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Abstract 

Focused ultrasound-guided delivery of microRNA-126 to endothelial cells in in vitro and ex 

vivo models  

Stephanie He, Ph.D. 

Concordia University, 2024 

 The prevalence of cardiovascular diseases, such as ischemia, underscores the need for 

innovative therapeutic strategies. Recent advances in the field of focused ultrasound offer a non-

surgical, targeted, and promising technology to treat various life-threatening diseases, including 

brain disorders, inoperable cancers and some vascular diseases. This approach harnesses the 

therapeutic potential of ultrasound-stimulated microbubbles for the modulation of cellular and 

vascular permeability to guide the delivery of therapeutics. More recently, gene therapy has shown 

great potential as a less invasive approach in contrast to surgical interventions. In the context of 

cardiovascular diseases, microRNA-126 is a key target for therapeutic interventions, as it is 

abundant in endothelial cells that line blood vessels, and plays a pivotal role in promoting 

angiogenesis. This thesis explores the use of ultrasound-stimulated microbubbles as a non-viral 

and targeted approach for microRNA-126 delivery to endothelial cells in both in vitro and ex vivo 

models. First, I designed and characterized a cationic microbubble formulation that can carry a 

microRNA-126 payload on its surface. I then developed an ultrasound regimen to safely deliver 

microRNA-126 to endothelial cell suspensions and demonstrated its effect on blood vessel 

formation in vitro. My results indicate the increase of microRNA-126 in endothelial cells result in 

the modulation of key downstream proteins, notably PIK3R2 and SPRED1, and improves 

angiogenesis. Building on these findings, I then developed a more complex vascular model to 

study ultrasound-guided microRNA-126 delivery by isolating rat mesenteric arteries. This model 
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allowed me to replicate a more physiologically relevant vascular environment ex vivo. By 

incorporating factors such as intralumenal pressure and fluid flow, this study investigated the effect 

of focused ultrasound on the vasoconstriction and vasodilation of an artery. My findings revealed 

a positive relationship between ultrasound-mediated cell permeabilization and increased flow 

velocity, as well as an inverse relationship between the levels of microRNA-126 delivered with 

increased flow velocity. These results suggest that understanding hemodynamic conditions in 

specific anatomic regions could enhance the effectiveness of gene delivery. Overall, this thesis 

highlights the potential to deliver microRNA-126 using focused ultrasound and microbubbles 

while minimizing cellular and vascular viability, with anticipation for its application in gene 

therapy for cardiovascular diseases.  
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Chapter 1: General introduction 

Review article published as: He, S., Singh, D., & Helfield, B. (2022). An Overview of Cell 

Membrane Perforation and Resealing Mechanisms for Localized Drug 

Delivery. Pharmaceutics, 14(4), 886. https://doi.org/10.3390/pharmaceutics14040886  

1.1 Foreword 

The central theme of this thesis revolves around the methodology of gene delivery through 

focused ultrasound. This chapter begins with an overview of a few possible gene delivery methods, 

such as ultrasound-induced cell membrane permeabilization, summarized from my review article. 

I then discuss the applications of these methods for the purpose of treating cardiovascular diseases 

such as ischemia, as well as the role of my microRNA of interest, microRNA-126. Next, I describe 

how the principle behind focused ultrasound and ultrasound contrast agents can guide gene 

delivery. I subsequently review the current clinical applications of focused ultrasound before 

providing the rationale behind my work presented in Chapters 2 and 3, where I delivered 

microRNA-126 to endothelial cells in both in vitro and ex vivo models.  

1.2 Overview of cell physical plasma membrane permeation techniques 

Drug delivery techniques have revolutionized the field of precision medicine, helping to 

convert promising therapeutics into successful therapies1. The overall concept is to locally deliver 

high concentrations of therapeutics, either actively or passively, to the disease site and minimize 

off-target deposition. In so doing, the major limitations of systemic drug administration can be 

curtailed, including low solubility, poor biodistribution, unfavorable pharmacokinetics, and lack 

of selectivity2. Indeed, the major classes of therapeutic compounds, including small molecules, 

proteins and peptides, monoclonal antibodies, nucleic acids, and live cells, have all been 
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incorporated into drug delivery systems and made significant contributions towards the treatment 

of disease3. Despite this exciting progress, there remain significant challenges in designing drug 

delivery tools, most notably in maintaining therapeutic stability, target specificity, and penetration 

of biological barriers (e.g., cell membranes)4. 

The current techniques for intracellular delivery can be broadly characterized into two sub-

types: carrier-mediated delivery and membrane-permeating delivery2–5. Carrier mediated 

approaches rely on biochemical constructs, including drug-loaded nanoparticles, viral vectors, and 

extracellular vesicles, to overcome some of the limitations of naked drug delivery4. Systems based 

on nanoparticle or microparticle constructs have allowed the deposition of otherwise low-solubility 

drugs, enabled the trafficking of small molecules to their site of action, and increased drug 

retention in tumour sites6. Environmental modifications, including the addition of cell-penetrating 

peptides, can aid in plasma membrane penetration and endosomal escape3. 

