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Abstract 

 

Focused ultrasound is a promising noninvasive therapeutic platform with 

attractive potential such as tumor ablation or localized drug delivery. For 

mechanical ablation of tumors, histotripsy is the standard procedure using high 

intensity focused ultrasound in a local and noninvasive way. This technique 

uses extremely high intensity ultrasound energy to mechanically ablate tissues, 

fractioning them into subcellular debris. However, conventional histotripsy 

raises safety concerns because of the need to focus such a high energy into 

the body (tens of MPa in pressure), as well as the potential for off-target effects.  

To develop a theranostic platform for safe, minimally invasive tumor mechanical 

therapy and reduce the required energy for mechanical ablation or localized 

drug delivery, we investigate the interaction between sound waves and 

ultrasound contrast agents (microbubbles and nanobubbles) to elucidate their 

ability to serve as efficient theranostic probes at a targeted site. Upon excitation 

with ultrasound, these contrast agents can oscillate, releasing high energy to 

the surrounding tissue. Consequently, significant mechanical bioeffects can be 

achieved, leading to reduced tumors cells viability and improved drug delivery. 

This strategy provides a unique mechanism for minimally invasive and low 

energy ultrasound therapy.  

Our first paper demonstrates that, under low-frequency excitation (250 kHz and 

80 kHz), high-amplitude microbubble oscillations occur at substantially lower 

pressures compared to the standard megahertz ultrasonic frequencies. These 

enhanced microbubbles expansions are harnessed for the localized 

fractionation of tumors at low energies that comply with the Food and Drug 

Administration guidelines for imaging ultrasound applications. However, the 

microbubble’s large diameter of 1-4 µm confines them to intravascular 

applications, and therefore they were intratumorally injected, offering a 

minimally invasive technique. 

In the second publication, we addressed this limitation by developing 

nanobubbles. Through comprehensive characterization of these agents and 

experimental observations, we provided the foundational understanding of 
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nanoscale bubble oscillation, leading to fundamental breakthroughs in breast 

cancer treatment. We demonstrated that nanobubbles, when excited in the 

kilohertz range, significantly enhance their oscillations, paving the way for 

innovative cancer therapy methods. We combined tumor-extravasating 

nanobubbles with low-frequency ultrasound, creating a minimally invasive 

therapy platform for cancer surgery. 

The third paper presents the use of nanobubbles for poking large holes in 

cancer cell membranes and facilitating drug delivery. This effect takes an 

advantage of the high amplitude oscillations and represents a combined 

strategy to enhance cancer therapy. Despite having a smaller diameter, we 

were able to achieve similar effects as with targeted microbubbles, suggesting 

that nanobubbles can serve as minimally invasive drug delivery agents with 

similar potency. 

In summary, we show that microbubbles and nanobubbles, when excited at low 

frequency ultrasound, can serve as low-energy cavitation nuclei for tumor 

histotripsy thus reducing the energy required for standard ablation procedures 

by more than an order of magnitude. Additionally, we harness this effect and 

present the use of nanobubbles for poking large holes in cancer cell 

membranes and facilitating drug delivery to cancer cells. Our research 

introduces ultrasound-based technologies for minimally invasive cancer 

therapy using contrast agents and low-frequency ultrasound, opening new 

avenues for theranostic approaches with applications in many biomedical 

domains. 
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1. Introduction 

1.1 Scientific background 

The National Cancer Institute's 2023 estimation predicts almost 2 million new 

cancer cases in the USA, with over 600,000 patients succumbing to the 

disease. Breast cancer is the most common solid tumor in women responsible 

for 31% of female cancers [1]. Tumors frequently necessitate surgical resection 

as primary intervention. This preference stems from the procedure's 

effectiveness in reducing cancerous tissues, thereby augmenting the impact of 

immunotherapies and chemotherapies [2,3]. Nevertheless, the inherent risks 

associated with surgery, including bleeding, infections, and potential damage 

to surrounding structures, underscore the critical need for alternative 

noninvasive surgical techniques [4,5]. Various noninvasive techniques have 

been explored for the ablation and treatment of tumors, aiming to eliminate 

cancerous cells without the need for invasive surgical procedures. Among these 

methods are radiofrequency ablation, microwave ablation, and laser ablation, 

each harnessing different forms of energy to achieve tumor destruction [6,7]. 

These techniques have demonstrated efficacy in treating a range of cancers, 

offering patients alternatives to traditional surgery. However, considerable 

drawbacks persist. Challenges such as difficulty in uniformly treating larger 

tumors, limitations in precise control over ablation zones, and issues related to 

the depth of penetration into tissues may affect the overall effectiveness of 

these noninvasive approaches [7–9].  

A complementary strategy for treating tumors involves enhancing the localized 

and targeted delivery of therapeutic agents specifically to cancer cells [10,11]. 

The therapeutic effectiveness of traditional chemotherapy, biological therapy 

and gene therapy in cancer heavily relies on the capability to transport 

therapeutics molecules and genes across natural barriers, such as vessel walls 

or tumor cell membranes. However, most agents lack specificity for tumors, 

resulting in elevated systemic toxicity [12,13]. Although many anticancer agents 

prove efficacious in eradicating monolayer tumor cells cultured in vitro, their 

effectiveness is notably diminished in vivo due to various barriers within the 

tumor microenvironment that impede drug delivery to tumor cells [14,15]. Drug 

delivery strategies for tumor treatment have undergone substantial 
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advancements to enhance the efficacy of anti-cancer agents while minimizing 

systemic side effects and improving tumor selectivity. A predominant strategy 

involves utilizing nanoparticles, such as liposomes or polymeric micelles, to 

encapsulate drugs and selectively target tumor tissues through passive or 

active targeting mechanisms [16,17]. Despite the promise of these approaches, 

challenges such as premature drug release, limited drug-loading capacity, and 

potential toxicity of delivery vehicles may impede their effectiveness [18–20]. 

Additionally, achieving optimal drug distribution within heterogeneous tumor 

environments remains a complex task [21]. Concerns about the development 

of resistance mechanisms and the possibility of off-target effects persist in the 

pursuit of effective drug delivery for tumor treatment [22,23]. Nevertheless, 

ongoing research endeavors aim to address these challenges and optimize 

drug delivery approaches for enhanced outcomes in cancer therapy. 

Focused ultrasound (US) is a medical technology that harnesses the power of 

high-intensity US waves for therapeutic applications. This non-invasive 

approach enables precise targeting of tissues deep within the body without the 

need for surgical incisions [24,25]. In therapeutic settings, focused US has 

shown great promise for treating various medical conditions, including tumors 

[26], neurological disorders [27], and chronic pain [28]. The focused US waves 

generate localized heat, ablate abnormal tissues, and trigger biological 

responses, such as increased blood flow, drug uptake or neuromodulation 

[25,29–32]. With its ability to penetrate the body and precisely deliver energy to 

specific areas, focused US is emerging as a valuable tool in the realm of 

minimally invasive therapies, offering patients a potentially safer and more 

effective alternative to traditional treatment methods.  

Focused US based ablation stands out as a promising approach with several 

distinct advantages. US ablation utilizes high-energy sound waves to generate 

heat or mechanical damage effectively targeting and destroying tissues [33,34]. 

One significant advantage is its real-time imaging capability, allowing for 

precise monitoring and adjustment during the procedure [25]. Unlike some 

other methods, US ablation does not involve ionizing radiation, reducing the 

risk of side effects [6,25]. Additionally, US is cost effective, highly versatile and 

can be used for a wide range of tissues, including those in challenging locations 
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due to its significant penetration depth [25]. Its noninvasive nature minimizes 

the risk of complications, promotes faster recovery, and offers a potential 

treatment option [26,35]. Overall, US-based ablation emerges as a safe, 

adaptable, and patient-friendly alternative in the landscape of noninvasive 

tumor treatment. 

Noninvasive US ablation operates through two primary mechanisms: thermal 

ablation and mechanical ablation termed histotripsy [36]. Thermal ablation 

involves focusing the US beam to a specific region that absorbs the sound 

waves energy, inducing temperature increases, and causing cell death through 

heat. This localized temperature rise can have several effects on the tissue, 

including protein denaturation, cells membrane permeabilization and 

coagulative necrosis [37]. The overall goal of thermal ablation is to generate 

sufficiently high temperatures to cause irreversible damage to the targeted 

tissue. However, this approach is prolonged, costly, and demands magnetic 

resonance thermometry or computed tomography to ensure that the intended 

area is effectively treated while minimizing damage to surrounding healthy 

tissue [37,38]. Additionally, thermal diffusivity can contribute to unintended 

harm to healthy tissue surrounding the target area [39].  

