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Abstract 

Ultrasound insonation of gas bubbles can form pores in cell membranes and facilitate local 

trans-membrane transport of drugs and genes. An important factor in efficient delivery is 

the size of the delivered target compared to the generated membrane pores. Large molecule 

delivery remains a challenge, and can affect the resulting therapeutic outcomes. To facilitate 

large molecule delivery, large pores need to be formed. While ultrasound typically uses 

megahertz frequencies, it was recently shown that when microbubbles are excited at a 

frequency of 250 kHz (an order of magnitude below the resonance frequency of these 

agents), their oscillations are significantly enhanced as compared to the megahertz range. 

Here, to promote the delivery of large molecules, we suggest using this low frequency to 

induce large pore formation through the high-amplitude oscillations of micro- and nano-

bubbles. We assessed the impact of low frequency microbubble-mediated sonoporation on 

breast cancer cell uptake by optimizing the delivery of 4 fluorescent molecules ranging from 

1.2 to 70 kDa in size. The optimal ultrasound peak negative pressure was found to be 500 

kPa. For molecule sizes of 1.2 and 4 kDa, treatment with 500 kPa and MB resulted in 58% 

and 29% of fluorescent cells respectively, whereas delivery of 20 kDa and 70 kDa molecules 

yielded 10% and 5%, respectively. These findings suggest that low-frequency insonation of 

microbubbles results in high amplitude oscillation in vitro that increase the uptake of large 

molecules. Next, we sought to develop a non-targeted approach using nanobubbles instead 

of microbubbles, to facilitate translation to in vivo experiments. We investigated the delivery 

of 1.2 and 4 kDa fluorescent molecules using nanobubbles and low frequency ultrasound 

and were able to obtain similar uptake percentage as with microbubbles. We find that 

successful ultrasound-mediated molecule delivery requires the careful selection of 

insonation parameters to maximize the therapeutic effect by increasing cell uptake. 
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1 Introduction 

For many years ultrasound (US) was mainly known for its diagnostic use, however, there 

are also many therapeutic applications that can be carried out using US. These applications 

include lithotripsy, histotripsy, blood brain barrier opening, drug delivery, gene therapy and 

more [1]. This thesis will focus on drug and gene delivery via a process called sonoporation. 

US has many advantages including its non-invasiveness along with deep penetration depth, 

it is cost-effective and portable, making it very convenient to handle. Here, we focused on 

the sonoporation process as a way to delivery different sized materials into cancer cells and 

enhancing the process with the addition of either free microbubbles (MB), targeted MB 

(TMB) or free nanobubbles (NB). 

This thesis examined the relationships between different parameters in the designed 

experiment system, including US parameters used, such as frequency and peak negative 

pressure (PNP), the delivered material size, the bubble size and the effect of specifically 

targeting the MB to the cell surface compared to free MB. In contrast to previous studies 

that examined the sonoporation process with frequencies above 1 MHz, here we investigated 

the effect of low frequency (i.e., 250 kHz) on the delivery of molecules with different 

molecular weights. Low frequency enables high amplitude oscillations of the MBs and as a 

result the creation of large pores in adjacent cell membrane. Thus, by using low frequency 

sonoporation we were able to facilitate delivery of large molecules and to optimized the 

sonoporation efficacy with regards to insonation parameters and the delivered molecule size 

in the same experimental setup. Low frequency MB-mediated ultrasound can serve as an 

effective drug delivery platform of large molecules with high spatiotemporal precision. 
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At first, a MB dynamic under US field simulation was performed to study the MB behavior 

and to better choose the desired PNP range. Then, experiments were done starting with 

TMBs and varying molecule sizes from a small 1.2 kDa fluorescent dye material to 70 kDa 

material, to investigate the dependence between molecule size and cell uptake efficacy under 

low frequency ultrasound application. To facilitate the creation of the pores in the cell 

membrane and delivery of material into the cells the MBs are required to be in proximity of 

the cells. Due to the MBs size, to achieve this requirement in-vivo, an intratumoral (IT) 

injection should be used. This may be problematic if the tumor is located in a difficult to 

reach area. To overcome this obstacle, in the second stage of the project, NBs were 

developed as a non-invasive alternative to MBs. Due to their smaller size, 200 nm NBs can 

be injected systemically and accumulate at the tumor site via the enhanced permeability and 

retention (EPR) effect. As the tumor vessels are more permeable, the NBs can pass through 

the leaky vessels and accumulate at the tumor. However, the NBs response to US is 

considered limited. Due to their small size NBs are usually being used with high frequency 

US that correlate with the order of their resonance frequency [2]–[4]. At those frequencies, 

high-amplitude oscillations were not observed [5]. Due to the MBs limitation described 

previously, we decided to investigate additionally whether the same physical effect that 

causes the MBs for high-amplitude oscillations under low frequency US can cause a similar 

reaction with NBs and enable the development of NB-mediated sonoporation using low 

frequencies.  

Cells viability was also measured throughout all of the experiments to understand the 

correlation between uptake by the cells and their remaining vitality. Background about 

sonoporation mechanisms, the influence of the frequency used and MBs on efficacy and 

how it relates to cancer treatment is elaborated in chapter 3. Chapter 4 describes the methods 
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used in the research and the materials preparations. The results are presented in chapter 5 

and further discussed in chapter 6. Conclusions and future work are discussed in chapter 7. 

2 Research objectives 

The main objective of this work was to assess the impact of low frequency gas bubbles-

mediated sonoporation on breast cancer cell uptake by optimizing the delivery of four 

molecules ranging from 1.2 kDa to 70 kDa using 250 kHz center frequency. At a first step, 

we developed a method for TMB-mediated sonoporation to enhance molecules delivery into 

the cells. Then, an improved method was developed  by using free NBs instead of TMBs. In 

addition, an assessment of cells viability post treatment was also performed. This 

optimization along with an understanding of the relationship between the different 

parameters can advance this therapeutic platform of MB and NB-mediated sonoporation and 

could be used in the future as a combined method to maximize the therapeutic effects of 

cancer treatment. 

The first step was to simulate the MB response to various US parameters and understand 

how the expansion ratio is affected by it. The MB dimensions were similar to the MB 

prepared to be used in the experiments. Next, uptake analysis was performed for the different 

molecule sizes along with viability assessment. Then, experiments using free MB and free 

NB were carried out and the results were compared to the TMB experiments. 
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3 Background 

3.1  Therapeutic US applications 

In contrast to diagnostic US, which is mostly a passive imaging method used to study and 

identify anatomy and structures within the body and to provide information on how to 

address different conditions, therapeutic US aims to actively change the tissues ordinary 

functions and status to treat numerous conditions by inducing biological effects [1]. 

Therapeutic US can be used in many areas of the body such as the brain, kidneys, skin and 

more. Some of the methods being explored consist of heating, mechanical stress and 

permeabilization.   

For example, when ultrasonic energy is absorbed by the body’s tissues it is converted into 

heat and results in tissue heating to a certain extent. By focusing the ultrasonic beams the 

heat is intensified at a specific spot and can lead to thermal ablation at a targeted tissue [6]. 

Also, when combined with a cavitation nuclei, such as MBs, focused high pressure short 

pulses US can, for example, induce histotripsy and mechanically destroy a solid tumor [7]. 

With US advantages to penetrate through the skull, along with cavitation induced effects, 

permeabilization of the BBB can be achieved. BBB opening enables drugs delivery (e.g. 

cancer and Alzheimer treatments) to the brain, a path that is typically blocked [1].  

The ultrasonic permeability effect can enhance drug and gene delivery not only to the brain, 

but also to many regions of the body, specifically to cancer tumors located at different 

organs. To enhance membrane permeability and to enable delivery to the cells a method 

called sonoporation can be used. In sonoporation, US waves generate cavitation to induce 
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pores in cell membranes, enabling the surrounding material (e.g., drugs, genes) to enter the 

cell through these temporary open pores.  

Other cell delivery mechanisms exist such as viral vectors and electroporation. Viral vectors 

are associated with relatively high transfection efficacy; however, the risk of viral infection 

and cytotoxicity are critical disadvantages. Electroporation, which is a non-viral method, 

has the advantage of low infection risk and decreased host immunogenicity response, 

however, its efficacy is much lower than viral vectors methods [8], [9]. 

Sonoporation can provide a solution for drug and gene delivery into cells without the viral 

vectors risks and with improved efficacy compared to electroporation. 