Membrane-permeating strategies are physical methods that use an external force to 

puncture the cell membrane and allow direct access to the intracellular space, thereby bypassing 

the need to overcome the plasma membrane barrier and escape from early endosomes. However, 

unlike carrier-based methods, the target cells must respond in a timely manner to repair the 

temporary damage sustained to the plasma membrane7–9. Individual eukaryotic cells can quickly 

repair their plasma membranes after injury through a sequential, highly localized process that 

restores internal homeostasis and prevents cell death8–10. The physical perforation methods 

currently used for drug delivery use external forces of different origins, including electric fields, 

ultrasound, and light, and thus are expected to result in characteristically different pore dynamics, 

including the spatiotemporal coordination of the key components involved in wound repair. 
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While aspects of cellular membrane pore repair mechanisms have been previously 

reviewed, the current manuscript aims to link the physical methods of membrane perforation with 

membrane repair biomechanics and to identify techniques that may be implemented for the 

development of improved drug delivery systems.  

1.3 Drug delivery systems 

1.3.1 Microinjections 

Perhaps the most direct and established technique for membrane permeabilization is 

microinjection using a fine-tipped micropipette, typically characterized by an outer diameter on 

the order of 200–1000 nm. Used to create a single membrane pore on a single cell for therapeutic 

delivery, this approach requires a precision translational stage and a micro-injector performed 

under a high-gain objective microscope11. Since its original application over forty years ago, 

microinjection has been a reliable technique for delivering nucleic acid to the cell cytoplasm or 

directly into the nucleus, which bypasses cytoplasmic degradation. Microinjection is an extremely 

efficient method for a variety of payloads, irrespective of particle size and charge, including 

peptides, proteins, and oligonucleotides, and the exact number of DNA molecules can be precisely 

controlled. It is, however, a low throughput technique that is best suited for specialty applications. 

Indeed, it is currently widely used to generate transgenic animals12 through microinjection of a 

transgenic construct into the pronucleus of a fertilized egg (oocyte or zygote), including mice, pigs, 

goats, and cattle13,14, and it is also used in forms of in vitro fertilization15. 

1.3.2 Sonoporation 

One of the more recent techniques to increase plasma membrane permeability uses 

ultrasound energy. Biomedical ultrasound is widely employed as an imaging modality for 

anatomical assessment, as well as to provide information on blood flow characteristics. As an 
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acoustic wave is transmitted into the body, reflections are generated at tissue interfaces and 

recorded to generate an image16. Ultrasound contrast agent, which consists of a solution of 

encapsulated bubbles typically between 1 and 8 µm in size, gives rise to strong scattered echoes 

from the vasculature in which they are confined—much stronger than red blood cells17. Contrast-

enhanced ultrasound imaging is currently employed clinically in cardiology and radiology 

applications to improve the delineation of vessel lumen and to enable the visualization of the 

microcirculation18. Microbubbles vibrate within an ultrasound field, expanding and contracting 

about their resting size, and exhibit a rich variety of dynamic behaviours that are functions of the 

transmit conditions (acoustic frequency, peak-negative pressure, pulse duration, and duty cycle), 

the intrinsic bubble properties (size, shell characteristics, and constituents), and the local boundary 

conditions (vessel constraints)19. These behaviours range from stable and spherically symmetric 

vibrations to shape distortions, bubble fragmentation, and violent bubble collapse. It has been 

shown through numerical simulations and careful experimental investigations that microbubble 

oscillations create complex local fluid dynamic patterns; when situated adjacent to vessels, they 

can create local shear stresses that may ultimately modulate vasoactivity20, vascular permeability21, 

and local cell membrane perforation22. Indeed, a microbubble acts as a force actuator, focusing 

ultrasonic energy on the millimeter scale (typical wavelengths 0.75 ≤ λ ≤ 3 mm) to micro-

manipulate neighboring plasma membranes23 or generate an individual sub-micron- to micron-

sized membrane perforation24,25—a process termed sonoporation. Under the assumption that blood 

is a Newtonian fluid, the shear stress t due to a vibrating microbubble of size R0 can be estimated 

as 

𝜏 ≈ 2 (𝜇𝜌)1/2(𝜋𝑓)3/2(𝜀𝑅0) (1.1) 
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where µ is the fluid viscosity, ρ is the fluid density, f is the transit frequency, and ε is the maximum 

radial excursion of the bubble.  