Alternatively, histotripsy is a noninvasive and nonthermal US surgery method 

that utilizes short, high-intensity focused US pulses for noninvasive mechanical 

ablation, fractionating targeted soft tissue into subcellular debris through 

cavitation. Histotripsy relies on the controlled creation of acoustic cavitation 

leading to tissue breakdown. Both simulation and experimental evidence 

support the existence of nanometer-scale gas pockets within tissue that serve 

as cavitation nuclei when microsecond-length pulses reach peak negative 

pressures (PNP) surpassing an intrinsic threshold. Ex vivo experiments have 

determined this threshold to be in the range of 26–30 MPa for water-based 

tissues such as blood clots, liver, heart, brain and others [6]. While histotripsy 

can be employed for the treatment of various medical conditions, including 

tumors and other pathological tissues, safety concerns arise due to the 

necessity of focusing high energy into the body, potentially leading to off-target 

effects [40,41]. Moreover, the motion caused by respiration can result in 

incomplete ablation or collateral damage, significantly compromising precision 
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and efficacy [42]. Additionally, the requirement for manufacturing high-intensity 

focused transducers poses a challenge, adding to the technological limitations 

of the procedure [43]. In an attempt to decrease the pressure threshold needed 

for histotripsy, research was done to combine histotripsy with microbubbles 

(MB) or nanodroplets. However, within the megahertz US range, this 

combination led to only a 2- to 3-fold reduction in the onset pressure, still 

maintaining a relatively high pressure at approximately 10 MPa [44–47]. MBs 

are gas-filled bubbles that can be injected into the body and are typically on the 

order of micrometers in size. MBs were originally developed to serve as 

contrast agents and enhance the visibility of blood vessels and tissues. They 

have emerged as promising agents for various medical treatment applications. 

These contrast agents often composed of lipid or protein shells, exhibit unique 

acoustic properties that make them ideal for US-mediated therapies. MBs can 

be injected locally or into the bloodstream and, when exposed to US waves, 

these agents oscillate, producing localized effects. This phenomenon has been 

harnessed for targeted drug delivery, tumor ablation or blood brain barrier 

opening. The versatility and biocompatibility of MBs make them a compelling 

tool for innovative and minimally invasive treatment strategies [48–50]. In the 

drug delivery field, focused US therapy represents also a dynamic and 

multidisciplinary field that has garnered significant attention for its promising 

applications. A specific focus of investigation centers on sonoporation that 

refers to the temporary permeabilization of cell membranes induced by US 

waves. This technique utilizes acoustic energy to create transient pores in cell 

membranes, allowing for the enhanced delivery of therapeutic agents, genes, 

or other substances into the targeted cells [51]. This phenomenon can be 

facilitated by the oscillation of MBs or nanobubbles (NBs), another contrast 

agent used in US imaging, in response to US [52,53]. This approach is a 

promising targeted, non-viral, and non-toxic method for delivering genes and 

drugs and leverages the advantages of US (such as safety, ease of use, cost-

effectiveness, and widespread clinical availability) [54,55]. The noninvasive 

characteristics of US allow direct application to deep-seated organs with site-

specific precision, facilitating sonoporation of deep tissues while minimizing off-

target effects [56].  
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1.2 Objectives and significance of the research 

Our research challenges the conventional notion that MB oscillations reach 

their peak around their resonance frequency (2–10 MHz). We observed that 

when stimulated at a frequency of 250 kHz, MB oscillations experience 

significant enhancement, as depicted in Figure 1. This phenomenon, identified 

as the Blake threshold effect, leads to substantial expansion of MBs well below 

their resonance frequency. In the presence of quasistatic pressure changes 

(excitation well below the natural resonance frequency), MBs demonstrate a 

rarefactional pressure threshold referred as the Blake threshold. Beyond this 

threshold, conditions of unstable equilibrium emerge due to the incapacity of 

MBs in the liquid to withstand excessively high static tension caused by 

rarefactional pressure [57]. Based on this initial discovery, our research goals 

are to develop a low energy cancer therapy platform using a combination of 

gas-bubbles and low frequency US, with a specific focus on tumor ablation and 

sonoporation. The specific aims are as follows:  

Aim 1: Develop a low-energy US surgical method utilizing intratumorally 

injected MBs combined with low-frequency US. 

Aim 2: Establish a minimally invasive US surgical method using intravenously 

injected NBs combined with low-frequency US. 

Aim 3: Create a platform for minimally invasive drug delivery using NBs 

combined with low-frequency US. 

In the realm of tumor ablation, the initial phase of the research entails utilizing 

MBs and intratumoral injection to establish a low energy histotripsy approach 

for cancer [58]. In the subsequent phase, we intend to develop a minimally 

invasive therapeutic platform employing NBs, which can accumulate in the 

tumor post systemic injection. Upon accumulation within the tumor, coupled 

with low-frequency excitation, we aim to use NBs as mechanical therapeutic 

agents for histotripsy at a significantly lower cavitation threshold [59]. 

Simultaneously, the research aims to enhance drug delivery by poking large 

holes in cell membranes by leveraging the large oscillations of NBs following 

low-frequency excitation [53]. The integration of NB and low-frequency US for 

cancer cell sonoporation is another course for minimally invasive cancer 
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therapy that can be synergized with the techniques that were developed in the 

previous aims to reduce tumor burden and facilitate drug delivery as a joint 

strategy for cancer treatement. Overall, these objectives involve refining and 

expanding the applications of focused US surgery through histotripsy and 

sonoporation. Challenges such as off-target effects, transducer fabrication, and 

the high energy required are addressed to reduce pressure thresholds and 

enhance safety. The exploration of low-frequency focused US introduces 

possibilities for minimally invasive cancer treatment with clinical applicability 

[60,61]. The project encompasses theoretical predictions of gas bubble 

oscillations, tissue-mimicking experiments for optimization and multi-parameter 

evaluation, in vitro experiments with breast cancer cell suspensions, and in vivo 

experiments using a breast cancer tumor model in mice. The utilization of low-

frequency US is particularly significant, as it aids in focusing through the human 

skull with minimal distortion and attenuation, crucial for brain therapy 

applications that could be tested in the future [29,40]. This technology provides 

essential tools for the minimally invasive treatment of cancer, potentially 

revolutionizing health outcomes and offering minimally invasive approaches 

with applications across various biomedical domains.  

1.3 The research structure 

The research investigates the effect of low frequency US on gas bubbles, 

particularly MBs and NBs, as a platform for low-energy US therapy for tumors. 

MBs and NBs, composed of a gas core and stabilizing shell, play a pivotal role 

in US applications, offering a versatile tool in medical imaging and therapeutic 

platforms [49,62]. These agents enhance US imaging by providing contrast 

against surrounding tissues. When exposed to US waves, these contrast 

agents undergo oscillations, producing detectable acoustic signals that improve 

the visibility of blood vessels and enhance the delineation of structures in real-

time imaging [63]. Beyond their imaging capabilities, these contrast agents are 

increasingly employed for therapeutic applications [64]. MB oscillations depend 

on US parameters; at a low acoustic pressure, MBs are compressed and 

expanded repeatedly in a process termed stable cavitation [65]. At higher 

acoustic pressure MB undergoes inertial cavitation; the MBs disintegrate and 

fragment into smaller parts. Inertial cavitation produces a high level of energy, 
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inducing liquid jets that can lead to acute mechanical damage to the 

surrounding environment [66].  

MBs are usually excited at center frequencies that match their resonance (2–

10 MHz), where their oscillations are expected to maximize. In contrast, our 

research group recently discovered that, when MBs are stimulated at a 

frequency of 250 kHz, their oscillations are significantly enhanced (Figure 1). 

This phenomenon, known as the Blake threshold effect, triggers substantial MB 

expansion well below their resonance frequency [57]. In the first paper, we 

propose leveraging this increased MB expansion at low frequencies for 

localized fractionation of tumor cells. Beyond the improved vibrational response 

of MBs, utilizing low transmission frequencies offers advantages such as 

increased penetration depth due to reduced tissue absorbance at this 

frequency range, minimizing attenuation compared to higher frequencies and 

intracranial penetration ability [29]. Additionally, the lower frequency expands 

the focal zone, facilitating the simultaneous treatment of larger volumes and 

low-frequency US systems are more clinically accessible and cost-effective 

compared to high-frequency systems [57]. This accessibility is crucial for 

widespread adoption in medical settings. 

 

 
Figure 1: Effect of low frequency ultrasound on microbubbles oscillations. Ultra high-
speed camera streak images of oscillating MBs with a resting radius of 1.5 µm for a peak 
negative pressure of 400 kPa at a center frequency of 1 MHz and 250 kHz [57].  

 

We demonstrate that under low-frequency excitation (250 kHz and 80 kHz), 

high-amplitude MB oscillations occur at substantially lower pressures 
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compared to higher MHz ultrasonic frequencies. For instance, inertial cavitation 

of MBs initiated at a PNP of 75 kPa only for a center frequency of 80 kHz and 

at a PNP of 180 kPa for a center frequency of 250 kHz. Utilizing low-frequency 

insonation of targeted MBs, we achieved low-energy tumor cell fractionation at 

pressures below a mechanical index (MI) of 1.9, in accordance with Food and 

Drug Administration (FDA) guidelines for imaging US applications. The US MI 

is a crucial parameter in US applications, providing a measure of the potential 

bioeffects associated with acoustic exposure. Represented by a dimensionless 

number, the MI takes into account both the peak rarefactional pressure and the 

square root of the center frequency of the US wave. This index serves as an 

indicator of the likelihood of cavitation in a liquid medium. In diagnostic 

applications, maintaining a low MI is generally preferred to minimize the risk of 

inducing cavitation and associated bioeffects, ensuring the safety of the 

imaging procedure [67,68]. We showcased in this work the ablation capabilities 

of the targeted MBs when combined with low frequency US at MI below 1.9 in 

vitro on breast cancer cells and in vivo in a breast tumor mice model. This 

approach triggered powerful mechanical effects within tumors, dramatically 

reducing the requisite pressure for standard histotripsy procedures by over an 

order of magnitude. However, the relatively large diameter of MBs ranging from 

1.5 to 4 μm limits their penetration into tumor tissue following systemic injection 

and necessitate intrusive intratumoral injections for tumor therapy purpose, 

maintaining the challenge of achieving noninvasive mechanical US surgery with 

low energy and optimal precision [69].  

