The 

myocytes maintained their normal structures without damage after RB4 and ultrasound 

combination therapy (v–vi). Original magnification: i–iii 4X, iv–vi: 20X. Scale bar: i–iii 1 

mm, iv–vi 100 µm. (B) Statistic analysis of the necrotic area. The difference between the 

combination therapy and US alone or RB4 alone is significant (n=5, p < 0.0001).
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