Among other design factors, recent work has demonstrated that microbubble proximity to 

the target cell is a key parameter in sonoporation efficiency, requiring distances on the order of a 

microbubble diameter or less between them26. Efforts to minimize microbubble–cell distances are 

currently being investigated, including the coupling of targeting ligands within the bubble 

encapsulation to promote site-specific microbubble accumulation (e.g., αVβ3
27), and novel 

ultrasound pulse sequences to initiate microbubble translation towards neighboring cells using 

acoustic radiation force. Investigations employing static techniques post-treatment, including 

scanning electron microscopy and atomic force microscopy, reveal sonoporation-induced pore 

diameters ranging from 10 to 1200 nm in diameter28–31 and, depending on the acoustic conditions, 

broadly consistent with microscopy studies that infer these spatial scales from intracellular 

fluorescence tracer uptake dynamics interpreted via diffusion models32. Real-time microscopy 

approaches that directly observe and quantify membrane perforation during sonoporation 

events24,33 have shown that these pores exhibit rapid opening timescales (<1 min) and longer 

resealing timescales (>1–10 min) and can resemble transmembrane apertures. Given the 

fundamental nature of sonoporation, that is, the generation of very-high-magnitude shear stress 

(~>kPa) acting on very short timescales (~s), the spatial–temporal characteristics of microbubble-

assisted membrane perforation and their relationship to different cell types are not well understood.  

Since the discovery of the potential for microbubble-mediated therapeutic delivery in the 

1990s34, there have been many investigations into sonoporation efficiency within the fields of 

cardiovascular disease35, brain disorders36, cancer37, and immunotherapy38 that highlight the 

successful delivery of therapeutic macromolecules, plasmid DNA, mRNA, oligonucleotides, and 
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associated viral vectors. Perhaps the simplest approach towards microbubble-mediated drug 

delivery is via a co-injection, whereby local therapeutic macromolecules migrate to the 

extravascular or intracellular space through sonoporation-derived perforations due to passive 

diffusion. Current pre-clinical and clinical trials using MR-guided microbubble-mediated blood–

brain barrier disruption employ this technique for localized drug delivery39. Through advances in 

microbubble synthesis techniques, other platforms are being developed that incorporate 

therapeutic payloads into the bubble itself, including drug loading within the encapsulation 

material and strategies that attach payloads to the surface of the microbubble shell (e.g., 

electrostatic interactions40 or nanoparticle linkage41). For gene delivery applications, these 

constructs have shown an increased resistance to nucleic acid degradation within blood serum42 

and thus exhibit a significantly longer half-life than otherwise unshielded gene approaches. Given 

that microbubbles are currently clinically approved for ultrasound contrast imaging, sonoporation- 

and ultrasound-microbubble-assisted therapies present an inherently image-guided in vivo 

approach to targeted drug delivery. These therapies fit many requirements of an ideal gene delivery 

platform, such as minimal procedural invasiveness, limited off-target deposition due to tight 

acoustic focussing and biochemical ligands, ease of repeated treatments, and a good safety profile 

in preclinical studies. Additionally, current advances in device development have introduced 

techniques for passively detecting and quantifying regions of microbubble-treatment in real-time 

for the purposes of treatment monitoring and quality control43. 

1.3.3 Electroporation 

Electroporation is a technique whereby cellular membranes exhibit increased permeability 

to macromolecules when exposed to an external electric field. While the mechanisms are not yet 

fully elucidated, it is generally accepted that nanopores are generated within the plasma membrane 
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upon exposure to high-magnitude electric fields of a given duration. Under physiological 

conditions, a cell maintains a potential difference across its plasma membrane of approximately -

50 to -80 mV, in which its intracellular contents maintain a slightly negative charge compared to 

the extracellular environment44. Under an applied external E-field Eext, the induced transmembrane 

potential ΔΨm across a cell membrane of effective radius Rc is generally given by45: 

∆𝛹𝑚 = ꬵ
𝑠
𝐸𝑒𝑥𝑡𝑅𝑐 cos 𝜃 (1.2) 

where θ is the polar angle between the normal vector of the electric field and the site on the 

membrane at which ΔΨm is evaluated and fs is a dimensionless term related to the electrical 

properties of the cytosol, plasma membrane, and the extracellular compartment, typically taken as 

fs 1.5 for most mechanistic studies46. To achieve enhanced cell membrane permeability, a 

transmembrane potential threshold on the order of ΔΨm ≈1 V is required, slightly dependent on 

cell type46,47. The generation and characterization of these nanopores are dependent on the pulse 

parameters, including pulse height, width, and duration. Electroporation typically generates many 

pores within the plasma membrane with theoretical estimates of pore density on the order of 109 

pores/cm2 48, the majority of which are < 1 nm in radius49. The kinetics of the transmembrane 

transport that is achieved with this approach can be approximated in five stages: (i) pore initiation 

(~0.1–1 µs); (ii) expansion (~ms), lasting as long as the pulse remains above the threshold value; 

(iii) stabilization (~ms), a stable decrease in permeability while the pulse is turned off; (iv) 

resealing (seconds to hours), the return to baseline permeability; and (v) the gradual cessation of 

residual memory effects (hours), which refers to the observation that cells, even after full 

membrane resealing, still exhibit alterations in their physiological processes before returning to 

their equilibrium state50.  
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Similar to other types of physical permeation strategies, electroporation can be divided into 

two distinct types: reversible electroporation (RE), in which the nanopores are transient and the 

plasma membrane integrity is restored, or irreversible electroporation (IRE), in which the 

perforations do not reseal, resulting in cell death. Indeed, electroporation has been used 

successfully to introduce a variety of molecules into cells51,52, including ions, drugs, RNA, micro-

RNA, and DNA. While many studies have investigated the optimal parameters, a starting point for 

conditions that achieve cell permeation with high cell viability (i.e., RE) is applying eight square 

waves of 100 µs in duration at a frequency of 1 Hz and an amplitude of 1.2 kVcm-1—with the 

recognition that other factors, including cell size (Equation (1.1)), temperature, and the desired 

therapeutic agent, may play a role in these applied parameters47. Ex vivo applications typically 

involve blood cells treated outside the body and then reintroduced to provide therapeutic benefits. 