In our second publication, we overcome these limitations by presenting a 

minimally invasive method that mechanically ablates tumors without the 

necessity for intratumoral injection. Although the delivery of particles up to 700 

nm has been documented, achieving efficient transvascular passage from the 

bloodstream to the tumor interstitial space necessitates the use of particles 

smaller than 400 nm [70,71]. Therefore, here we introduce a therapeutic 

platform integrating systemically injected nanoscale NBs, having an average 

size of 180 nm, with low-frequency US. This novel combination enables remote, 

low-energy mechanical US surgery for tumors in a minimally invasive way. This 

minimally invasive approach is facilitated by the capability of NBs to effectively 
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penetrate tumors after a systemic injection, leveraging the leaky tumor 

vasculature and taking advantage of the enhanced permeability and retention 

(EPR) effect [72]. Due to their size and their main use as contrast agents in 

imaging, NBs are commonly paired with high US frequencies, typically in the 

tens of megahertz range, corresponding to their resonance frequency [73]. The 

resonance frequency is defined as the frequency at which the bubble's first 

harmonic response reaches a local maximum, estimated at 40 MHz for a 200 

nm NB [74]. However, at this frequency, substantial oscillations of NBs at high 

amplitudes are not observed, thereby constraining their capacity to induce 

significant bioeffects through cavitation [75]. We demonstrate that the Blake 

threshold effect can induce intense NBs oscillations, making them viable as 

low-energy cavitation nuclei for histotripsy. We theorize that the Blake threshold 

is applicable to any gas-bubble excitation well below its resonance frequency. 

Given that the resonance frequency of NBs is higher than that of MBs, exciting 

NBs in the same kilohertz range as MBs will result in strong NBS oscillations 

triggering potent mechanical effects in tumors following systemic injection.  

The research compares the acoustic response of MBs and NBs after insonation 

at frequencies of 250 or 80 kHz and reveals that higher pressures are required 

to implode NBs compared to MBs. Complete NBs destruction is achieved at a 

MI of 2.6 for 250 kHz insonation vs. 1.2 for the 80 kHz frequency, demonstrating 

compliance with safety regulations recommending operation below a MI of 1.9. 

In vitro, in breast cancer tumor cells, cell viability is significantly reduced proving 

the ability of NBs to reach major bioeffects. In vivo, in a breast cancer tumor 

mice model, fluorescents NBs tumor distribution and accumulation are 

demonstrated using fluorescence microscopy and US imaging. Ultimately, NB-

mediated low-frequency insonation of breast cancer tumors results in effective 

mechanical tumor ablation and tumor tissue fractionation. Our research unveils 

the pivotal role of NBs as minimally invasive therapeutic tools, generating 

potent mechanical effects within tumors following systemic injection when 

coupled with low-energy insonation at an 80 kHz frequency, significantly below 

the NB resonance frequency. 

In the third paper, based on the large NBs oscillations obtained at low frequency 

US, we explore their potential for poking large holes in cancer cell membranes 
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and facilitating drug delivery as a complementary approach to histotripsy for 

tumor therapy. In the context of cancer therapy, it is necessary to concurrently 

attain significant delivery efficacy of therapeutic agents and decrease cell 

viability. This dual objective is critical as reducing the tumor burden is crucial to 

the success of cancer treatment [36]. In this study, we demonstrate that 

coupling NBs with low-frequency US achieves high-amplitude oscillations, 

enabling low-energy sonoporation of cancer cells. The method was fine-tuned 

for the delivery of four fluorescent molecules ranging from 1.2 to 70 kDa to 

breast cancer cells, with results compared to targeted MBs. Optimal PNP varies 

between 300 and 500 kPa depending on the fluorescent molecule size. These 

results are comparable to targeted MB-mediated sonoporation, indicating that 

NBs can serve as minimally invasive sonoporation agents with similar potency, 

despite their reduced size. Furthermore, NBs effectively reduce cell viability, 

suggesting their potential to diminish tumor burden, a critical aspect of 

successful cancer treatment. This method presents a minimally invasive, low-

energy tumor sonoporation theranostic platform that can be synergistically 

combined with other therapies to maximize therapeutic benefits in cancer 

treatment or applied in gene therapy applications. 

In summary, our research introduces an advancement in the realm of US 

therapy for tumors, focusing on the impact of low-frequency insonation on gas 

bubbles, particularly MBs and NBs. The study unveils a notable finding: the 

expansion of both MBs and NBs demonstrates a non-linear increase in 

response to pressure reduction when the center frequency excitation is 

lowered. This phenomenon can be harnessed for low-energy mechanical 

ablation and sonoporation applications with a reduction in the required pressure 

by an order of magnitude compared to conventional US therapy approaches, 

highlighting the potential for more efficient and less invasive treatments. 

Notably, the incorporation of NBs in the study enables minimally invasive 

therapeutic applications, signifying a significant leap forward in the 

development of advanced and patient-friendly treatment modalities. Overall, 

the findings offer a comprehensive understanding and application of gas 

bubbles in US therapy, paving the way for minimally invasive approaches in 

cancer treatment. 
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1.4 Methods 

1.4.1 Ultrasound Setup 

The experimental therapeutic configuration comprises a 64-mm-diameter 

spherically focused single-element transducer (H117 or H115) positioned at the 

bottom of a degassed and deionized water tank, facing upward and focused to 

a distance of 45 mm. The fundamental frequency for these transducers is 250 

kHz. Notably, both H115 and H117 transducers are equipped to support center 

frequencies of both 250 and 80 kHz through custom matching networks from 

Sonic Concepts. The transducer transmits a sinusoid at the specified 

frequency, and the waveform is generated using a transducer power output unit 

that combines an arbitrary waveform generator with a radiofrequency amplifier 

(TPO-200, Sonic Concepts). When employing the 80 kHz matching network, 

the bandwidth ranges from 70 kHz to 105 kHz. At 80 kHz, one-third of the 

maximal PNP is achieved compared to the maximal pressure when operating 

at the center frequency of the transducer (250 kHz). Beam pattern 

measurements using a calibrated hydrophone (NH0500) reveal a focal width of 

18.9 mm and a focal length of 92.7 mm for the 80 kHz center frequency 

configuration, while the focal width and focal length are 7 mm and 50 mm, 

respectively, for the 250 kHz center frequency. 

In each experiment, the intended target was positioned at the focal spot. For 

characterization experiments involving NBs and MBs in tissue-mimicking 

phantoms, an agarose phantom containing an inclusion was filled with the 

NB/MB suspension. In in vitro ablation and sonoporation experiments, a 0.5 mL 

Eppendorf tube containing breast cancer cells was used. Finally, for in vivo 

experiments, a mouse was positioned such that the breast cancer tumor was 

located precisely at the focal spot of the transducer. 
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Figure 2: Therapeutic ultrasound setup. A) H115 single element therapeutic transducer 
positioned at the bottom of a degassed and deionized water tank. B) The complete 
ultrasound setup comprising the transducer power output unit that combines an arbitrary 
waveform generator with a radiofrequency amplifier, the matching network and the water 
tank with the therapeutic single element transducer. 

 

1.4.2 Hydrophone calibrations 

To assess the pressure produced by therapeutic US transducers, calibration 

was performed using a calibrated wide-band needle hydrophone (NH0500, 

Precision Acoustics, Dorchester, UK) with an active aperture of 0.5 mm in a 

degassed and deionized water tank. The hydrophone probe, mounted on a 

three-dimensional positioning system (Newport motion controller ESP301, 

Newport 443 series), was positioned perpendicularly to the emitted field. The 

acoustic pressure fields transmitted by the therapeutic transducers (H117 or 

H115, Sonic Concepts, Bothell, WA, USA) were captured at the focal spot using 

a digital oscilloscope (MDO3024, Tektronix, OR, USA), and the PNP was 

extracted from each measurement to construct a calibration curve for the 

therapeutic transducer. PNP Calibration was conducted at both transmitted 

frequencies (80 and 250 kHz), and the frequency content was verified by 

transmitting a single-cycle signal. The data recorded by the hydrophone were 

stored, and the resulting spectrum was subjected to analysis. 
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Figure 3: Pressure calibration of H115 transducer. Calibration was performed using a 
calibrated hydrophone immerged in degassed water and positioned at the focal spot of the 
therapeutic transducer. 

 

 
1.4.3 Tissue mimicking phantoms experiments 

Agarose powder (A10752, Alfa Aesar, MA, USA) was mixed with deionized 

water to create a 1.5% solution at room temperature, heated until complete 

powder dissolution, and then poured into a 3D printed custom mold. The mold 

featured a 6 mm rod inclusion designed to contain MBs or NBs solutions. The 

resulting phantom was cooled at room temperature. The phantom was placed 

at the focal spot of the US setup previously described. In each tissue mimicking 

phantoms experiment, a mixture of MBs, targeted MBs bound to cells or NBs 

were diluted in degassed phosphate buffered saline (PBS) and injected into the 

rod inclusion. 