3.2  MB and NB 

Most sonoporation methods utilize MB contrast agents to increase the sonoporation efficacy 

[10]. MBs are spherical and are composed of a gas core and a stabilizing shell. Upon US 

application, the MB acts as a cavitation nuclei that enhances mechanical bioeffects, 

including membrane permeabilization [2], [3]. MB expand when the US pressure is negative 

and contract when it is positive (Fig. 1). This results in MB oscillations throughout the 

positive and negative phases of the US wave, which affect their surroundings. When close 

to cells, these oscillations disrupt the integrity of the cell membrane, which is resealed after 

US activation is halted [11]. 
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Figure 1 - MB oscillations under US pressure. MB expand under the negative pressure phase and contract 

at positive pressure phase. 

This process forms transient pores in cell membranes that enable the delivery of non-

permeable extracellular molecules including drugs, proteins, genes and a variety of 

therapeutic agents [4]. The use of cell-targeted MB further enhances the sonoporation effect, 

since the close proximity between the adherent MB and the cell surface improves the 

efficacy of pore creation [5], [6]. Upon US excitation, MBs oscillate, thus increasing cell 

membrane permeability and providing a conduit for the delivery of different therapeutics 

into the target region (Fig. 2). 

 

 



7 
 

 

Figure 2 - MB-mediated sonoporation process. Upon US activation the MB begin to oscillate and form 

transient pores in cell membrane, enabling the delivery of non-permeable extracellular molecules. When US 

application stops the membrane is resealed and the material remains trapped inside the cell. 

 

Sub-micron bubbles, known as NBs, are another class of contrast agents. NBs are also 

composed of a gas core and a stabilizing shell and the same cavitation effects induced by 

MBs can be achieved using NBs [12]. However, their obtained bioeffects were considered 

limited as a result of their small size, when high frequency insonation was used. Here, we 

sought to evaluate the NB response to low frequency insonation and optimize their bioeffects 

for cell pores formation. The NBs main advantage is their ability to move more freely within 

capillaries, and their accumulation in tumors via the EPR effect. These advantages could be 

used in the future for noninvasive tumor therapy. 

3.3  Stable and inertial cavitation 

MB oscillations depend on the applied PNP. At low PNPs, the MBs expand and contract at 

relatively small amplitudes around an equilibrium value. These low amplitude oscillations 

are considered as stable cavitation. During stable cavitation, sonoporation can occur via 

biophysical effects such as pushing and pulling the cell membrane during MB expansion 



8 
 

and contraction or by affecting the liquid movement in the MB area, known as 

microstreaming, which results in applied shear stress to the cells membrane [10], [13].    

When a certain pressure threshold has been reached, inertial cavitation initiates. During 

inertial cavitation, there is a significant MB expansion, leading to MB collapse and 

fragmentation, which can result in a more aggressive biophysical effect such as a violent 

shock wave or liquid jetting that can cause membrane perforation [10], [14], [15].  

To measure the MB response and to distinguish between stable and inertial cavitation we 

can use numerical simulations that predict the MB expansion ratio, which is the maximal 

diameter of the MB, at its expansion phase, divided by the initial resting diameter. Stable 

cavitation is defined for expansion ratios from 1.1 to 3.5. Beyond an expansion ratio of 3.5 

fold, inertial cavitation begins [14].  

3.4  Marmottant model 

An understanding of how MBs, or other UCA, act under an US field is required to better 

utilize them for various applications at different ultrasonic field conditions. The experiments 

included in this thesis were done with gas filled MBs with a lipid shell, so a model that best 

describes this type of MBs was needed. A well-known model is based on the Rayleigh-

Plesset equation for a free gas bubble in an incompressible fluid:  

�̈�𝑅 +
3�̇�2

2
=

1

𝜌𝑙
(𝑃𝑙 −

4𝜇�̇�

𝑅
− 𝑃𝑎𝑐(𝑡))        (1) 

In this equation R(t) represents the dynamic radius of the bubble over time, 𝜌𝑙 is the liquid 

density, Pl is the liquid pressure close to the bubble wall, 𝜇 is the liquid viscosity and Pac is 

the acoustic pressure over time. Over the years, more advanced methods have developed. 
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These methods take into account additional parameters such as the lipid shell parameters, 

which is a crucial part as this lipid coating changes the effective surface tension and affects 

the bubble dynamics considerably due to its increase of mechanical stiffness and sound 

damping [1], [16]. A very popular model is the Matmottant model, proposed by Philippe 

Marmottant et al. which takes into consideration the lipid coating of the MB and its 

asymmetric oscillations due to the large variations of the surface area [16]. The three main 

parameters taken into account in this model are: a buckling surface radius, a shell 

compressibility, and a break up shell tension. Therefore, this model is based on three linear 

regimes that depend on the bubble area A: 

𝐴 = 4𝜋𝑅2         (2) 

There are three main states for the bubble, with the first one being a buckled state, for which 

the surface tension, σ, is 0 due to the compression of the bubble and the phospholipid shell 

arrangement at this state. Meaning, for 𝑅 ≤  𝑅𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔: 

𝜎 = 0             (3) 

 The second state is the elastic state, with an elastic modulus χ. In the range of bubble radius 

𝑅𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 ≤ 𝑅 ≤  𝑅𝑏𝑟𝑒𝑎𝑘−𝑢𝑝: 

𝜎 =  𝜒 (
𝐴

𝐴𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔
− 1) =  𝜒 (

𝑅2

𝑅𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔
2 − 1)       (4) 

The third state is a ruptured state in which due to a fast expansion of the bubble, the shell 

breaks at a certain tension, 𝜎𝑏𝑟𝑒𝑎𝑘−𝑢𝑝. At this state the surface tension of the bubble will be 

the same as the surrounding liquid, water in this case, thus for 𝑅𝑏𝑟𝑒𝑎𝑘−𝑢𝑝 ≤ 𝑅: 

𝜎 = 𝜎𝑤𝑎𝑡𝑒𝑟       (5) 
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The Marmottant model for bubble dynamics combines the Rayleigh-Plesset equation and 

the following polytropic gas law with surface tension dependance on the bubble changing 

radius: 

𝑃𝑔(𝑡) − 𝑃𝑙(𝑡) =
2𝜎(𝑅)

𝑅
+ 4𝜇

�̇�

𝑅
+ 4𝜅𝑠

�̇�

𝑅2         (6) 

Where 𝑃𝑔 is the gas pressure in the bubble, 𝑃𝑙 is the liquid pressure, R is the bubble radius, 

𝜎(𝑅) is the bubble surface tension as a function of the bubble radius, 𝜇 is the liquid viscosity, 

and 𝜅𝑠 is the surface dilatational viscosity from the monolayer. 

Therefore, the final Marmottant model equation for bubble dynamics is: 

𝜌𝑙 (𝑅�̈� +
3

2
�̇�2) = [𝑃0 +

2𝜎(𝑅)

𝑅0
] (

𝑅

𝑅0
)

−3𝜅
(1 −

3𝜅

𝑐
�̇�) − 𝑃0 −

2𝜎(𝑅)

𝑅
−

4𝜇�̇�

𝑅
−

4𝜅𝑠�̇�

𝑅2 − 𝑃𝑎𝑐(𝑡)         (7) 

Where 𝑃0 is the ambient pressure, 𝑅0 is the equilibrium radius of the bubble, 𝜅 is the 

polytropic gas exponent, 𝑐 is the sound velocity in the liquid, and 𝑃𝑎𝑐 is the acoustic pressure 

[16]. 

3.5  Low-frequency sonoporation 

Sonoporation efficacy depends on the cell type, the size of the generated pore, and the 

delivered particle size, among other parameters. The pore size is affected by factors such as 

the MB concentration, formulation, targeting method, treatment duration, and US 

parameters [17], [13]. These parameters also affect the duration of the opened pore and the 

end result of successful delivery or cell death [18], [19]. Enlarging the pores by enhanced 

MB oscillations is likely to increase cellular uptake via sonoporation.  

Earlier works assumed that MB oscillations are enhanced at their resonance frequency [20]. 

The resonance frequency depends on factors such as the MB diameter, composition and 
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surrounding medium [21], and is typically above 1 MHz [4]. For these reasons, MB-

mediated sonoporation optimization studies applied insonation at frequencies of 500 kHz 

and above, although most were above 1 MHz [22]–[26]. However, more recent studies have 

shown that at a low frequency of 250 kHz, which is an order of magnitude below the MB 

resonance frequency, enhanced MB oscillations are observed and can increase sonoporation 

efficacy [14], [27]. The physical mechanism accounting for this phenomenon is known as 

the Blake threshold effect, which states that when exciting a MB well below its resonance 

frequency, beyond a defined threshold pressure (Blake threshold), the MB will expand 

extensively [28]–[30]. These high amplitude oscillations can transform the TMB into 

mechanical therapeutic warheads that poke large holes in cell membranes. This effect was 

recently shown to facilitate the delivery of large genes into cancer cells [27], and for low 

energy mechanical ablation of tumors [7], [31].  