Electroporation has been employed on stem cells53 to introduce chimeric-antigen receptor genes 

in T cells54 and to modify red blood cells55. For in vivo applications of this technique, naked 

injection of the therapeutic into the target tissue is required prior to the application of the external 

E-field. The E-field is generated via electrodes placed in direct contact with the tissue, and 

therefore target regions are limited to those that both the therapeutic and the electrodes can access 

safely. This being said, in vivo electroporation has been demonstrated in the liver, bladder, brain, 

muscle, and skin56,57.  

It is important to note that recent works have investigated IRE as a primary, desired 

endpoint44. As a non-thermal tissue ablation modality capable of treating clinically sized volumes 

of tissue, under certain conditions, this approach allows for the preservation of collagenous and 

other protein/ lipid-based structures, including the vasculature58. This relative advantage over other 

ablative approaches, as well as its relatively short treatment time requirement, has motived 
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investigations into many soft-tissue cancer types59,60, including pancreas, prostate, liver, lung, and 

brain—resulting in more than 50 clinical trials since its inception over a decade ago44. 

1.3.4 Photoporation  

Photoporation, otherwise referred to as optoporation, is a technique in which highly 

focused light is the source of membrane perforation. In this technique, a laser beam is typically 

focused on a spot with a size on the order of 0.5–1 µm by a high numerical aperture microscope 

objective lens to the plasma membrane of a cultured monolayer. Photoporation has been 

demonstrated using continuous-wave light exposure, as well as pulsed laser modes, including pulse 

durations in the millisecond, nanosecond, and femtosecond timescales61. Modifying the operating 

mode of the laser and its physical characteristics, such as wavelength and energy density, alter the 

physical and chemical mechanisms for induced cell membrane perforation62. Continuous-wave 

operation likely relies on heat deposition to induce membrane perforation and is often performed 

in the presence of an absorbing dye in the culture media. Although it causes perforation on a single 

cell level with high resulting cell viability, the pores generated by continuous-wave approaches 

are not as efficient as other modes61.  

Pulse laser sources with very high irradiances (e.g., 1010 - 1012 Wcm-1) locally generate 

large E-fields (106 - 107 Vcm-1) compared to the average intramolecular Coulomb fields, resulting 

in the breakdown of target molecules in the focal region63. With slightly longer pulses in the 

nanosecond range, this can be accompanied by heating, bubble formation, and thermoelastic 

stress64 that can expand the spatial scale of perforation to tens of microns65. Pore sizes generated 

by this technique range from ~10 to 1000 nm, depending on the parameters of the laser source66. 

Currently, the most widely adopted approach to optoporation is the use of femtosecond lasers 

(~<200 fs pulse durations), typically at 800 nm61. Since the original demonstration over thirty years 
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ago to deliver DNA into rat kidney cells67, a wide array of membrane-impermeable substances 

have been delivered in this way with high cell viability, including dyes, nanoparticles, DNA, and 

mRNA68,69. Additionally, photoporation can be achieved in combination with gold nanoparticles 

to increase the likelihood of perforation for a given set of input conditions70, presumably due to 

the local amplification of the E-field62. Optoporation provides a means to robustly perforate cell 

membranes; however, it is mostly restricted to in vitro applications due to the low penetration 

depth in vivo and the requirement for complex optical setups. Table 1.1 below summarizes these 

techniques. 

 

Table 1.1: A summary of the salient features of the main physical methods used to generate 

plasma membrane perforations. 

 

 

1.4 Cardiovascular diseases and ischemia 

1.4.1 Current treatment regimes 

Method Pore features Relative advantages Relative disadvantages 

Microinjection 

Single pore of similar size 

to the fine-tipped glass 

micropipette (⁓200-

1000nm). 

• Extremely efficient 

(⁓100%) 

• Precise control over 

payload concentration 

• Very low throughput 

• Highly technical 

• Not applicable for in 

vivo drug delivery 

Sonoporation 

Pore radii ranging from 

submicron to 10µm. 

Single pore per bubble 

with the possibility of 

multiple pores per cell. 

• In vivo translatability 

• Drug/ gene loaded 

constructs for added 

spatial targeting 

• Image-guided 

• Non-invasive 

• Highly dependent on 

ultrasound transmit 

and physical acoustic 

parameters 

Electroporation 

Pore radii generally <1nm 

with up to 109 pores per 

cm2. 