A programmable US system (Verasonics, Vantage 256, Verasonics Inc., 

Redmond, WA, USA), was utilized to image the tissue-mimicking phantom 

before and after applying low-frequency therapeutic US. The linear L7-4 

imaging transducer (Philips ATL), controlled by the Verasonics system was 

placed perpendicular to the spherically focused therapeutic transducer and US 

imaging in standard two-way focusing and focused to a depth of 13 mm was 

performed at a center frequency of 5 MHz with an excitation of 1 cycle for each 

transmitted pulse. The transducer has 128 elements, with an element size of 7 

mm × 0.283 mm (height × width) and a kerf width of 0.025 mm. B-mode images 

of the NB/MB/targeted MB filled inclusion were acquired by the imaging 

transducer before and after the application of low-frequency therapeutic US 

(250 and 80 kHz). Images contrast, defined as the difference in brightness 
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before and after therapeutic US treatment at the specified region of interest 

were calculated (eq 1): 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡[𝑑𝐵] = 20 log10 (
𝑢𝑖

𝑢0
) 

 
where μi represents the mean of the rod inclusion area after US insonation, and 

μo designates the mean of the same region before US treatment. In each tissue-

mimicking experiment, a solution containing 3.75 × 109 NBs diluted in 300 μl of 

degassed PBS, was injected into the rod inclusion within the agarose mold. For 

MBs experiments, 3 × 106 MBs, diluted in 300 μl of degassed PBS, were 

utilized. These concentrations result from concentration optimizations 

experiments. The low-frequency therapeutic insonation consisted of a 125-

cycle sinusoid with a 250 kHz or 80 kHz center frequency and a pulse repetition 

frequency (PRF) of 30 Hz, unless specified otherwise. Details regarding PNP 

and treatment time duration were provided in the relevant sections of the 

articles. 

 

Figure 4: Tissue mimicking phantoms setup for bubbles oscillations characterization. 
The tissue mimicking phantom was placed at the focal spot of the US therapeutic transducer 
and filled with micro- or nano-bubbles. Imaging transducer was utilized to image the tissue-
mimicking phantom and evaluate micro- and nano-bubbles inertial cavitation. 

 

1.4.4 Sonoporation experiments 

The delivery to 4T1 breast cancer cells [76] of a range of fluorescent molecules 

with sizes from 1.2 kDa to 70 kDa was investigated. 7-aminoactinomycin D (7-

AAD, Thermo FisherScientific, A1310) with a molecular weight of 1.2 kDa and 
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fluorescein isothiocyanate–dextran molecules with average weights of 4 kDa 

(FITC-Dextran 4, 46944, Sigma-Aldrich), 20 kDa (FITC-Dextran 20,Sigma-

Aldrich, FD20), and 70 kDa (FITC-Dextran 70, Sigma-Aldrich, 46945) were 

used for sonoporation at concentrations of 5 μg/ml for 7-AAD or 1 mg/ml for 

FITC-dextran. Due to the spatial characteristics of the transducer's focal spot, 

the experiments were conducted within Eppendorf tubes. For the 250 kHz 

center frequency, the full width at half maximum for the lateral and axial axes 

was 7 × 50 mm. The elongated shapes of both the Eppendorf tubes and the 

focal point were strategically utilized for the treatment within these tubes. This 

approach facilitated the simultaneous treatment of the entire volume without the 

need for mechanical transducer movement, which would have been necessary 

if adherent cells in plates were used. Although the initial cell culturing took place 

in plates, after undergoing US treatment, the cells were transferred back to the 

24-well plates. The control groups followed identical procedures to the treated 

groups throughout the experimental process. 

A mixture of 2.5 x 105 cells, sonoporated fluorescent molecules and NBs, MBs 

or targeted MBs at various concentrations was transferred to 0.5 mL Eppendorf 

tubes. Following that, degassed PBS containing calcium and magnesium 

(PBS+/+) was added to achieve a final volume of 0.48 mL, and a 250 kHz US 

treatment was applied to the tubes using the previously described low-

frequency US setup, with a PRF of 30 Hz and a 0.5 ms burst length  . In the 7-

AAD and FITC-Dextran 4 kDa experiments, US treatment occurred immediately 

after adding the fluorescent material to the 0.5 ml Eppendorf tube to prevent 

undesirable cellular uptake due to the molecules' small size.  

The first molecule investigated in this study was 7-AAD (1.2 kDa). 7-AAD is a 

dye impermeable to membranes that undergoes a spectral shift upon binding 

to DNA. In the 7-AAD sonoporation experiments, after US insonation, Hoechst 

(33342, Abcam) was added to the tube to enable total cell counting of the 

sample (at a concentration of 10 μg/ml). The suspension was then transferred 

to a 35 mm cell culture dish (430165, Corning) and examined under a 

fluorescence microscope (10× magnification). Imaging included bright field, a 

DAPI filter, and a mCherry filter. For analysis, a total of seven images were 

captured from different locations within the culture dish. 
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Unlike 7-AAD, which generates a fluorescent signal only from stained cells and 

does not introduce background fluorescence in the suspension, FITC-dextran 

has inherent fluorescence, leading to a high background signal immediately 

after treatment. To address this issue, after US sonoporation, the cells were 

transferred to a pre-prepared 24-well plate (3526, Corning) filled with 300 μl of 

complete culture media (2.5% penicillin−streptomycin). The plate was then 

placed in a humid 5% CO2 incubator and incubated at 37 °C for 24 hours 

enabling cells to adhere to the plate. Each well was then thoroughly rinsed three 

times with PBS+/+ to remove non-delivered FITC molecules, eliminate any 

lingering fluorescent background signal and non-viable cells, which did not 

adhere and remained in the suspension. Complete media was then added and 

cellular uptake and viability were visualized and quantified using the IncuCyte 

Live-Cell Analysis System (Essen Bioscience). The presented process makes 

the FITC-delivery experiments an accurate measure to assess cell viability and 

molecular uptake. Each group's experiments were performed in triplicate. 

For NB optimizations experiments, a consistent treatment duration of 30 

seconds was administered, which was optimized in a previous study [59]. 

Concentrations tested ranged from 1.29 × 107 NBs/μL (1X) to 2.06 × 108 

NBs/μL (16X). Control groups included a sham group, Free MB (mixed) + US 

at a concentration of 50 MB/cell, US treatment only, and NB only (using the 

optimal NB concentration of 1.55 × 108 NBs/μL). In free MB experiments, the 

MB suspension was mixed immediately before US application to increase the 

proximity between the MB and the cells. This step was added due to the MB 

propensity to float.  In FITC 4 kDa, 20 kDa, and 70kDa sonoporation 

experiments, the targeted MBs were added to the cell mixtures at a 

concentration of 50 targeted MB/cell. 

To analyze the 7-AAD sonoporation experiments, ImageJ software was used. 

Each microscope image was uploaded, the image type was converted to 16-

bit, the threshold was adjusted to enhance the visibility of the stained cells and 

remove the background. Each experiment was performed in triplicate, with a 

total of 7 images captured in each repetition, resulting in 21 images analyzed 

for each group. The fraction of fluorescent cells was determined by calculating 

the percentage of 7-AAD-stained cells (red) divided by the total number of cells 
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(Hoechst-blue-stained cells). The FITC sonoporation experiments were 

analyzed using the IncuCyte Live-Cell Analysis System. For each well, 

sampling was carried out 25 times at a magnification of 20×. The calculation 

involved normalizing the green confluence (green cell area) by the phase 

confluence (total cell area). GraphPad Prism 9 software was utilized for 

statistical analysis. Significance was determined for P values <0.05, adjusted 

for multiple comparisons as specified in the figure captions. The results are 

presented as the mean ± SD. 

1.4.5 In vivo ultrasound experiments 

A total of 80 bilateral FVB/NHan®Hsd breast tumor-bearing mice were included 

in the in vivo study. To obtain this model, the Met-1 mouse breast carcinoma 

cells [77], obtained from Prof. Neta Erez (Tel Aviv University, Tel Aviv, Israel), 

were injected into female FVB/NHanHsd mice aged 8 to 12 weeks (Envigo, 

Jerusalem, Israel). The cells were cultured in Dulbecco modified Eagle medium 

(DMEM, high glucose) supplemented with 10% v/v fetal bovine serum, 1% v/v 

penicillin–streptomycin, and 0.11 g/L sodium pyruvate at 37 °C in a humidified 

5% CO2 incubator. On the day of injection, Met-1 cells were collected using 

TrypLE Express dissociation reagent (Gibco Corp, 12604-013, GrandIsland, 

NY, USA), reaching a final concentration of 1 × 106 cells in 25 μL PBS+/+. 

Subsequently, these cells were subcutaneously injected into the #4 and #9 

inguinal mammary fat pads. Anesthesia was induced using 2% isoflurane in 

ambient air (180 mL/min, SomnoFlo, Kent Scientific). Tumor size was 

monitored every 4 days until reaching approximately 4 mm in diameter, which 

occurred around 14 days after cell injections. All animal procedures adhered to 

ethical guidelines and were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Tel Aviv University (IACUC Protocol #01-20-037).  