Figure 3 simulates the MB expansion ratio for an initial resting diameter of 1.5 μm for center 

frequencies of 250 kHz in green and 1 MHz in red. For the low frequency of 250 kHz, we 

can see a much higher expansion ratio when compared to 1 MHz for pressures above 200 

kPa. This high expansion ratio shows that for 250 kHz inertial cavitation initiates around 

200 kPa, which is a relatively low pressure, meaning that we can expect a more robust 

sonoporation effect at lower pressures with 250 kHz when compared to 1 MHz. 

In order to deliver large particles using sonoporation, we need large pores in the cell 

membrane. The large pores can be created by high MB expansion ratio which is achieved at 

low frequencies. 
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Figure 3 - Expansion ratio simulation. MB expansion ratio for an initial resting diameter of 1.5 μm for 

center frequencies of 250 kHz in green and 1 MHz in red. 

Given the advantages of low frequency insonation, and the growing interest in the use of 

low frequencies [27], [32], [33], there is a crucial need for studies on ways to optimize the 

relationship between molecule size and delivery efficacy upon low frequency sonoporation 

for effective drug delivery. This study assessed the impact of particle size on cell uptake by 

directly comparing the delivery of 4 molecules with different molecular weights. Most 

previous sonoporation studies have examined the delivery of small molecules such as 

Propidium Iodide (PI) [34]–[40]; however, the delivery of small molecules does not fully 

represent the ability to deliver larger particles. Hence, this study examined the sonoporation 

effect on molecules ranging from 1.2 kDa up to 70 kDa. This size range corresponds to 

materials such as chemotherapeutic drugs and drug carriers (1-70 kDa), siRNA (~14kDa) 

and proteins (3-40 kDa) [16], [41]–[49]. 

Further, as seen in the simulation, the use of a low frequency reduces the pressure needed to 

achieve effective delivery. As a result, the spatiotemporal precision of the method is 

improved, since only the MBs and the target tissues are affected, while the healthy 
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surrounding tissue remains unaffected. Moreover, the low energies do not induce heat, so 

that the effect remains purely mechanical. The additional benefits of the use of low 

frequency have to do with its large penetration depth as a result of low attenuation compared 

to high frequencies, which is likely to facilitate the treatment of deep-seated tissues and 

organs.  

3.6  Mechanical Index 

US is considered a safe method relying on over 60 years of use, mostly for diagnostics. It is 

non-invasive and does not emit ionizing radiation. Still, as a result of US waves interaction 

with tissues in the body, bioeffects such as thermal and mechanical effects can occur and 

are even desired at a certain extent for some applications. An important distinction should 

be done between reversible and irreversible bioeffects and an understanding of the intended 

outcome, as a result of the US induced bioeffects, is needed in order to avoid harm.  

As mentioned, the two main types of bioeffects are heating and cavitation and for each one 

a calculated index was defined to better evaluate the effect [1].  

The thermal index for soft tissues is defined as: 

TIS =
W0 ∙ 𝑓[𝑀𝐻𝑧]

210[mW ∙ MHz]
       (8) 

Where W0 is the time-averaged acoustic power and 𝑓 is the frequency in MHz. 

Due to the use of MBs and the exploitation of their cavitation effect, the significant index 

here is the mechanical index (MI), as it is related to cavitation-induced mechanical effects 

and defined as:  
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𝑀𝐼 =  
𝑃𝑁𝑃 [𝑀𝑃𝑎]

√𝑓[𝑀𝐻𝑧]
          (9) 

The Food and Drug Administration (FDA) limit for MI is 1.9 and this limitation guided us 

when choosing the US parameters in the experiments presented in this thesis. Usually, the 

mechanical index range for sonoporation is between 0.2 to 1.9 [21].  

3.7  Cancer treatment 

The main focus here centers on breast cancer cell sonoporation. Their sonoporation is often 

more challenging than other cell types, such as muscle cells where small MB oscillations 

suffice for robust sonoporation [46]. In addition, drug delivery to cancer cells has a high 

clinical importance. Currently, cancer treatment involves invasive surgery combined with 

adjuvant therapy such as chemo- or immuno-therapy. However, the lack of specificity of 

these adjuvant therapies and their toxic nature triggers systemic toxic side effects in healthy 

tissues [47]. By contrast, TMB-mediated sonoporation is a site specific targeted delivery 

method [15], [48]. Moreover, reducing tumor burden plays a key role in the success of 

adjuvant therapies [49]. Along with enhancing drug delivery, low frequency insonation of 

MBs can reduce cancer cell viability, as a combined strategy for cancer treatment. 

3.8  NB sonoporation 

Many of the sonoporation methods use UAC such as MB to enhance the sonoporation 

efficacy due to the initiation of the sonoporation effect at lower pressure when compared to 

sonoporation without MBs. However, in addition to MBs, the efficacy can also be enhanced 

with reducing of the bubbles size to nano dimensions, meaning NBs. With their smaller size, 

NBs have an advantage over MBs as they can better pass small vessels, such as the capillary 

bed, without the fear of blocking them and they can accumulate at the tumor site due to the 
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EPR effect [50],[51]. The EPR effect, meaning the enhanced permeability of the tumor, is 

caused due to a rapid and unorganized growth of vasculature and hindered lymphatic 

removal paths. NB, or other nano sized particles, can more easily pass through these 

permeable vessels and accumulate at the tumor, in contrast to healthy tissues in which the 

arranged vasculature system does not enable it [52]. For MB-mediated sonoporation the MB 

need to be injected intratumorally to be close to the tumor cells, and it might be problematic 

depending on the tumor location. Therefore, NBs have an advantage with the ability to reach 

tumors via systemic administration. 

Another advantage that NBs have over MBs is their movement in suspension. To achieve 

the MB-cell proximity required for the sonoporation effect, cell-targeted MBs are needed 

since MBs immediately float in a suspension. If the MBs are not linked to the cell surface, 

the MBs will float to the top of the suspension away from the cells. However, by using cell-

targeted MBs we enforce their vicinity. NBs behavior in a suspension is different as they are 

more neutrally buoyant in a Brownian motion in the suspension, allowing them to stay close 

to the cells for a longer duration [12]. Therefore, when using NBs, a targeting method is not 

needed and free NBs can be used. This is another advantage of NBs over MBs as it simplifies 

the preparation process. 

As for sonoporation studies with MBs, for NBs also most of the studies employed 

frequencies of 1 MHz and above [50],  [51], [53]–[59], still, due to the low frequency 

advantages of sonoporation with MB, an understanding of the sonoporation efficacy with 

NB at low frequencies is also needed. Sonoporation experiments with NBs were also done 

as part of this thesis and outcome was compared to sonoporation with MBs. 
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4 Materials and methods 

4.1  Numerical modeling 

The MB expansion ratio was estimated using the Marmottant model [16] which exhibits 

good fit with experimental observations [14], [60]. The simulation was implemented in 

Matlab (version 2017b, The MathWorks, Natick, MA, USA), and took the MB composition, 

the viscosity and density of the surrounding medium, and the US excitation parameters into 

account. The MB expansion ratio, defined as the maximal diameter divided by the resting 

MB diameter, was evaluated for a center frequency of 250 kHz and PNPs ranging from 0 to 

800 kPa. The simulation parameters were described previously [31]. The initial MB resting 

diameter was set to 1.5 μm. 

4.2 Microbubble preparation 

TMBs composed of a phospholipid shell and a perfluorobutane (C4F10) gas core were used 

in this study and prepared as reported previously [27]. Briefly, for the TMB preparation, the 

following lipids (2.5 mg per 1 mL) were combined in a 90:5:5 molar ratio: 

distearoylphosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N- [methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2K), and 1,2-

distearoylsnglycero- 3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)2000] 

(DSPE-PEG2000-Biotin). All lipids were purchased from Sigma-Aldrich. The lipids were 

sonicated at 62°C with a 7.4 pH buffer solution (80% NaCl, 10% glycerol, and 10% 

propylene glycol) and aliquoted into vials (1 mL in each). After sealing the vial, the air 

within the 1 ml gap in the vial was replaced by perfluorobutane gas. This was done by 

inserting a perfluorobutane gas syringe with a 21G needle into the vial, and slowly purging 
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it inside. In parallel, 27G needle was inserted through the rubber cap, into the top of the vial. 

This needle was used as an outlet for the excess air and perfluorobutane gas. The vials were 

kept at 4°C until use. Upon use, to activate the TMB, the vial was shaken for 45 seconds in 

a VIALMIX shaker. Then, using centrifugation, the TMB were purified by removing most 

of the TMBs with radii smaller than 0.5 μm. 400 μg of streptavidin (Thermo Fisher 

Scientific, S888) was added to the TMB which were then incubated on a rotator for 25 

minutes. After the 25- minute incubation period the TMB were purified again using 

centrifugation to remove excess streptavidin. Then, 15 μg of Biotin anti-mouse CD326 

antibody (EpCAM, BLG-118204) was added to the TMB, which were incubated again on a 

rotator for 25 minutes and then purified in the same way to remove the excess antibody. 