• Very good efficiency 

• Efficient for ex vivo 

applications 

• Semi-invasive 

procedure 

• Limited in vivo 

applications 

• Requires therapeutic 

co-injection 

Photoporation 
Pore radii ranging from 

10-2000nm 

• Very good efficiency, 

depending on the laser 

mode of operation 

• Low throughput 

• Limited in vivo 

applications 

• Requires therapeutic 

co-injection 
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Cardiovascular diseases (CVD) represent a broad category of disorders affecting the heart 

and blood vessels, and remain to be the leading contributor to global mortality71. Within the context 

of CVD, ischemia is characterized by a state of reduced blood flow and poses significant threats 

to the affected tissues or organs72,73. The insufficient perfusion of oxygenated blood triggers a 

cascade of harmful cellular events, potentially leading to tissue damage, dysfunction, and 

infarction or necrosis in severe cases74. The impact of ischemia varies depending on the affected 

organ. In the heart, it can manifest as an angina, myocardial infarction or heart failure, while in the 

brain, it can result in stroke and cognitive impairment75,76. Ischemia in the limbs can lead to 

peripheral artery disease or critical limb ischemia, which sometimes requires amputation77. In the 

intestines, it can manifest as mesenteric ischemia, which can cause bowel damage78. As for 

atherosclerosis, the buildup of plaques in the arteries from chronic inflammatory disease, is another 

major contributor to ischemia and other CVD. The narrowing of blood vessels (stenosis) due to 

atherosclerotic plaques significantly reduces blood flow79. Typically, healthy vessels allow for 

smooth, laminar flow, but the plaque buildup in atherosclerotic vessels causes turbulent flow, 

which reduces perfusion and increases the risk of clot formation (thrombosis)80.  

Some treatment strategies for ischemia and atherosclerosis may include percutaneous 

coronary intervention, involving the placement of stents to restore blood flow, sometimes 

combined with a drug which releases antiproliferative drugs to prevent stenosis called drug eluting 

stents81. Thrombolytic agents, such as recombinant tissue plasminogen activator (rtPA) are also 

commonly administered to dissolve clots82. In more severe cases, bypass surgery or endovascular 

therapy may be required to restore blood flow and prevent further complications, such as sepsis.  

Despite these advancements, ischemia and atherosclerosis still poses significant challenges, and 
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ongoing research continues to explore novel therapeutic techniques, such as gene therapy83 and 

anti-inflammatory agents84 aimed at addressing these conditions while minimizing adverse effects. 

1.4.2 Brief summary of angiogenesis  

The process of angiogenesis, or blood vessel growth, begins with under-perfused or 

ischemic tissues undergoing hypoxia, or the lack of oxygen. Under hypoxic conditions, hypoxia-

inducible factor 1 (HIF-1α) accumulates in hypoxic cells85. HIF-1α plays a crucial role in 

regulating genes involved in angiogenesis, including the vascular endothelial growth factor 

(VEGF). Among the many growth factors secreted by hypoxic cells (e.g. Angiopoitin-2, Ang-2; 

fibroblast  growth factor, FGF; endothelial growth factor, EGF; transforming growth factor-beta, 

TGF-β), VEGR is the main regulator of angiogenesis because of its involvement in many 

pathways86. Under pro-angiogenic contexts, the VEGF-A isoform binds to its respective receptor 

VEGFR2 on endothelial cells, triggering a series of cellular processes, as summarized in Figure 

1.1.  

 

Figure 1.1: Simplified process of angiogenesis. (A) Tissues in a hypoxic environment (orange 

gradient) secrete proangiogenic factors, such as VEGF binding to VEGFR2 on endothelial cells. 

(B) Tip cell selection. (C) New vessel elongation. (D) Tip cell fusion, lumen formation and pericyte 

recruitment through PDGF and PDGFR binding. (E) Vessel maturation and tissue perfusion. 

Figure modified from a BioRender.com Template from Noeline Subramaniam87. 



 

13 

 

During angiogenesis, the endothelial cell receiving the highest concentration of VEGF will 

differentiate into a leading tip cell (Figure 1.1B), which will adopt a cellular morphology 

consisting of filopodia extensions, VEGFR1 and VEGFR288. These structures aid in the migration 

of endothelial cells and guiding new vessel formation towards the gradient of VEGF. The VEGF-

A isoform also binds to VEGFR1, although its weak kinase activity does not trigger any signaling 

pathways, but instead sequesters VEGF-A, lowering its bioavailability to the neighbouring 

endothelial cells89. The activation of VEGFR2 on the tip cell upregulates the transmembrane ligand 

Delta-like 4 (Dll4) which binds to the Notch receptors on neighbouring endothelial cells88. Notch 

desensitizes these endothelial cells to VEGF, pushing their differentiation towards stalk cells 

instead of tip cells, which will be forming the tube of the sprouting vessel. Stalk cells are more 

abundant in VEGFR1 than VEGFR2, which limits excessive tip cell differentiation90. These 

processes ensure that the formation of vessels is orchestrated in a controlled and viable manner.  

As the tip cell migrates, it secretes matrix metalloproteinases (MMP) to remodel the 

extracellular matrix and loosen intercellular junctions91. This encourages pericyte detachment to 

allow newly sprouting vessel to elongate88 (Figure 1.1C). Once the tip cells of newly sprouted 

vessels meet, they anastomose and form a lumen92 (Figure 1.1D). 