MB-mediated ablation: Mice were positioned on their side atop an agarose 

pad, ensuring the tumor was precisely located at the transducer's focal spot, 

with US gel used for effective coupling. The area to be treated was shaved, and 

additional fur was removed using a depilatory cream to enhance coupling. To 

prepare the agarose spacer, agarose powder (Alfa Aesar, MA) was mixed with 

deionized water to form a 1.5% solution at ambient temperature. The mixture 

was heated until all powder dissolved, poured into a custom mold, and allowed 
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to cool at ambient temperature. Before initiating the ablation treatment, a freshly 

prepared solution containing 2×107 targeted MBs in 20 µL degassed PBS was 

intratumorally injected. The injection was performed immediately before each 

treatment session. The 250/80 kHz spherically-focused single-element 

transducer was positioned at the bottom of a degassed water tank, facing 

upwards and aligned to focus the agar spacer. The agar spacer, created in a 

custom mold, was designed to place the tumor at the transducer's focal depth 

(z = 45 mm). For treatments with center frequencies of 250 and 80 kHz, a PNP 

of 800 kPa (MI of 1.6) and 250 kPa (MI of 0.9) were applied, respectively. The 

parameters were selected to maintain a similar Cavitation Index (CI) for both 

frequencies, approximately ~3.2, while ensuring that the MI remained below the 

guideline of 1.9. In both cases, a 125-cycle sinusoidal US signal with a PRF of 

30 Hz and a total duration of 1 minute was employed. The distribution of 

targeted MBs within the tumor before and after treatment was evaluated using 

US imaging on the Vevo 2100 US system (Visualsonics, Canada). Control 

groups included Non-Treated Control (NTC), targeted MBs only (without US 

treatment), and US only. Bilateral tumor-bearing mice were euthanized one day 

after US-mediated ablation for tumor removal. Tumors were covered in Leica 

OCT cryocompound ‘tissue freezing medium’ (Leica Microsystems, Bensheim, 

Germany) and flash-frozen in 2-methylbutane (Sigma-Aldrich) using liquid 

nitrogen. The tumors were then transferred to a -80º refrigerator until 

sectioning. Leica CM1950 Cryostat (Leica Biosystems Inc) was used to cut the 

tumors into 12 μm slices, which were mounted on microscope slides and placed 

in dark slide boxes for air-drying at room temperature. Slides were stained with 

hematoxylin (Leica 3801542) and eosin (Leica 3801602) (H&E) following a 

standard procedure. The H&E slides were scanned using the Aperio Versa 200 

slide scanner (Leica Biosystems, Buffalo Grove, IL) at 20x optical magnification. 

NB tumor distribution experiments: For the NB tumor distribution imaging 

experiments, we utilized a high-frequency US transducer (L22-8v, Verasonics, 

USA) controlled by the Verasonics programmable US system. Contrast pulse 

sequence mode with coherent compounding was implemented by sending 

three successive single-cycle pulses (+1/2, -1, +1/2). Additionally, coherent 

compounding was achieved by transmitting plane waves at three different 
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angles (−5°, 0°, 5°), with one full frame being the combination of the nine 

transmit/receive events. The transmitted center frequency was 10 MHz. Prior to 

NB injection, we acquired the baseline signal of the tumor core. Subsequently, 

6.6x1011 NBs in 200 µl of PBS were systemically injected, and the tumor was 

periodically imaged for 10 minutes post-injection. To validate the existence of 

tumor-accumulated NBs, we performed, 10 minutes after NB injection, cardiac 

perfusion with 15 ml of degassed PBS through the left ventricle to eliminate 

non-extravasated NBs within the blood vessels. The perfused tumors were then 

collected and subjected to imaging using contrast harmonic US imaging. After 

perfusion, we extracted the tumors and performed US imaging to detect the 

signal produced by the NBs that had accumulated within the tumor tissue. The 

extracted tumors were then exposed to an 80 kHz center frequency US, using 

an MI of 1.3, a burst length of 1.56 ms, a PRF of 30 Hz, and a total treatment 

duration of 2 minutes. Subsequent to the US treatment, imaging was performed 

using the aforementioned contrast pulse sequence mode to evaluate the US 

signal within the tumor. Sham tumors underwent cardiac perfusion without NB 

injection, followed by US imaging of the perfused tumors. NB extravasation in 

the heart, kidney, liver, and spleen was assessed under similar conditions. NBs 

were systemically injected and allowed to circulate for 10 minutes before 

cardiac perfusion as previously described. Heart, kidney, liver, and spleen were 

then collected and imaged using contrast pulse sequencing imaging. Sham 

organs underwent cardiac perfusion without NB injection, followed by US 

imaging of the perfused organ. 

For the evaluation of fluorescent NBs tumor extravasation, in-vivo experiments 

involved three groups of mice: sham, fluorescent MBs, and fluorescent NBs. 

Either 6.6x1011 fluorescent NBs in 200 µl or a volume of 50 µl containing 2x107 

fluorescent MBs were systemically injected and allowed to circulate for 10 

minutes. 10 minutes post-injection, cardiac perfusion was performed to wash 

the bubbles from circulation, and the tumors were harvested. They were 

covered in Leica OCT cryocompound and flash-frozen in 2-methylbutane using 

liquid nitrogen. The tumors were then transferred to a -80º refrigerator until 

sectioning. Leica CM1950 Cryostat was used to cut the tumors into 12 μm 

slices, which were mounted on microscope slides and placed in dark slide 
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boxes for air-drying at room temperature. Microscopy imaging was performed 

within 1 hour from sectioning, using an upright microscope (Olympus BX63) 

with an excitation wavelength of 615 nm and microscope objectives of 4x and 

20x. Statistical analysis of fluorescence was conducted for the three different 

groups, with fluorescence quantification carried out on the 20x magnification 

microscopy images in ImageJ. 

NB-Mediated Ablation: Systemic injection of 6.6x1011 NBs in 200 µl or a 

volume of 50 µl containing 2x107 MBs was administered. 10 minutes post-

injection, an 80 kHz US treatment was applied to the tumor, employing a MI of 

1.3, a burst length of 1.56 ms, a PRF of 30 Hz, and a total treatment duration 

of 2 minutes. Control groups included a sham group and US alone. Mice were 

killed 24 hours after treatment for tumor extraction and histological analysis. 

Histological assessments were conducted using both frozen and paraffin-

embedded tumors. Tumors were frozen as previously described, cryo-

sectioned into 12-μm-thick slices and stained with H&E following standard 

procedures. The slides were then scanned with the Aperio Versa 200 slide 

scanner at 20× optical magnification. For a detailed examination of tumor 

structure and cell morphology, tumors were also paraffin-embedded, and 4 μm 

sections were stained with H&E. For paraffin embedding, tumors were 

extracted, fixed in 10% natural buffer formalin at 4 °C for 24 hours, and 

subsequently paraffin-embedded. Tissue sections were deparaffinized in a 

xylene ethanol gradient and stained using the standard H&E procedure for 

evaluating tissue damage. ImageJ was utilized for post-processing of images 

to compare and quantify the damage, specifically the lesions generated in the 

samples across different groups. In the case of major internal organs (heart, 

kidney, liver, spleen, and lung) histology following NB-mediated ablation 

treatment of breast cancer tumors, mice were killed 24 hours post-treatment, 

and the organs were harvested and frozen for histological analysis. Organ 

tissues were cryo-sectioned into 12-μm-thick slices and stained according to 

the standard H&E procedure. The resulting slides were then scanned using the 

Aperio Versa 200 slide scanner at 20× optical magnification. 
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Figure 5: In vivo setup for ultrasound-mediated ablation. A) Anesthesia was induced on 
mice using an automated electronic vaporizer of isoflurane. Therapeutic transducer for 
treatment was positioned at the bottom of a degassed and deionized water tank. B) Agar 
pad was precisely located at the transducer's focal spot ensuring tumor positioning. 
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Low frequency nanobubble-enhanced ultrasound mechanotherapy for 

noninvasive cancer surgery. Nanoscale (2022) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

 



37 
 

 



38 
 

 



39 
 

 



40 
 

 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 



46 
 

 



47 
 

 



48 
 

 



49 
 

 



50 
 

2.3 Article III:  

Nanobubble-mediated cancer cell sonoporation using low-frequency 

insonation. Nanoscale (2023) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

 



52 
 

 



53 
 

 



54 
 

 



55 
 

 



56 
 

 



57 
 

 



58 
 

 



59 
 

 



60 
 

 



61 
 

 



62 
 

3. Additional results 

3.1 Tumor spheroids as model for nanobubbles penetration evaluation 

Tumor spheroids have emerged as an advanced 3D tumor mimicking model by 

encompassing a substantial extracellular matrix that closely mirrors the 

complexities of in vivo environments. This advanced model uniquely captures 

the dynamic interplay of spatial cell-cell interactions and establishes a gradient 

distribution of critical elements such as oxygen, nutrients, and metabolites 

within the spheroid structure, reproducing the intricate tumor microenvironment 

[78]. For our study, we utilized MET-1 cells derived from mouse breast 

carcinoma to construct the spheroids, ensuring a biologically relevant 

representation of breast cancer within the tumor microenvironment.  