Figure 4 shows a syringe with TMB after purification. The TMB size and concentration 

were measured using a particle counter system (AccuSizer FX-Nano, Particle Sizing 

Systems, Entegris, MA, USA). 

The amount of streptavidin and CD326 antibody per TMB was estimated as follows:  the 

DSPC headgroup has an average area of 0.6 nm2 [27], [61], [62]; thus, a MB with an average 

diameter of 1.5 µm has ~107 lipid molecules/shell [π*(1.5*10-6)2/(0.6*10-18)  107]. 5% of 

the total lipids are DSPE-PEG-Biotin; therefore, each MB has 5*105 DSPE-PEG2K-Biotin. 

We assume that one biotin-lipid conjugates with one streptavidin and therefore each MB has 

~5*105 streptavidin. On average, assuming that two antibody molecules bind to one 

streptavidin, each TMB has ~10*105 antibody molecules [63]. 
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Figure 4 – Microbubbles. (A) Syringe with TMB before adding it to the cell suspension. (B) A 

microscope image showing a cell with TMBs attached to the cell, at 20X magnification. 

4.3 Nanobubbles preparation 

For NB preparation 1,2-dibehenoyl-sn-glycero-3-phosphocholine (C22, Avanti Polar Lipids 

Inc., Pelham, AL), 1,2-dipalmitoyl-sn-glycero-3phosphate (DPPA, Corden Pharma, 

Switzerland), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, Corden Pharma, 

Switzerland), and 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG 2000, Laysan Lipids, 

Arab, AL) were dissolved at 80°C in propylene glycol (PG, Sigma Aldrich, Milwaukee, WI) 

and sonicated until all lipids were dissolved. Then, the solution was sonicated at room 

temperature for 10 minutes with an addition of glycerol (Gly, Acros Organics) and 

phosphate buffer solution (0.8 mL, Gibco, pH 7.4) mixture that was preheated to 80°C. 1 ml 

of the final solution was aliquoted into each vial and octafluoropropane (C3F8, Electronic 

Fluorocarbons, LLC, PA) gas was injected into each vial to replace the air. 

Upon use, to activate the NB, the vial was shaken for 45 seconds in a VIALMIX shaker and 

then placed inverted in centrifuge for 5 minutes at 50 rcf to isolate the NB. Using a 21 G 
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needle, 100 µL of the NB solution was drawn from the vial, taken 5 mm from the bottom of 

the vial.  

4.4   Cell preparation 

4T1 cells, murine tumor-derived cell line (purchased from ATCC), were used in all 

experiments. The cells were cultured in T75 tissue culture flasks containing RPMI 1640 L-

Glutamine (+) with 10% fetal bovine serum (FBS) and 1% penicillin−streptomycin (P/S) at 

37°C in a humidified 5% CO2 incubator. Upon use, when cell confluency reached 85%, the 

cells were dissociated using TrypLE Express (Thermo Fisher Scientific, 12604021) and 

resuspended at a concentration of 2 × 106 cells in 300 μL degassed PBS (calcium (+), 

magnesium (+)).  

4.5 Ultrasound set-up 

For the US treatment, a 0.5 mL Eppendorf tube with cell suspension was positioned at the 

focal spot of a spherically focused single-element transducer (H115, Sonic Concepts, 

Bothell, WA, USA), which was placed facing upward at the bottom of a degassed water tank 

(Fig. 5). The transducer was focused to a distance of 45 mm. Each tube was insonated at a 

center frequency of 250 kHz and PNP that ranged from 100 to 800 kPa for a duration of 30 

seconds. 
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Figure 5 - Microbubble-mediated sonoporation setup. An ultrasound transducer is placed at the bottom 

of a water tank and a tube containing cells with TMB in a fluorescent molecule suspension is placed at the 

transducer’s focal spot. 

4.6 Sonoporation experiments 

4.6.1 TMB Sonoporation 

Fluorescent molecules ranging from 1.2 kDa to 70 kDa were used to investigate delivery to 

the cells. Each experiment included one of the following materials: 7-aminoactinomycin D 

(7-AAD), a 1270 molecular weight (mol wt) fluorescent dye that undergoes a spectral shift 

upon association with DNA (Thermo Fisher Scientific, A1310), Fluorescein isothiocyanate–

dextran average mol wt 4,000 (FITC-Dextran 4) (46944, Sigma-Aldrich), FITC-Dextran 20 

(Sigma-Aldrich, FD20), and FITC-Dextran 70 (Sigma-Aldrich, 46945). After cell 

preparation, TMB were added to the cell mixture at a ratio of 50 TMB per cell [7] and 

incubated for 20 minutes at room temperature on a rotator allowing the TMB to bind to the 

cells. Following incubation, microscopy imaging was used to confirm the TMB binding to 

the cells (Fig. 6). For the same targeted microbubbles concentration used here, it was 
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previously found that 19.4 ± 3 TMBs were bound per cell. This is a 38.8 ± 6% effective 

binding rate [7]. 

 

Figure 6 - Cells with targeted microbubbles. Microscope images showing 4T1 cells with targeted 

microbubbles attached to the cells, at 20X magnification. Scale bar is common to all images and is 50 µm. 

 

For the 7-AAD sonoporation experiments the incubation was performed separately for each 

group, prior to which the cells were kept on ice. For the FITC sonoporation experiments, the 

incubation was performed for all groups at the same time. 

Following incubation, the mixture of cells and TMB was aliquoted into 0.5 mL Eppendorf 

tubes, along with degassed PBS +/+ and the sonoporated material (5 µg/ml 7-AAD or 1 

mg/ml FITC-dextran). For experiments with 7-AAD and FITC-Dextran 4, due to the 

molecules’ small size, the US treatment was performed immediately after adding the 
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material to the 0.5 mL Eppendorf tube. For the FITC-Dextran 20 and 70, the cell mixture 

was incubated for 30 minutes with the materials prior to US treatment . 

For the 7-AAD sonoporation experiments, following US treatment, 10 µg/ml of Hoechst 

(33342, Abcam) was added to the tube to quantify the total number of cells in the sample. 

The suspension was transferred from the Eppendorf tube to a 35mm cell culture dish 

(430165, Corning) and viewed under fluorescence microscope using BF, an mCherry filter 

and a DAPI filter at 10X magnification. Seven frames from different locations of the culture 

dish were saved to be analyzed further . 

For the FITC-Dextran sonoporation experiments, following US treatment, the suspension 

was transferred from the Eppendorf tube to a 24-well plate (3526, Corning) which was pre-

prepared with 300 µl of culture media with an additional 1.5% P/S and then incubated for 

24 hours at 37°C in a humidified 5% CO2 incubator. 

After incubation for 24 hours, each well was washed 3 times with PBS to remove the 

remaining FITC suspension and then media were added to each well. Imaging and 

quantification of the fraction of fluorescent cells was performed using IncuCyte Live-Cell 

Analysis System (Essen Bioscience). All experiments were performed in triplicate for each 

group. 

4.6.2 Free MB and NB Sonoporation 

Fluorescent dye uptake by the cells was calculated for molecules in different sizes. First, a 

proof-of-concept experiment was performed with 7-aminoactinomycin D (7-AAD), 1.2 kDa 

fluorescent dye (Thermo Fisher Scientific, A1310). Free NBs were added to the cell 

suspension and degassed PBS +/+ in an Eppendorf tube at a ratio of 300,000 NBs per cell. 

Then, 5 µg/ml of 7-AAD was added to the mixture. Each tube was insonated and following 

the US treatment 10 µg/ml of Hoechst (33342, Abcam) was added to identify the number of 
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total cells in the sample. The suspension was then viewed under fluorescence microscope in 

a 35mm cell culture dish (430165, Corning). 

Next, a sonoporation experiment was done with Fluorescein isothiocyanate–dextran average 

mol wt 4,000 (FITC-Dextran 4 kDa) (46944, Sigma-Aldrich). Same as before, NB were 

added to the cell suspension with degassed PBS +/+ in an Eppendorf tube a ratio of 300,000 

NB per cell and then 1 mg/ml of FITC 4 kDa was added. For the MB groups the ratio was 

50 MBs per cell. Following US treatment, the suspension was transferred to a 24-well plate 

(3526, Corning) with 300ul of culture media and 1.5% P/S. The plate was incubated for 24 

hours at 37°C in a humidified 5% CO2 incubator. After incubation, the wells were washed 

three times with PBS to remove any remaining FITC suspension and then media were added 

to each well. IncuCyte Live-Cell Analysis System (Essen Bioscience) was used for uptake 

calculation. Experiments were performed in triplicate for each group. 