The binding of VEGF-A to VEGFR2 on endothelial cells  promotes the secretion of the 

pro-angiogenic factor platelet-derived growth factor (PDGF)93. TGF-β guide pericyte 

differentiation, and PDGF will then bind to its receptor PDGFR on pericytes and further initiate 

pericyte recruitment proliferation to provide structural support to the endothelial cells90. The 

perfusion of the newly formed vessels decreases the secretion of pro-angiogenic signals and 

increase pro-quiescence signals, allowing the stalk cells to become phalanx cells90 (Figure 1.1E). 

This allows blood perfusion to the capillaries and sets the tissues to normoxic conditions, as 
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opposed to hypoxic, where HIF-1α is degraded by the tumor suppressor von Hippel-Lindau (VHL) 

in the presence of oxygen90,94. 

 Given the central role of the VEGF pathway in angiogenesis, targeting specific steps within 

this pathway represents an effective strategy for regulating vessel growth. For instance, 

microRNA-126 (miR-126) has been shown to influence angiogenesis by targeting downstream 

components of the VEGF pathway, which will be described below.  

1.4.3 Role of miR-126 in angiogenesis pathway 

The binding of VEGF to VEGFR2 on endothelial cells triggers a signaling cascade to 

initiate angiogenesis, as summarized in Figure 1.2. MiR-126 exerts its pro-angiogenic effects in 

endothelial cells by targeting multiple key regulators of vascular growth and remodeling, as well 

as being the most highly expressed miR in endothelial cells95. Two of its primary targets are 

Sprouty-related EVH1 domain-containing protein 1 (SPRED1) and phosphoinositide-3-kinase 

regulatory subunit 2 (PIK3R2), which are negative regulators of the VEGF96. By downregulating 

SPRED1, miR-126 allows the RAS/ MEK/ ERK pathway to proceed unimpeded. The activation 

of ERK promotes cell survival by phosphorylating and inactivating pro-apoptotic proteins like Bad 

and by increasing the expression of anti-apoptotic protein Bcl-297. This leads to the activation of 

ELK1, which promotes the expression of genes involved in cell proliferation98. The end product 

from ERK activation promotes cell motility99. PIK3R2 also negatively regulates the PI3K/ Akt 

signaling pathway, and miR-126 negates those effects. Akt contributes to cell survival, cell 

proliferation and growth by inhibiting GSK3β and mTOR inhibitor TSC2, both involved in 

metabolism, survival and migration100. Akt also stimulates the production of nitric oxide (NO), 

through endothelial NO synthase (eNOS)101, a vasodilator that supports reperfusion. 
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Figure 1.2: An overview of the downstream effects of miR-126 in endothelial cells. Figure 

created on BioRender.com. 

1.4.4 miR synthesis  

MicroRNAs are a class of short, endogenous and non-protein coding RNA of about 23 

nucleotides long and are involved in post-transcription regulation of animal and plant genes102. 

They exert their regulatory function by binding to the 3’-untranslated region (3’UTR) of target 

mRNAs to repress protein translation103. The synthesis of miRs is initiated in the nucleus, where 

the miR gene is transcribed by DNA polymerase II into a primary-miRNA (pri-miRNA). The 

microprocessor Drosha and its DCGR8 subunit cleave the pri-miRNA into a precursor miRNA 

(pre-miRNA), which consists of mismatched bases, a loop and 70-100 nucleotides104. Exportin-5 

then exports the pre-miRNA into the cytoplasm, where the enzyme Dicer further cleaves the 

miRNA strand into a 18-25 nucleotide long double stranded mature miRNA, consisting of a 

passenger strand and a guide strand104. The mature miRNA then interacts with the RNA-induced 

silencing complex (RISC) to discard of the passenger strand, and the remaining guide strand will 

be able to recognize their mRNA targets at bases number 2-8 and bind to their complementary 
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bases at the 3’UTR102. A notable feature of miRNAs is their ability to bind to multiple mRNA 

targets without requiring perfect complementarity105. This unique characteristic enables them to 

exert broad regulatory influence over crucial pathways, like VEGF as mentioned above, which 

highlights their significance in the regulation of cellular processes.  

Although there are numerous other targets of miR-126, SPRED1 and PIK3R2 were chosen 

as the focus of Chapter 2 because of their VEGF-dependent role in regulating angiogenic pathways 

and are well studied96. Some other miR-126 targets have roles in inflammation (e.g. vascular cell 

adhesion molecule 1, VCAM-195; high-mobility group box 1, HMGB1106), wound healing and 

vessel integrity (e.g. HIF-1α107; EGF-like domain 7, EGFL7108). The roles of these targets may 

overlap, and consequently have an indirect effect on angiogenesis. 