Briefly, the spheroid preparation custom process involves trypsinizing MET-1 

cells, adjusting the concentration to 50,000 cells/ml and 2.5% of Matrigel (BD 

Biosciences, cat no356230). 100 µL of the cell-Matrigel mixture is transferred 

to each well of Ultralow attachment plates with U-well (round) bottom (Corning, 

cat no 7007). The plate is then centrifuged for 15 minutes at 2250 rpm. After 3 

days, the spheroids are ready for use in subsequent experiments. Our primary 

objective in this study is to assess the capacity of NBs to penetrate breast tumor 

spheroids. To evaluate their penetration, we synthesized fluorescent NBs. The 

total fluorescence signal within the spheroid is anticipated to provide insight into 

the ability of these NBs to infiltrate the breast tumor spheroids. This 

comprehensive investigation, combining the construction of MET-1 cell-derived 

spheroids with the assessment of NB penetration, holds significant promise for 

advancing our understanding of nanomedicine applications within the specific 

context of breast cancer models. The detailed protocol ensures the 

reproducibility and reliability of our experimental setup, paving the way for 

innovative therapeutic interventions in the realm of breast cancer treatment. 
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Figure 6: Tumor spheroids as model for nanobubbles penetration evaluation. A) Bright 
field image of breast cancer spheroid cultured under static condition for 3 days. B)  
Characterization of nanobubbles under a microscope. Bright-field images were acquired at 
100X magnification. C) Characterization of DiI-nanobubbles under a fluorescent microscope. 
Images were acquired at 100X magnification. Scale bars are 10 μm. 

3.2 Evaluation of tumor growth following microbubble-mediated 

histotripsy 

We examined the effect of low energy targeted MB-mediated histotripsy on 

breast tumor growth on a tumor bearing mice model. Two weeks after 

inoculation of the model as described previously in the methods part, the tumors 

were treated by targeted MB intratumor injection and low frequency application 

of 1 minute at a center of frequency of 80 kHz and MI of 0.9; a 125-cycle 

sinusoidal US signal with a PRF of 30 Hz was employed. MET-1 tumor mice 

control groups comprised NTC group, targeted MB intratumoral injection only 

group and US only group. Targeted MB-mediated histotripsy ablation at 

pressures below a MI of 1.9, in accordance with FDA guidelines for imaging US 

applications significantly inhibited tumor growth without producing significant 

alterations in body weight.  
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3.3 Evaluation of immune system response following nanobubbles 

mediated treatment and anti-PD1 injection 

Tumor histotripsy treatments have demonstrated promising immunostimulatory 

effects, including the release of tumor-associated antigens, increased dendritic 

and macrophage cell infiltration, heightened CD8+ T-cell responses and 

suppression of distant metastases [80]. Our current objective is to evaluate the 

potential of our novel low-frequency US combined with NBs treatment in 

enhancing T-cell and macrophage cells infiltration while concurrently reducing 

tumor size. By utilizing US at 80 kHz in conjunction with NBs, we seek to 

achieve mechanical ablation, anticipating a more robust infiltration of cytotoxic 

T cells and macrophages. This approach will be complemented by checkpoint 

inhibition treatment (aPD-1), and the treatment response will be assessed 

through measurements of tumor growth rate, immunohistochemistry staining to 

evaluate immune cell infiltration, and a survival study. 

 

 

Figure 7: Tumor growth following targeted microbubble mediated ablation. FVB mice 
were inoculated with MET-1 orthotopic tumors, then treated with targeted microbubbles-
mediated low energy histotripsy ablation on day 14. Control groups were no treatment 
control, targeted microbubbles intratumoral injection only and US only. 
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4. Discussion 

4.1 Summary 

The field of US-based therapies for localized tumor treatment, serving as a non-

invasive alternative to traditional approaches, is a growing field with significant 

clinical relevance. For instance, US-based ablation techniques offer 

advantages such as reduced pain, shorter recovery times, and the ability to 

treat patients ineligible for surgical resection due to factors like tumor location, 

age, or concurrent medical conditions [26,81,82]. The rapid advancement of 

imaging modalities and devices further enables US tumor ablation to be image-

guided in many cases [25]. Another application in local tumor treatment is 

sonoporation, an expanding field that has demonstrated efficacy in delivering 

drugs and genes to various cell types and tissues. This method's advantages 

include cost-effectiveness, deep penetration, and widespread availability, 

distinguishing it from other delivery techniques. In comparison to biological 

methods like viral vectors, sonoporation enhances the spatiotemporal precision 

of gene delivery, significantly reducing undesirable side effects and non-

specific toxicity [51].  

The current research aims to assess the integration of micro- and nano-bubbles 

in combination with low-frequency US to enhance the efficacy and safety of 

histotripsy and sonoporation techniques for local tumor therapies. Two 

 

Figure 9: Evaluation of immune system response following nanobubbles mediated 
treatment and anti-PD1 injection. A) Schematic of the experiment timeline. The breast 
tumors are sized frequently before and during treatment. B) Immunohistochemistry staining 
image of breast tumor following NBs-mediated ultrasound treatment and aPD-1 injection. 
Positive immunohistochemical reactions (IHC -brown colour) indicate CD8+T cell infiltration 
into breast tumors. 
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approaches for tumor fractionation via histotripsy are under evaluation. The first 

involves intratumoral injection of targeted MBs to establish a low-energy 

histotripsy approach for cancer. The second utilizes systemically injected NBs, 

with a mean diameter of 180 nm, for non-invasive tumor fractionation. For 

enhanced sonoporation application, NBs are employed, overcoming limitations 

associated with the larger MB diameter used in most sonoporation studies. To 

develop these methods, optimization of US specifications (center frequency, 

PNP, PRF, duty cycle, and treatment duration), bubbles formulation, and 

concentration is essential. The oscillations of MBs and NBs at 80 and 250 kHz 

were experimentally evaluated initially through phantom experiments to 

characterize their inertial cavitation behavior. These experiments aimed to 

assess, through experimental observation, the destruction of MBs and NBs as 

a function of PNP. The evaluation included the application of low-frequency 

insonation to an MB/NB-filled inclusion, while assessing the impact of 

insonation parameters on inclusion contrast using a dual imaging-therapy 

setup. This approach facilitates the multiparameter evaluation of insonation 

parameters and NB/MB concentrations. 

The direct comparison of contrast reductions for NBs and MBs in relation to the 

MI at frequencies of 250 kHz and 80 kHz revealed that destruction occurred at 

a lower MI for the 80 kHz center frequency. For instance, a contrast reduction 

of over 20 dB was observed for MBs at 290 kPa (MI: 0.58) at 250 kHz and 120 

kPa (MI: 0.42) at 80 kHz. Higher PNPs were necessary to achieve maximal 

contrast reduction for NBs compared to MBs at both frequencies. At 250 kHz, 

MBs reached maximal contrast reduction at 440 kPa (MI: 0.9), while complete 

NB destruction required 1300 kPa (MI: 2.6). Notably, NB maximal contrast 

reduction occurred at an MI of 2.6 for 250 kHz insonation, compared to 1.2 for 

80 kHz. Therefore, while low-energy MB-mediated mechanotherapy at a MI 

below 1.9 could be performed at either 250 or 80 kHz, for NBs, 80 kHz 

insonation is recommended to maximize low-energy cavitation effects within 

FDA MI limits. Consequently, 80 kHz US was employed in subsequent NBs-

ablation experiments. Whereas, for sonoporation experiments, lower energy is 

required and using the 250 kHz center of frequency enables working below the 

FDA MI upper limit. In vitro, the proximity between MBs/NBs and cells played a 
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crucial role, necessitating molecular targeting of MBs to breast cancer cells due 

to the propensity of MBs to float rapidly. Therefore, in the tissue-mimicking 

phantom experiments we compared the effects of low frequency insonation on 

targeted MBs attached to cells versus free MBs. Results indicated that, due to 

low-frequency insonation, the impact of cell targeting was not significant, 

allowing the same parameters to be used for in vitro experiments. 

Effects of MB and NBs oscillations on cells viability and molecular uptake were 

then assessed to evaluate the bioeffect obtained via bubbles oscillations at low 

frequency US. Note that there is a major difference between MBs and NBs in 

the context of in vitro assays, where close proximity to the cells is known to play 

an important role. Since MBs tend to float, free MBs + 80 kHz insonation did 

not affect cell viability. Thus, cell-targeted MBs were used to achieve close 

proximity to the cell membrane. NBs do not float immediately, but rather are 

neutrally buoyant, or move in a Brownian motion within the suspension [83]. 

Therefore, the NBs used are free NBs without targeting. The choice of 

conducting experiments in Eppendorf tubes was based on the physical 

dimensions of the transducer's focal spot. For the center frequency of 250 kHz 

and 80 kHz, the full width at half maximum for the lateral and axial axes are 7 

x 50 mm and 18.9 × 92.7 mm, respectively. Taking advantage of the Eppendorf 

and focal elongated shapes, conducting the treatment in these tubes enables 

to treat the entire volume simultaneously without the need to mechanically 

move the transducer, as required in the case of plates. This approach aligns 

with in vivo experiments treating the entire tumor simultaneously using the 

same setup.  