4.7 Viability experiments 

Viability was calculated as the percentage of remaining cells in each group compared to the 

sham group. For the 7-AAD experiments, viability was measured immediately after US 

treatment using CellDrop device (DeNovix). For the FITC experiments, viability was 

measured at 24hrs and at 72hrs post-US treatment. These time points were selected in order 

to match the time points of the molecules uptake experiments. An additional viability test 

was performed 72 hours post treatment to evaluate cells recovery as a function of time.  

Following US treatment, the suspension was transferred from the Eppendorf tube to a 24-

well plate (Corning, 3526) or 6-well plate (Corning, 3516), which were pre-prepared with 

either 300ul or 2ml of culture media with an additional 1.5% P/S and then incubated for 24 

hours at 37°C in a humidified 5% CO2 incubator. After 24 hours of incubation, each well 

was washed with PBS, then dissociated with TrypLE and counted using the CellDrop device 
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(DeNovix). For the three-day viability test, the FITC suspension was washed after one day 

and then the cells were incubated with media for the remaining time until count. 

4.8 Analysis 

For the 7-AAD sonoporation experiments, microscope images were analyzed using ImageJ 

software. Each image was uploaded to the ImageJ software, the image type was changed to 

16-bit, the threshold was adjusted to view the stained cells clearly and the background was 

removed. Each experiment was conducted in triplicate, and 7 images were acquired in each 

repetition, for a total of 21 images for each group . 

The number of Hoechst-stained cells (Blue) was defined as the total number of cells in the 

sample. The number of red cells was the number of cells stained with 7-AAD. The fraction 

of fluorescent cells was calculated as the percentage of 7-AAD stained cells divided by the 

number of Hoechst-stained cells . 

For the FITC sonoporation experiments, the analysis was performed using IncuCyte Live-

Cell Analysis System (Essen Bioscience). Each well was sampled 25 times at 20X 

magnification. The calculation used the green confluence (green cell area) normalized by 

the phase confluence (total cell area). This required configuring the analysis to distinguish 

cells and the same fluorescence threshold for all images. 

GraphPad Prism 9 software was used for the statistical analysis. P values less than 0.05 were 

considered significant and were adjusted for multiple comparisons as indicated in the figure 

captions. The results are presented as the mean ± SD. 
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5 Results 

5.1 Numerical Simulations 

The MB expansion ratio provided a metric to assess its vibrational response. Expansion 

ratios from 1.1 to  3.5 were considered to reflect stable cavitation, while inertial cavitation 

was defined as initiating  at expansion ratios of more than 3.5 fold [14]. The size of the 

generated pore in the cell membrane also depends on the MB expansion ratio. Therefore, to 

determine the range of PNP for the operation, numerical simulations of the MB expansion 

ratio were conducted for a center frequency of 250 kHz as a function of the PNP (0 to 800 

kPa) (Fig. 7A). MB oscillations are enhanced at a low frequency of 250 kHz, and therefore 

the stable cavitation range is narrow [14]. Based on these numerical simulations, the 

predicted stable cavitation range occurs between 85-205 kPa (Fig. 7B). Above this PNP, a 

steep increase in the expansion ratio initiated and reached factors of 15, 33, and 50 for a PNP 

of 300, 500 and 800 kPa, respectively.  
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Figure 7 - Predicted MB expansion ratio. Microbubble expansion ratio as a function of the peak negative 

pressure for 250 kHz and a MB initial diameter of 1.5 µm, for a peak negative range of: (A) 0-800 kPa, and 

(B) Zoom-in on peak negative pressures of up to 250 kPa. 

5.2 Sonoporation results 

The delivery of four different sized impermeable dye molecules following low frequency 

US insonation at a center frequency of 250 kHz was optimized, and directly compared. 

5.2.1 TMB-mediated Sonoporation of 7-AAD 

The first molecule tested was the 7-AAD, which has a molecular weight of 1.2 kDa. Based 

on a previous study [64], two 7-AAD concentrations were tested (5 µg/ml and 10 µg/ml), to 

assess the cell’s uptake without US and MB treatment (sham). The fraction of fluorescent 

cells in the sham group, as observed via fluorescence microscopy, increased as a function of 

incubation time (Fig. 8A). Therefore, in the following experiments, a time point of 0 (e.g., 

immediately post-US treatment) was used. For this time point, the fraction of fluorescent 

cells for both concentrations was similar: 16.8 ± 7.7% for 5 µg/ml and 21.6 ± 3.2% for 10 

µg/ml (Fig. 8B). Therefore, a concentration of 5 µg/ml was chosen for the subsequent US 

and TMB sonoporation experiments.  
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Figure 8 - 7-AAD sham group over time. (A) 7-AAD fluorescent cells as percentage out of total live 

cells in the sham group over time. (B) Fluorescence microscopy images for the 7-AAD uptake without any 

treatment (sham) for concentration of 5 µg/ml (left) and 10 µg/ml (right). Scale bar is common to all 

subfigures in (B) and is 200 µm. 

 

The fraction of 7-AAD stained cells increased as a function of the applied PNP. The percent 

of fluorescent cells was similar between the sham (21 ± 3%), US only (24 ± 3.3%) and 

treatment with TMB and US at 100 kPa (21.5 ± 0.9%).  The fraction of fluorescent cells 

reached a maximal value of 57.7 ± 4.9% for 500 kPa (Fig. 9B). Increasing the PNP to 800 

kPa reduced the fraction of fluorescent cells to 52 ± 6.3% (non-significant, p>0.05). This 

suggests that 500 kPa was the optimal delivery pressure for this molecule size. The results, 

presented as folds, increased compared to the sham group and showed a maximal value of 

2.8 ± 0.23 fold compared to the sham group (Fig. 9C).  
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Figure 9 - 7-AAD sonoporation. (A) Fluorescence microscopy images for different ultrasound treatment 

groups. Each row presents a different PNP immediately following sonoporation. Left column is the Hoechst-

stained cells, middle column is the 7-AAD stained cells, and right column is an overlay of both Hoechst and 

7-AAD stained cells. Images were acquired with 10x magnification. Scale bar is common to all subfigures in 

(A) and was 200 µm. (B) 7-AAD stained cells expressed as the percentage of live cells for the different 

treatment and control groups. (C) The graph in (B) presented as the fold uptake compared to the sham group. 

(B and C) One-way ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, 

**p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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5.2.2 TMB-mediated Sonoporation of FITC 4 kDa 

The next molecule that was tested was 4 kDa FITC-dextran. The same FITC-dextran 

concentration of 1 mg/ml was used for all FITC-dextran sizes (4, 20 and 70 kDa) and was 

chosen based on previous studies [65]–[68]. FITC 4 kDa exhibited the same delivery trend 

as 7-AAD, where the fraction of fluorescent cells increased as a function of the applied PNP, 

up to a PNP of 500 kPa (maximal fraction of fluorescent cells was 29.39 ± 5.07%). Beyond 

this PNP, the fraction of fluorescent cells began to reduce to 24.14 ± 4.46% for a PNP of 

800 kPa (not significant, p>0.05) (Fig. 10B). A similar percentage was observed in the 

control groups of sham (0.77 ± 0.21%) and only US (0.22 ± 0.12%). In addition, the control 

group of only TMB (2.05 ± 0.86%) had a similar percent of fluorescent cells as the treated 

group with 100 kPa. These results suggest that 500 kPa was the optimal PNP for the delivery 

of these molecules, consistent with the 7-AAD results. Specifically, in terms of the fold 

increase compared to the sham group, the maximal uptake for 500 kPa represented a 38 ± 

6.5 fold increase compared to sham group, which was significantly higher than the factor 

obtained for the 7-AAD molecule (Fig. 10C). 
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Figure 10 - FITC 4 kDa sonoporation. (A) Overlay images of cells and FITC 4 kDa for different 

ultrasound treatment groups. Each image presents a different PNP 1 day after sonoporation. Images were 

acquired by the Incucyte system with 20X magnification. Scale bar is common to all subfigures in (A) and 

is 200 µm. (B) FITC 4 kDa stained cells expressed as the percentage of live cells for the different 

treatment and control groups. (C) The graph in (B) presented as fold uptake compared to the sham group. 

(B and C) One-way ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, 

**p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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5.2.3 TMB-mediated Sonoporation of FITC 20 kDa 

Next, the size of the delivered molecule was increased to FITC-dextran 20 kDa (Fig. 11). 