1.5 Focused ultrasound in therapy 

1.5.1 Background on ultrasound imaging and definition of ultrasound parameters 

Ultrasound imaging is a non-invasive diagnostic modality that utilizes high frequency 

sound waves (1-10 MHz) to generate visual representations of internal body structures16. It is 

widely used in obstetrics, radiology, and cardiology, among other disciplines, to assess the 

condition of organ, tissues, and blood vessels. By transmitting mechanical waves from a 

transducer, these sound waves interact with tissues and organs and reflect back to the transducer 

as echoes16. The ultrasound system then processes these echoes to create a visual representation of 

the internal structure. The intensity of the echoes determines the brightness and location of the 

structures in the image. Different tissues have varying densities, which affect the velocity at which 

the sound waves traves through. Higher ultrasound frequencies emitting from the transducer offer 

better resolution for visualizing smaller structures, and lower frequencies can penetrate deeper 

tissues at the expense of the resolution quality109.  
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An ultrasound wave can be described as a sine function that oscillates between a maximum 

and minimum value, known as the amplitude, and represents the pressure variations over time. The 

amplitude determines the intensity of the wave, which will be translated to a peak negative pressure 

(PNP) for our experiments, and each wave corresponds to a cycle. The incident acoustic frequency 

is set by the chosen transducer and sets the period of each cycle. For instance, the period of a 1 

MHz transducer is 1 µs whereas the period of a 2.25 MHz transducer is 0.444 µs. Typically, 

therapeutic ultrasound is transmitted in pulses, and the interval between pulses is the pulse 

repetition interval (PRI). This value is required to calculate the duty cycle, which is the percentage 

of time that the ultrasound waves are on, and is indicative of the total intensity of the treatment. A 

representation of these terms is sketched in Figure 3.1D. Another common term to assess the 

treatment intensity is the mechanical index (MI), which is defined as the acoustic pressure scaled 

by the square root of the frequency110. For imaging purposes, the maximum value allowed by the 

Food and Drug Administration (FDA) is 1.9 to limit tissue damage111. 

1.5.2 Ultrasound contrast agents 

While conventional ultrasound imaging provides valuable information about anatomical 

structures, its ability to visualize blood flow is limited. To increase the echogenicity, or the ability 

to enhance the reflection of sound waves, ultrasound contrast agents called microbubbles are often 

intravenously administered112. They are often made of phospholipids, polymer or albumin shells 

that encapsulate an insoluble gas113. Under low intensity ultrasound, a microbubble can undergo 

stable cavitation, where it expands and contracts around its equilibrium size, or inertial cavitation 

at higher MI to induce microbubble destruction114. As mentioned in Chapter 1.3.2, the events 

following microbubble cavitation can facilitate cell membrane permeabilization for drug or gene 

delivery and are depicted in Figure 1.3. 
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Figure 1.3: Cellular and vascular permeabilization by microbubble cavitation. (A) Expansion 

and compression can push and pull on the cell membrane. (B) Acoustic radiation force, pushing 

the microbubble towards the cell membrane. (C) Microstreaming generates shear stress near a cell. 

(D) Transendothelial perforations115,116. (E) Enhanced endocytosis and transcytosis117. (F) 

Opening of intercellular gap junctions116. (G) Shockwaves and (H) microjetting from microbubble 

collapse. Adapted from 118 and 114. Figure created on BioRender.com.  

Some of the widely used commercially available and FDA-approved microbubbles 

include: Definity® (Lantheus Medical Imaging), made of a phospholipid shell and 

octafluoropropane gas (C3F8)
119; OptisonTM (GE Healthcare), made of an albumin shell and 

perfluorobutane (C4F10)
120; and SonoVue® (Bracco), made of phospholipids and sulfur 

hexafluoride (SF6)
121. The difference in shell composition, gas core and “activation” method (i.e.  

mechanical agitation or sonication) affect the microbubble size distributions and their response to 

ultrasound frequencies122. Those characteristics distinguish each of these products that were 

tailored to image specific organs, but the most important feature that favours phospholipid-based 

shells is mostly attributed to stability and echogenicity123. 

In addition to the diagnostic role of microbubbles in imaging, recent advancements on 

modified microbubble formulations have enabled the development of molecular imaging and 

targeted therapeutics delivery. One method consists of attaching a ligand on the microbubble 

surface to specifically target receptors on the surface of cells of interest. One particularly 

interesting formulation is BR55 from Bracco, where a heterodimer peptide specific for VEGFR2 
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is coupled to the polyethylene glycol moieties from the phospholipids on the microbubble shell124. 

Since endothelial cells of the tumor vasculature are rich in VEGFR2, it has been shown to greatly 

increase image intensity in rat tumors compared to untargeted microbubbles by localizing their 

accumulation towards cells with high VEGFR2 expression124. This formulation has been used as 

a diagnostic tool in human patients with prostate cancer125 and for characterizing malignancy in 

mice models of renal cell carcinoma126.  Another method may consist of modified microbubbles 

to carry therapeutic payloads, either encapsulated in liposomes attached to microbubbles (e.g. 

through biotin and streptavidin interactions127), or directly onto the surface of a charged 

microbubble in the case of genes (e.g. anti-EGFR-siRNA128, miR-34a129 and miR-126130) or 

plasmids (e.g. plasmids containing luciferase cDNA131,132) through charge interactions. This 

approach offers the advantage of protecting the gene from endogenous nucleases in the 

circulation128 as well as increasing the half-life of the drug133. These targeted approaches enhance 

the accuracy of therapeutic deposition by directing microbubbles to the areas of interest134, as well 

as releasing the therapeutic payload solely to the sonicated area and limit off-target effects135. 