In the in vitro studies involving MBs, a concentration of 50 targeted MBs per 

cell and a treatment duration of 30 seconds were selected. Extending the 

treatment duration to 180 seconds did not impact cell viability. Hence, to 

minimize US exposure, a 30-second treatment was preferred. Higher 

concentrations of targeted MBs were found to increase cellular toxicity without 

US exposure, leading to the decision not to choose a higher targeted MB 

concentration. This phenomenon might be attributed to the phospholipids or the 

antibody. Studies have previously reported in vitro cytotoxicity at high 

phospholipid concentrations, and the EPCAM-targeted antibody also exhibited 
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cytotoxicity at elevated concentrations [84,85]. However, it's crucial to note that 

cells are much more sensitive in vitro, without the supporting biological 

environment in vivo and that no cell death or off-target toxicity was observed in 

the targeted MB only control in vivo. 

While the MI predicts mechanical bioeffects resulting from cavitation, the CI 

gauges the level of MB cavitation [86]. The impact of MB insonation on cell 

viability was assessed at a constant CI of 3.2 (800 kPa for 250 kHz and 250 

kPa for 80 kHz). Under these parameters, cell viability after MB-mediated 

treatment was reduced to 16% for the center frequency of 250 kHz (MI of 1.6), 

compared to 10% viability for a PNP of 250 kPa (MI of 0.9). This result confirms 

the advantage of the 80 kHz center frequency, as indicated by tissue-mimicking 

phantom experiments. In the case of treatment using NBs, despite their smaller 

size compared to MBs, cell viability dropped to a comparable percentage. 

Specifically, cell viability was reduced to 17.3 ± 1.7% of live cells for the highest 

NB concentration tested (12.5 × 107 NBs per μL). No significant changes in cell 

viability were observed for the control groups, including a sham group, only US, 

and only NBs (with the same NB concentration of 12.5 × 107 NBs per μL). In 

the in vitro experiments, NB concentration was provided per milliliter of fluid and 

not per cell, as the NBs were not directly attached to the cells. A treatment 

duration of 30 seconds was chosen, as an increase in treatment duration did 

not enhance cell ablation. 

For sonoporation application, we utilized NBs to overcome current limitations 

associated with the large MBs diameter used in most sonoporation studies. Our 

approach involves employing low-frequency insonation, unlike the majority of 

optimization studies in this field that use frequencies exceeding 1 MHz, where 

strong NB oscillations require PNPs that surpass the FDA safety threshold [51]. 

The low energy and duty cycles applied ensure that the effect remains purely 

mechanical and does not induce heat. In this study, we investigated the delivery 

of four different fluorescent molecules with sizes ranging from 1.2 kDa to 70 

kDa, corresponding to substances like chemotherapeutic drugs (1–70 kDa), 

siRNA (∼14 kDa), and proteins (3–40 kDa) [53]. The ability to deliver large 

molecules with sonoporation-mediated treatments is closely linked to the US 

parameters that are used and to NBs concentration, both were optimized in our 
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work. In this study, the initial molecule investigated was 7-AAD (1.2 kDa), a 

membrane-impermeable dye that undergoes a spectral shift upon binding to 

DNA. During sonoporation, pores can form in the cell membrane, allowing 7-

AAD to enter the cells. NB-mediated sonoporation using low-frequency US 

results demonstrated a significant increase in the uptake ratio after treatment 

proving the ability for NBs to induce sonoporation at low energy levels. 

NB concentration was calibrated for optimal sonoporation using FITC 4 kDa at 

a fixed pressure of 300 kPa. The initial concentration of NBs was 1.29 × 107 

NBs per μL, and five additional concentrations (2, 4, 8, 12, and 16 times the 

initial concentration) were tested. The optimal concentration of NBs was found 

to be 12 times the initial concentration since higher concentration decreased 

the uptake. The results demonstrated that the combination of US and NBs 

significantly increased cellular uptake compared to all other control groups, 

including sham (p < 0.0001), free MBs (mixed) + US (p < 0.0001), and 12× NB 

only (p < 0.0001). Subsequently, the delivery of larger FITC molecules (4 kDa, 

20 kDa, and 70 kDa) was optimized by studying the impact of PNP on 

sonoporation efficacy. The percentage of fluorescent cells served as a measure 

to assess delivery efficiency and compare the different sizes of FITC. The 

highest rate of fluorescent cells resulting from NB sonoporation was observed 

for the smallest molecules, with approximately 19.9 ± 1.8% of live cells for the 

FITC 4 kDa molecule. For FITC molecules weighing 20 and 70 kDa, the 

percentage of fluorescent cells was 14 ± 0.8% and 4.1 ± 1.1% of live cells, 

respectively. This pattern aligns with the results obtained for targeted MB-

mediated sonoporation, where uptake was diminished for larger molecules [52]. 

To prevent damage to healthy tissue, an upper PNP limit of 800 kPa, resulting 

in an MI of 1.6, was chosen to ensure compliance with FDA US imaging 

regulations. The optimal uptake was observed between 300 kPa and 500 kPa, 

with no significant difference between these pressures for all the tested FITC 

sizes. Increasing the PNP to 800 kPa led to decreased uptake for all FITC 

molecules tested. NB-mediated sonoporation achieved a similar efficacy as 

targeted MBs for the same pressures and all groups tested (p > 0.05), with the 

only exceptions being the 800 kPa pressures for FITC 4 and 20 kDa, where the 

targeted MBs groups showed significantly higher uptake ratios (*p < 0.05). 
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However, the maximal uptake was observed at lower PNPs (300–500 kPa). 

These findings indicate that, despite being smaller in volume by over two orders 

of magnitude compared to targeted MB, NBs demonstrate similar sonoporation 

capabilities, whereas NBs were free and did not require any targeting 

procedures unlike the targeted MBs. All these in vitro results confirm the ability 

of MBs and NBs to achieve significant bioeffects on cells. However, NBs tumor 

extravasation ability assessment is another prerequisite step before in vivo 

evaluation of NB-mediated histotripsy.  

To validate the extravasation of NBs into tumor tissue via the EPR effect, 

cardiac perfusion was conducted 10 minutes after systemic NB injection, 

followed by harmonic imaging of collected tumors. This aimed to eliminate the 

NB signal from blood vessels, revealing only the signal of NBs accumulated in 

the tumor. A contrast enhancement of 10.3 ± 2.5 dB was detected compared to 

sham tumors without NBs injection. To confirm that this contrast increase 

resulted from NBs, 80 kHz US treatment was applied to the perfused tumors, 

leading to NB implosion. A contrast reduction of 8.3 ± 1.0 dB was observed 

after 80 kHz US application, confirming that the signal in the tumor originated 

from the presence of NBs in the tumor tissue post-perfusion. No contrast 

increase was observed in other organs (heart, kidneys, liver, and spleen) after 

NB systemic injection and cardiac perfusion, indicating that NB extravasation 

occurs specifically in the tumor due to the EPR effect. Tumor extravasation of 

NBs was further confirmed by observing the fluorescent NB signal within the 

tumor tissue following cardiac perfusion.  

Tumor ablation experiments using targeted MBs and NBs were conducted on 

the tumor-bearing mouse model. In vivo, the combination of intratumoral 

injected targeted MB followed by low-frequency insonation with a MI of 1.6 and 

0.9 for 250 kHz and 80 kHz, respectively, reduced tumor viability and created 

well-defined lesions with large pores in the treated region, as observed in 

histology. US imaging was employed to visualize tumor-injected targeted MBs 

before and after low-frequency US treatment, confirming targeted MB 

destruction. Quantification of the perforated region on histology revealed a 55% 

increase in pore size for the 80 kHz frequency compared to 250 kHz (p < 0.05). 

These results suggest that, despite the fact that a center frequency of 80 kHz 
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has a similar CI and a lower MI compared to 250 kHz, higher mechanical 

damage and tumor cell death are achieved with 80 kHz. Thus, efficient low-

energy targeted MB-mediated mechanical tissue fractionation is enhanced at 

lower frequencies.  Next, low-energy tumor ablation mediated by NBs was 

performed in vivo by applying low-frequency US with a center frequency of 80 

kHz only, based on in vitro results. US treatment to breast tumors was 

performed following NB systemic injection. The method generated significant 

tumor tissue damage, with visible lesions and tumor fractionation compared to 

control mice. No damage was observed in internal organs following tumor 

treatment. The main mechanism for cancer cell fractionation is the implosion of 

NBs that mechanically ruptures the cells, as observed in histological 

photomicrographs, where large regions of cellular debris are evident. 

 

4.2 Future work 

Our research unveiled a successful approach to achieve low-energy histotripsy 

and drug delivery of tumors using targeted MBs and NBs in conjunction with 

low-frequency US. We specifically applied these platforms to breast cancer due 

to its superficial nature, which facilitates precise US alignment, treatment, and 

monitoring, making it a practical model for method optimization. To demonstrate 

versatility, the methods will undergo testing on other tumor types in different 

locations. In our exploration of NB-mediated ablation, we chose a time point of 

10 minutes after NB injection for low-frequency US application, based on a 

previous study [87]. Although this time point resulted in significant tumor 

damage, optimization studies will be conducted to refine this parameter. 