The percent of fluorescent cells increased as a function of the applied PNP. Maximal 

percentage was observed for a PNP of 800 kPa (13.23 ± 1.32%), while for the 500 kPa the 

fraction of fluorescent cells was 10.34 ± 1.03% (non- significant, p>0.05). A fraction of 

fluorescent cells of 0.76 ± 0.41% was seen for the sham group and increased for the for the 

100 kPa (4.34 ± 1.86%), 200 kPa (5.57 ± 3.01%), and 300 kPa (8.14 ± 1.95%) (Fig. 11B). 

The maximal fold increase for the 800 kPa PNP compared to the sham group was 17.4 ± 

1.74 (Fig. 11C).  
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Figure 11 - FITC 20 kDa sonoporation. (A) Overlay images of cells and FITC 20 kDa for different 

ultrasound treatment groups. Each image presents a different PNP 1 day after sonoporation. Images were 

acquired by the Incucyte system with 20X magnification. Scale bar is common to all subfigures in (A) and 

is 200 µm. (B) FITC 20 kDa stained cells expressed as the percentage of live cells for the different 

treatment and control groups. (C) The graph in (B) presented as fold uptake compared to the sham group. 

(B and C) One-way ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, 

**p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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5.2.4 TMB-mediated Sonoporation of FITC 70 kDa 

The largest molecule that was tested was FITC-dextran 70 kDa (Fig. 12). For this molecule 

size, 0.24 ± 0.03% fluorescent cells was observed in the sham group and 1.4 ± 0.12% for 

treatment with 100 kPa. A similar percentage was obtained for treatment with 200 kPa (4.22 

± 0.52%) and 300 kPa (4.33 ± 1.19%). Maximal percent of fluorescent cells was observed 

for 500 kPa (5.3 ± 1.4%) and dropped to 4.32 ± 0.6% for 800 kPa (not significant, p>0.05), 

consistent with the trends observed for the delivery of 7-AAD and FITC 4kDa. The maximal 

fold increase in uptake for treatment with 500 kPa was 21.5 ± 5.7 compared to the sham 

group.  
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Figure 12 - FITC 70 kDa sonoporation. (A) Overlay images of cells and FITC 70 kDa for different 

ultrasound treatment groups. Each image presents a different PNP 1 day after sonoporation. Images were 

acquired by the Incucyte system with 20X magnification. Scale bar is common to all subfigures in (A) and 

is 200 µm.  (B) FITC 70 kDa stained cells expressed as the percentage of live cells for the different 

treatment and control groups. (C) The graph in (B) presented as fold uptake compared to the sham group. 

(B and C) One-way ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, 

**p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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Uptake percentage was the highest for the smaller molecules and decreased as the 

molecule size increased (Fig. 13). For PNP of 500 kPa uptake was 58% and 29% for the 

1.2 kDa and 4 kDa molecule sizes respectively, while for 20 kDa and 70 kDa it was 10% 

and 5% repesctively. 

 

Figure 13 - Uptake at 500 kPa. Uptake expressed as the percentage of live cells for the different molecule 

sizeses at 250 kHz and 500 kPa PNP. One-way ANOVA with Tukey’s multiple comparison test. Adjusted p 

values were *p<0.05, **p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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5.2.5 Free NB and free MB Sonoporation 

5.2.5.1 NB-mediated sonoporation with 7-AAD 

NB-mediated sonoporation was initially tested with 7-AAD. Treatment groups were 

treated with free NB. Treatment with NB only (without US insonation) did not show an 

increase in uptake compared to the Sham group. Then, treatment with center frequency of 

250 kHz and PNP of 800 kPa was performed (MI = 1.6). This pressure was the maximal 

pressure in the TMB sonoporation experiments, for which 52% uptake was received. 

Here, with the free NB we saw 61% uptake at 800 kPa. In addition, the total number of 

cells in the sample did not seem to decrease as much as we saw for the TMB experiments 

so we decided to increase the PNP to 1350 kPa at 250 kHz (MI = 2.7) to see whether a 

decrease in cell viability will be seen. At 1350 kPa we still did not see a significant 

decrease in cells viability immediately after US treatment and uptake was also 61%. Next, 

based on previous experiments done with free NB, which showed reduced viability of 

cells at a center frequency of 80 kHz, cells were insonated at 80 kHz and 360 kPa (MI = 

1.27), which showed 70% uptake. Results are presented in Fig. 14. 
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Figure 14 - NB sonoporation with 7-AAD. (A) Fluorescence microscopy overlay images for different ultrasound 

treatment groups. Scale bar is common to all subfigures in (A) and is 100 µm. (B) 7-AAD stained cells expressed 

as the percentage of live cells for the different groups. (C) The graph in (B) presented as fold uptake compared to 

the sham group. (B and C) One-way ANOVA with Tukey’s multiple comparison test. Adjusted p values were 

*p<0.05, **p<0.01, ***p <0.001, ****p <0.0001. All data are plotted as the mean ± SD. 
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5.2.5.2 NB-mediated and MB-mediated sonoporation with FITC 4 kDa 

The next molecule to be tested with NB was FITC-dextran 4 kDa. For this molecule size 

a center frequency of 250 kHz was used and pressures between 200 kPa and 800 kPa to 

correlate with the TMB sonoporation experiment. A group with free MB was also included 

in this experiment to compare between the free NB and free MB, and also to compare with 

the TMB sonoporation experiments. 

NB only, without US treatment, did not show an increase in uptake compared to sham. A 

small non-significant increase in uptake started at 200 kPa (~10%), and then the significant 

increase was witnessed at 300 kPa. The same uptake was seen at 300, 500 and 800 kPa 

(~26%). Treatment with free MB and 500 kPa insonation did not affect the uptake. Results 

are presented in Fig. 15. 
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Figure 15 - Free MB and NB sonoporation with FITC 4 kDa. (A) Overlay images of cells and 

FITC 4 kDa for different ultrasound treatment groups. Each image presents a different PNP 1 day after 

sonoporation. Images were acquired by the Incucyte system with 20X magnification. Scale bar is 

common to all subfigures in (A) and is 200 µm. (B) FITC 4 kDa stained cells expressed as the 

percentage of live cells for the different treatment and control groups. (C) The graph in (B) presented 

as fold uptake compared to the sham group. (B and C) One-way ANOVA with Tukey’s multiple 

comparison test. 
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5.2.5.3 NB, TMB and free MB sonoporation comparison 

For a center frequency of 250 kHz and FITC-dextran 4 kDa a comparison of uptake 

percentage between free NB, free MB and TMB was done. When comparing between the 

NB and TMB for each PNP no significant change was witnessed, meaning by using free 

NB we can reach the same uptake as received with TMB. 

A significant difference was witnessed between the groups with free MB and 500 kPa 

PNP, for which uptake was significantly low compared to the groups with free NB and 

groups with TMB at 500 kPa. This shows that TMB have a clear advantage over free MB 

when used for sonoporation, and also that free NB have an advantage over free MB. 

Results presented in Fig. 16. 

  

Figure 16 - Uptake comparison between TMB, free MB and NB. FITC 4 kDa stained cells expressed 

as the percentage of live cells for the different treatment and control groups. One-way ANOVA with 

Tukey’s multiple comparison test. Adjusted p values were *p<0.05, **p<0.01, ***p <0.001, ****p 

<0.0001. All data are plotted as the mean ± SD. 

 



41 
 

5.3 Viability results 

5.3.1 TMB viability results 

Cell viability was evaluated for the treatment groups at multiple time points following 

sonoporation. For the 7-AAD molecule, cell viability was assessed immediately after 

sonoporation and demonstrated a similar viability of ~40% live cells for the different 

treatment groups. The Only US group had the same results as the sham group (Fig. 17A) . 

Unlike the 7-AAD, where the molecule uptake was assessed immediately after sonoporation, 

the FITC molecule uptake was evaluated 24 hrs. post sonoporation, Therefore, cell viability 

was assessed 24 hrs. post- sonoporation as well. For treatment with FITC 4 kDa, no 

significant difference was observed between the sham (100 ± 9.04%) and Only US (93.19 ± 

11.9%) groups. In the treatment groups, viability dropped to 22.87 ± 1.01% for treatment 

only with TMB (no US application). Application of US + TMB further reduced viability 

from 22.57 ± 3.9% at a PNP of 100 kPa to 12.1 ± 0.92% and 7.92 ± 0.42% for treatment 

with 500 and 800 kPa, respectively (Fig. 17B). Cell recovery was assessed by evaluating 

cell viability 72 hrs. post sonoporation. Viability was significantly increased at 72 hrs. 

compared to 24 hrs. for all treated groups, reaching 52.84 ± 10.5% for the 500 kPa treatment. 

The sham and Only US groups remained similar, as did the Only TMB group (85.83 ± 

2.17%) and the TMB with 100 kPa US (85.73 ± 1.67%). (Fig. 17C).  
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Figure 17 - Cell viability post treatment with TMB. (A) Viability of cells expressed as the percentage of 

the sham group for the different treatment and control groups immediately after sonoporation with 7-AAD. 

(B) Viability of cells expressed as the percentage of sham group for the different treatment and control 

groups 1 day after sonoporation with FITC 4 kDa. (C) Viability of cells expressed as the percentage of sham 

group for the different treatment and control groups 3 days after sonoporation with FITC 4 kDa. One-way 

ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, **p<0.01, ***p <0.001, 

****p <0.0001. All data are plotted as the mean ± SD. 

5.3.2 Free NB and free MB viability results 

Cells viability for sonoporation experiment with FITC 4 kDa at a center frequency of 250 

kHz was also evaluated 24 hours post treatment with free MB and free NB. For treatment 

with NB only, no US application, viability remained the same as the sham group. For 

treatment with free MB at 500 kPa PNP viability was reduced to 82.24 ± 3.6%. However, 

the significant decrease in viability was witnessed for the NB treatment groups. Viability of 

42.33 ± 12.98% was seen for PNP of 200 kPa and viability of 8.95 ± 2.78%, 3.61 ± 1.48% 

and 2.57 ± 0.27% was received for 300, 500 and 800 kPa respectively (Fig. 18). 
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Figure 18 - Cell viability post treatment with NB. Viability of cells expressed as the percentage of sham 

group for the different treatment and control groups 1 day after sonoporation with FITC 4 kDa. One-way 

ANOVA with Tukey’s multiple comparison test. Adjusted p values were *p<0.05, **p<0.01, ***p <0.001, 

****p <0.0001. All data are plotted as the mean ± SD. 

6 Discussion 

Sonoporation is a growing field which has documented advantages over other delivery 

methods such as electroporation and viral vectors [69]. The clinical applications of 

sonoporation include drug and gene delivery for different cell types and locations [27], [43], 

[45], [9], [70]–[72]. To enhance this therapeutic platform, a better understanding of the 

relationship between the insonation parameters and the delivered material size is crucial. For 

example, sonoporation can be used to increase the spatiotemporal precision of the delivery 

of anti-cancer drugs. To do so, a large number of cancer cells need to be sonoporated to 

successfully impact the majority of the cancer cells, and a high delivery efficacy is required 

to maximize the drug concentration within the cells. Most optimization studies in this field 

have implemented frequencies exceeding 1 MHz; however, recent studies show the 
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advantages of using lower frequencies. The use of a center frequency of 250 kHz is 

particularly important, since these systems have entered clinical use. This low frequency 

advantages lie in the large focal spot that enables to treat a large volume of the tumor 

simultaneously, the increased penetration depth, its reduced attenuation and distortion, and 

improved beam steering capabilities. Notably, for brain therapy applications, the lower 

frequency aids in focusing through the human skull with minimal distortion and attenuation. 

Low frequency US was used to treat over 500 patients for brain indications applications. 

The high amplitude MB oscillations that occur at this low frequency can be used to develop 

mechanically-induced bioeffects at low PNPs, such as low energy bubble-mediated 

histotripsy [7], [12]. Here, it was shown that coupled with low frequency excitation, MBs 

can be used as mechanical therapeutic warheads that generate sufficiently large pores in 

cancer cell membranes to deliver large molecules. Most of the sonoporation studies are 

performed at megahertz frequencies where strong MB oscillations require PNP that exceed 

the FDA safety threshold. Most studies at higher frequencies have focused on the delivery 

of a single molecule with a constant diameter. Here we assessed the impact of molecular 

weight on delivery efficacy at a low frequency of 250 kHz, while using the same setup, to 

facilitate a direct comparison between molecules. Four molecules with molecular weights 

of 1.2, 4, 20 and 70 kDa were tested. These molecular weights are clinically important. The 

smaller molecular weights represent small anticancer drugs such as chemotherapy (<1 kDa) 

[41], [73]. 20 kDa molecules, for example, match siRNA and miRNA (~14 kDa) [71], [74]–

[76], whereas 70 kDa corresponds to the size of proteins, macromolecules and genes [42]–

[45]. Since the hydrodynamic radius of the molecule is not directly proportional to its 

molecular mass, the delivery of other types of molecules with similar molecular weight but 

with a different shape, might require further optimization. In the case of cancer therapy, 

alongside high delivery efficacy, the associated goal is to reduce cell viability, since 
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minimizing the tumor burden plays an important role in the success of cancer treatment [49]. 

The high MB expansion ratio caused by low frequency insonation makes it possible to 

reduce cell viability while creating large pores in cell membranes that facilitate drug 

delivery. Although this thesis dealt with the sonoporation of cancer cells, future applications 

could include the sonoporation of other cell types, such as immune cells, muscle cells and 

endothelial cells  [71]. 

Numerical simulations were performed to estimate the required PNPs for MB with initial 

diameter of 1.5 µm. The results indicated that above a PNP of 200 kPa, inertial cavitation 

occurs, which is likely to increase cellular uptake as a result of pore formation via TMB 

collapse. The experimental results confirmed the theoretical predictions. For all molecule 

sizes, a large increase in the fraction of fluorescent cells was observed at a PNP of 200 kPa, 

compared to 100 kPa where the MBs were predicted to oscillate in stable cavitation. This 

clearly suggests that inertial cavitation plays a significant role in the successful sonoporation 

of cancer cells, unlike other cell types such as muscle cells where stable cavitation suffices   

[46]. 

The main focus here was on TMB-mediated sonoporation, for which fluorescent cells 

percentage was the highest for the smallest molecules, with ~58% of live cells for the 7-

AAD molecule with a molecular weight of 1.2 kDa, at a PNP of 500 kPa. For the same PNP, 

the fraction of fluorescent cells was 29, 10 and 5% of live cells for FITC molecules with a 

molecular weight of 4, 20 and 70 kDa, respectively. However, when presenting the results 

as fold uptake compared to the sham group showed the reverse trend. For a PNP of 500 kPa, 

the largest molecule of 70 kDa yielded a 21.5-fold higher uptake compared to the sham 

group, whereas for the 1.2 kDa molecule, a 2.8-fold uptake was observed. This is due to the 

fact that the uptake in the sham groups decreased significantly as the molecular weight of 

the delivered molecule increased. The fraction of fluorescent cells was used here as the 
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metric to evaluate the delivery efficacy and compare between the different molecules’ 

delivery. Alternatively, the number of molecules that were taken up by the cells can be 

quantified for drug delivery and therapeutic outcome assessment. 

The experiments were conducted in Eppendorf tubes due the physical dimensions of the 

transducer’s focal spot. For the center frequency of 250 kHz, the full width at half maximum 

for the lateral and axial axes were 7 x 50 mm, respectively. Taking advantage of the 

Eppendorf and focal elongated shapes, enables to conduct the treatment in these tubes, while 

treating the entire volume simultaneously without the need to mechanically move the 

transducer, as required in case of using adherent cells in plates. In vivo, the TMB can either 

be intravenously injected into the blood vessels, and interact with the endothelial cells, or 

can be locally injected directly into the tumor, and bind to cancer cells. The scenario that is 

mimicked in vitro resembles the intratumoral injection [7]. Under this condition, the entire 

tumor volume can be treated simultaneously using a single low frequency focused US 

application. The cell culturing is performed in plates, and following the US treatment, the 

cells are transferred back to 24-well plates. In addition, the same procedures that the treated 

groups undergo, are conducted also in the control groups.   

The PNPs ranged from 0 to 800 kPa. The upper limit was chosen to remain below the FDA 

mechanical index limit of 1.9 [21], [77]. For all molecule sizes, at low PNPs, the fraction of 

fluorescent cells increased as a function of the PNP. However, beyond a PNP of 500 kPa, 

increasing the PNP to 800 kPa did not increase the fluorescent cells percentage significantly. 

This suggests that 500 kPa is the optimal PNP for sonoporation at a center frequency of 250 

kHz. The expected expansion ratio for a PNP of 500 kPa is 33, and for 800 kPa is 50. These 

high expansions are both likely to create large pores in the cell membrane, thus increasing 

the PNP to 800 kPa, which does not affect delivery efficacy, but reduces cell viability  . 
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Viability experiments were performed at three time points that match the fluorescence 

experiments time points, due to technical differences between the dyes and procedures. The 

smallest molecule (7-AAD, 1.2 kDa) is a fluorescent dye that undergoes a spectral shift upon 

association with DNA. Therefore, following sonoporation, the fluorescent signal arises only 

from the stained cells and does not exist in the background suspension. Consequently, 

fluorescence microscopy can be used immediately after the treatment to visualize and 

quantify the percentage of fluorescent cells. Unlike 7-AAD, FITC-dextran fluoresces on its 

own, and high background signal existed in the background suspension immediately after 

treatment. In order to remove background suspension, after the US treatment, the cells 

suspension was cultured for additional 24 hrs in plates. During this time, the cells adhered 

to the plate, and the media was washed and replaced to remove all fluorescent background 

signal. Therefore, 4, 20 and 70 kDa FITC-dextrans fluorescence and viability tests were 

performed 24 hours post treatment. An additional viability test was performed 72 hours post 

treatment to evaluate cells recovery as a function of time. 