Furthermore, targeted NBs were found to enhance extravasation efficiency, 

suggesting the potential for applying low-frequency US at later time points after 

NB injection [88]. This approach could allow for NB clearance from systemic 

blood circulation while maximizing NB tumor extravasation, potentially 

improving the method. Moreover, for cancer cells sonoporation based on NB 

and low frequency US NBs targeting could potentially further enhance the 

method and reduce the NBs concentration required for effective drug uptake. 

Future studies will investigate the impact of the NB-mediated low-energy 

histotripsy platform on the immune response, exploring its potential 
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combination with adjuvant treatments for metastatic breast cancer. 

Conventional tumor histotripsy treatments have demonstrated promising 

immunostimulatory effects, including the release of tumor-associated antigens, 

increased dendritic and macrophage cell infiltration, heightened CD8+ T-cell 

responses and suppression of distant metastases [89]. In vivo studies using 

4T1 cells with metastatic behavior will assess treatment efficacy through a 

combination of histotripsy and checkpoint inhibition treatment (aPD-1). The 

treatment response will be assessed through measurements of tumor growth 

rate, immunohistochemistry staining to evaluate immune cell infiltration, 

evaluation of the number of metastases and a survival study. In the context of 

sonoporation applications, our work utilized fluorescent markers as a proxy for 

efficacy rather than exploring the delivery of therapeutic molecules. Future 

research should delve into sonoporation of drugs or genetic material. The 

method's verification was limited to in vitro evaluation, acknowledging that in 

vivo conditions may introduce additional variables impacting sonoporation 

effectiveness. Optimization results from the sonoporation study will guide future 

in vivo research, evaluating the delivery efficiency of NB-mediated low-energy 

sonoporation in combination with low-frequency US. 

 

4.3 Conclusion 

Our findings indicate that lowering the center frequency (80 and 250 kHz) 

further enhances the oscillations of MBs and NBs, amplifying mechanical 

treatments such as histotripsy and sonoporation below the FDA MI upper limit 

of 1.9 for US imaging applications. In the context of cancer therapy, achieving 

both high delivery efficacy of therapeutic agents and reducing cell viability are 

equally crucial. This is because minimizing the tumor burden is essential for the 

success of cancer treatment [36]. Therefore, in this study, we aimed to achieve 

multiple outcomes, including enhanced drug delivery via sonoporation and 

tumor debulking via histotripsy. 

Conventional histotripsy utilizes high US energy that can damage any tissue it 

encounters. For instance breathing movements is a challenge, potentially 

causing damage to healthy tissues near the focal spot [43]. Moreover, 
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histotripsy procedures are typically performed at a high center frequency, 

resulting in a reduced focal spot size, requiring mechanical stirring to cover the 

treated area. In our approach, targeted MBs and NBs are concentrated in the 

tumor area, and the PNPs used are below the MI of 1.9, reducing the risk of 

damaging surrounding healthy tissue. Targeted MB concentration into tumors 

was achieved through invasive intratumoral injection, while NBs were shown to 

effectively extravasate into tumor tissue following minimally invasive systemic 

injection, enabling histotripsy and sonoporation applications when combined 

with low-frequency US. 

The NBs-mediated sonoporation platform demonstrated in this study optimized 

the relationship between insonation parameters and the size of the delivered 

molecule, serving as an effective platform for non-invasively delivering large 

molecules with high spatiotemporal precision. This method could also be 

applied for gene therapy, where the goal is to introduce new genetic material 

into cells. Using a large focal spot facilitates patient alignment, shortens 

treatment duration, and the use of low-frequency insonation is significant to 

enhance penetration depth for treating deep-seated tumors. Moreover, the 

methods leverage the advantages of US as a safe, cost-effective, and clinically 

available modality. 

Overall, our research and future work ultimately aim to transform biomedical 

US for minimally invasive cancer therapy. The proposed work opens new 

avenues for therapeutic applications across various biomedical domains, with 

the potential to improve patient alignment, shorten treatment duration, and 

enhanced penetration depth for treating deep-seated tumors. 
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שנקשרות לתאים  מיקרובועותשהתקבלו היו דומות לאלו עם  התוצאות לתאים הנותרים.

לא פולשני יעיל ו אמצעישננובועות יכולות לשמש  מכאן .קטן יותרהקוטר הלמרות  סרטניים,

 .למתן תרופות

 להרס מכנילשמש כגרעיני קוויטציה  יםוננובועות יכול -אנו מוכיחים שמיקרו מחקרבלסיכום, 

כשהן חשופות , ולהעברה ממוקדת של תרופות לתאי סרטן סרטניים בעוצמה נמוכה של גידולים

ו מורידות את סף הלחץ הדרוש ביותר מסדר גודל השיטות שפותח .לאולטרסאונד בתדר נמוך

ת לטיפול ולא פולשני שיטותהמחקר שלנו מציג  לעומת שיטות ההיסטוטריפסי הרגילות.

פותח מסוג בועות גז ובכך  חומרי ניגודבתדר נמוך בשילוב עם מבוססות אולטרסאונד ה ,בסרטן

 רפואיים.-יישומים רבים בתחומים ביולאפיקים חדשים 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 תקציר

הסרה  גוןכ יכולות מגוונות בעלת תלא פולשני תטיפוליפלטפורמה  מהווהאולטרסאונד ממוקד 

שיטה נפוצה להסרת גידולים ע"י של תרופות.  דאו מתן מבוקר וממוק סרטניים של גידולים

. בשיטה זו, אשר הינה מכנית ולא מעורב בה חימום, היסטוטריפסיאולטרסאונד נקראת 

לפרק כדי  ,באופן מקומי ולא פולשני במיוחד, באולטרסאונד ממוקד בעוצמה גבוהה משתמשים

נעשה שימוש בגלי אולטרסאונד ממוקדים  ריפסיטהיסטוב. עם זאת, את הרקמה הסרטנית

. שימוש בלחצים גבוהים מעלה חשש לבטיחות (עשרות מגהפסקללחץ של )בעוצמה גבוהה 

במחקר אנו מפתחים מטרה. אזור המחוץ להטיפול ובייחוד בשל השפעה לא רצויה על אזורים 

 )מיקרושיטות להרס ממוקד של גידולים סרטניים בלחצים נמוכים, תוך שימוש בבועיות גז 

ין שקיימת בין בועות ותדר ואולטרסאונד בתדר נמוך. אנו חוקרים את פעולת הגומל (בועותוננו

 .ממוקדבטוח ויעיל נמוך ככלי להורדת הלחץ הנדרש ופיתוח טכנולוגיות לטיפול בגידולים באופן 

בועיות הגז מבצעות תנודות ובפרמטרים מסוימים אף יכולות אולטרסאונד,  עירור בעת

לבועות,  בסמיכות גבוההלשחרר אנרגיה בעוצמה  בצורה מבוקרת. תופעה זו יכולה להתפוצץ

 הסרטני תאי הגידול, למשל הרס של השפעות ביולוגיות משמעותיות לאזור המטופל וכך ליצור

 עוצמהלא פולשני וב ממוקד זו מספקת מנגנון ייחודי לטיפול באולטרסאונדשיטה  באזור זה.

 נמוכה. 

הרץ(, תנודות בעלות -קילו 80ו 250שתחת עירור בתדר נמוך ) מראההמאמר הראשון שלנו 

 לתדרימיקרובועות מתרחשות בלחצים נמוכים משמעותית בהשוואה  של גבוהה אמפליטודה

, וזאת על ידי מקומי של גידולים הרסל תנודות מוגברות אלו גורמות. יםהרץ הסטנדרטי-מגה

 יתבאנרגיות נמוכות העומד בהנחיות של מנהל המזון והתרופות להדמישימוש באולטרסאונד 

 ןמגביל אות (מיקרומטר 1-4) ותאולטרסאונד. עם זאת, הקוטר הגדול של המיקרובוע

 .בפולשנות מינימלית גידולל ישירותהוזרקו  ן, ולכן הבתוך כלי הדם ולא מחוצה להם שימושיםל

. ננומטר 180בקוטר של  ננובועות של פיתוח באמצעותמגבלה זו  התגברנו עלהשני,  מאמרב

 משמעותיותפריצות דרך הובילו ל, הננובועותת ותנודמקיף של  ואפיון יונישל אימות ניסשילוב 

באופן משמעותי את התנודות שלהן, כאשר  מגבירותשננובועות  הראינובטיפול בסרטן השד. 

סוללות את הדרך לשיטות טיפול חדשניות בסרטן. שילבנו כך ו ,הרץ-קילוהבטווח  מעוררותהן 

יצרנו שיכולות לצאת מכלי הדם ולהצטבר בגידול ועל ידי כך ות ננובועו וךנמ תדראולטרסאונד ב

 פלטפורמה טיפולית לא פולשנית לניתוחי סרטן.

ניצלנו את ההתנפחות הגדולה של הננובועות בתגובה לעירור בתדר נמוך מאמר השלישי ב

לשם החדרת תרופות ומולקולות בממברנות תאי סרטן לצורך פיתוח שיטה לפעירת חורים 

, אסטרטגיה משולבת לשיפור הטיפול בסרטן מהווהזו  פלטפורמה. בצורה לא פולשנית גדולות

 כיוון שמצד אחד היא מקטינה את גודל הגידול ומנגד מצליחה להחדיר תרופות בצורה יעילה
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