Immediately after treatment, cell viability was ~40% for all of the treatment groups. 

However, it dropped to below 20% after 24 hours. This suggests that cell death post- 

sonoporation requires time. Importantly, cells recovered their viability 72 hours post-

treatment, where viability increased to 52% for the group treated with 500 kPa US and TMB. 

For cancer cell sonoporation, low viability is an advantage to reduce tumor burden. 

Therefore, a similar optimization needs to be achieved for sonoporation of other types of 

cells . 

To achieve localization of the sonoporation effect targeting methods can be employed. When 

using MBs, a biotin-avidin link with antibody was used to attach the MBs to the cell surface, 

creating TMBs. The results showed that by using this targeting approach the sonoporation 

effect was significantly enhanced, resulting in ~29% uptake for treatment with FITC 4 kDa, 
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TMBs and 500 kPa PNP, while for the same treatment with free MBs an uptake of only ~5% 

was witnessed. 

After TMB-sonoporation method was established and results were reviewed, it was decided 

to investigate how the low frequency US will affect NB-mediated sonoporation. This 

approach was based on the advantages that free NBs have over free MBs and targeted MBs. 

NBs are advantageous over MBs since there is no fear of the NBs blocking the small 

vasculature and they are known to accumulate at the tumor site as a result of the EPR effect 

[50],[51]. Therefore, systemic administration of NBs is sufficient for them to reach the tumor 

in almost every location inside the body, which cannot be achieved with MBs. Due to the 

size of MBs they need to be injected directly to the tumor location to achieve the necessary 

proximity between the MBs and the tumor cells to achieve the sonoporation effect. Also, 

NBs do not immediately float away from the cells as MBs do, therefore free NBs can be 

used with no additional targeting preparation steps as for targeted MBs.  

NB-mediated sonoporation showed a similar uptake as the TMBs, with ~26% uptake of 

FITC 4 kDa at 500 kPa PNP. In addition, it was also shown that for treatment with free NBs, 

an uptake of ~26% was already reached even at a pressure of 300 kPa at 250 kHz. This 

means that with free NB, that can better accumulate at the tumor specific location, we can 

even use MI of 0.6, which is lower that the optimal MI for TMBs (uptake of ~29%) which 

was received for 250 kHz and 500 kPa, meaning MI = 1. 

In vitro studies are considered a prerequisite prior to in vivo studies. The optimization results 

obtained here will be used in future in vivo studies, to assess delivery efficacy in a tumor 

model in mice. In vivo, additional factors could affect sonoporation efficacy such as  the 

surrounding media’s viscoelasticity [10], cell shape and connections [39] and also individual 

patients' variations in age, body mass index and many other factors. However, previous 

studies with 250 kHz US insonation have shown good agreement between in vitro and in 
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vivo results [27], [7]. This model can be used to not only identify the relationship between 

the delivered molecule size and the insonation parameters, but also to adjust the 

sonoporation parameters to different tumors in different subjects. In addition, with the vast 

number of multidrug treatments that are increasingly used, this platform can facilitate the 

comparison between different molecules delivery ranging from smaller chemotherapeutic 

drugs but also for larger complex drug carriers. 

7 Conclusion and future work 

This study optimized low frequency sonoporation efficacy by identifying the relationship 

between the delivered molecule size and the insonation parameters using the same acoustical 

setup. The development of low frequency MB or NB mediated ultrasound can be used as a 

highly effective drug delivery platform of large molecules with high spatiotemporal 

precision.  The results confirmed that the optimal PNP for molecule delivery with TMBs at 

a center frequency of 250 kHz is 500 kPa. For FITC 4 kDa delivery with NBs at a center 

frequency of 250 kHz the highest fraction of fluorescent cells was already witnessed at 300 

kPa. In general, the highest uptake was obtained for the smallest molecule, and dropped as 

the molecule size increased. However, since the baseline in the sham group was the lowest, 

delivery uptake presented in folds compared to sham was the highest for the largest 

molecule.  

Future in-vivo studies can use the results attained here to optimize delivery to tumor model 

in mice. The results obtained for sonoporation with free NBs can promote the research while 

using lower MI and relying on the EPR effect without the need to target the MBs specifically 

to the tumor cells. 
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Overall, the use of low frequency and low MI enables the efficient delivery of different sized 

molecules, while reducing cancer cell viability. This approach can be used in the future as a 

combined method to maximize the therapeutic effects of cancer treatment.  
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 תקציר

כך לאפשר כניסת  ע"י  ניתן לפעור חורים בממברנת התא ויחד עם בועיות גז    דאולטרסאונ של גלי  שילוב    באמצעות

  לתאים  גורם משמעותי ביעילות העברת החומרים .בד"כ לחדור  מסוגלים חומרים כגון תרופות וגנים, אשר אינם 

  במיוחד  היא מאתגרת . העברה של מולקולות גדולותת התאאשר נפערו בממברנ החורים הוא גודלם ביחס לגודל 

על מנת לאפשר מעבר של מולקולות גדולות יחסית יש צורך    .ויכולה להשפיע על תוצאת הטיפול באופן משמעותי

- בתדרים בתחום המגה  סטנדרטי עושה שימושאולטרסאונד    .לים ביחס למולקולות קטנות יותרדוחורים גלפעור  

סדר תדר בעל  )על מיקרובועות  הרץ -קילו 250שהפעלת תדרים נמוכים של  הרץ, אך לאחרונה מחקרים הראו ש

בהשוואה לתדרים  גורם להן לבצע תנודות עוצמתיות ומועצמות  גודל מתחת לתדר הרזוננס של המיקרובועיות(,  

מציעים שימוש בתדרים נמוכים    אנועל מנת לשפר את יעילות ההעברה של מולקולות גדולות   הרץ.-בטווח המגה

במחקר  .  בתדרים אלה  באמפליטודה גבוהה  בועות גזכתוצאה מתנודות ה  ת התאבממברנ   יםגדולחורים  ליצירת  

נמוך בשילוב עם  ההערכנו את השפעת  הנ"ל   גז מסוג מיקרוסונופורציה בתדר  חדירת  על  בועות  -וננו  -בועות 

 1.2בין  הנעים  טימיזציה של העברת ארבע מולקולות בגדלים  ידי אופ-עלתאי סרטן  ל  מולקולות בגדלים שונים

קילופסקל. העלאה    500לחץ האולטרסאונד האופטימלי היה  תהליך האופטימיזציה גילה כי  ון.  תקילודל  70-ל

עבור   .הםהורידה את הויאביליות שלנוספת של הלחץ לא שיפרה את אחוז כניסת החומרים לתאים ולמעשה רק  

פסקל ומיקרובועיות  - קילו  500דלתון, הקבוצות שטופלו בלחץ של  -קילו  4ו    1.2המולקולות הקטנות, בגודל  

דלתון נצפתה העברה  -קילו  70-ו  20, כאשר עבור המולקולות בגדלים  בהתאמה  29%  -ו  58%הראו העברה של  

בבועות אשר נקשרות לתאי    לאחר מכן פיתחנו שיטה משופרת שאינה דורשת שימוש  בהתאמה.  5%  -ו  10%של  

הסרטן ע"י פיתוח ננובועות במקום מיקרובועות, ככלי לביצוע סונופורציה לא פולשנית. ע"י שימוש בשילוב של  

דלתון, אנו מצליחים  -קילו 4ו  1.2המולקולות בגודל  אולטרסאונד בתדר נמוך יחד עם ננובועות, הראנו כי עבור

לקבל את אותו אחוז העברה כפי שהתקבל עם מיקרובועיות. השיטה הזו יכולה לאפשר התקדמות לניסויים במודל  

גורם קילוהרץ(    250מראים שאולטרסאונד בתדר נמוך )שלנו  ממצאים  גידולים בעכברים בצורה לא פולשנית.ה

לסיכום ניתן   רות את יעילות ההעברה של מולקולות גדולות.משפאשר  ,  in vitroלתנודות באמפליטודה גבוהה  

להעברה מוצלחת של מולקולות באמצעות אולטרסאונד נדרשת בחירה קפדנית של פרמטרי הטיפול על  לומר כי  

 ולי.פמנת למקסם את האפקט הטי
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