1.5.3 Applied bioeffects of focused ultrasound 

Since microbubbles are intravascular agents, one of the first cells they encounter are 

endothelial cells. As previously outlined in Chapter 1.3.2, microbubbles undergoing cavitation can 

transiently disrupt cell membrane permeability by forming a physical pore for drug and gene 

delivery25 that reseals within 180 seconds136. This process also enhances endocytotic activity for 

drug uptake137, and generates intracellular tunnels that allow macromolecules diffusion across the 

endothelium115. Beyond physically opening of the cell membrane, the mechanical effects caused 

by the cavitating microbubbles, such as shear stress, can trigger an increase in Ca2+, essential for 

cell membrane resealing and maintaining the integrity of the endothelial layer9 (discussed further 
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in the Appendix). Additionally, these effects promote the release of NO and ATP, which enhance 

vascular reactivity and support endothelial function138,139.  

Through the process of sonothrombolysis, the release of NO can improve local blood flow 

and clot erosion. The mechanical stress induced by cavitating microbubbles can disrupt the fibrin 

structure of clots, which helps co-administered thrombolytic agents (like rtPA) to further dissolve 

clots140. To aid in localizing microbubbles towards the clot, modified microbubbles targeted to 

platelets have also been studied, which has been shown to completely restore flow within 2 

hours141. Thrombolysis has also been demonstrated to be effective with high intensity focused 

ultrasound without requiring microbubbles, which is particularly interesting when it is difficult to 

focus ultrasound on a microbubble through the skull during a stroke142.  

Following microbubble cavitation, the resulting increase in Ca2+ can propagate to 

neighbouring cells through gap junctions136, leading to the opening of cell-cell contacts within 

endothelial monolayers143. In an in vivo context, this process could explain the observed increase 

in vascular permeability in vessels of interest, such as those in the brain parenchyma, protected the 

blood brain barrier (BBB). The BBB is a highly selective, semi-permeable membrane that restricts 

most molecules larger than 400-600 Da from the bloodstream into the brain144. It is composed of 

a network of specialized endothelial cells held together by tight junctions, adherens junctions and 

scaffolding proteins, and their lack of fenestrations further reinforce the barrier145. Additional 

processes, such as pumps and efflux transporters (e.g. P-glycoprotein [P-gp]) and breast cancer 

resistance protein (BCRP), actively expel substances back to the circulation, making drug delivery 

to the brain a challenge146. To address this issue, researchers have developed techniques to 

temporarily and non-invasively open the BBB using magnetic resonance-guided focused 

ultrasound (MRgFUS) combined with cavitating microbubbles. One such innovation is the 
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transcranial phased array transducer, which consists of 1024 individual transducers (i.e. the 

ExAblate Neuro from InSightec), that can direct ultrasound waves within millimeters accuracy 

across the human skull147, or an implanted ultrasound device for repeated treatments (SonoCloud 

from CarThera)148 in the case of recurrent glioblastoma. The increase in BBB permeability has 

been attributed to four mechanisms: the disruption of junctional proteins between endothelial cells, 

enhancing transcellular transport, the formation transendothelial fenestrations, and direct diffusion 

through the endothelial layer116. These processes are controllable and reversible, and the BBB can 

remain open up to 6h without any signs of hemorrhage or edema149. The temporary increase in 

permeability allows the delivery of chemotherapeutics, genes150, and even neural stem cells151 that 

would otherwise be unable to cross the BBB.  

1.5.4 Clinical applications of focused ultrasound 

The diverse and controllable bioeffects of focused ultrasound, ranging from precise tissue 

disruption to controlled modulation of tissue permeability, have paved the way for its exploration 

in a broad spectrum of clinical applications. This section lists a few examples of current clinical 

applications and trials in diverse areas, from movement disorders to cancer and stroke152.  

One of the most impactful clinical advancements in the field of focused ultrasound is its 

ability to open the BBB and treat otherwise inoperable cancers. The increase in vessel permeability 

allows for the precise delivery of chemotherapeutics in brain metastases (clinical trial number: 

NCT0371424339) or to advanced stages of breast cancer (ChiCTR2200056718153) in order to 

reduce the tumor size and clinical stage. Through neuromodulation, focused ultrasound can also 

activate microglial cells to reduce amyloid-beta plaques154 for the treatment of Alzheimer's 

(NCT02986932155). Another important progress is the treatment of essential tremors by thermal 

ablation, done with high intensity focused ultrasound to raise the temperature of precise locations 
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of the thalamus up to 60°C to create small lesions, which has been approved since 2016 

(NCT01827904156). A similar approach for the treatment of Parkinson’s disease 

(NCT01772693157) and obsessive-compulsive disorder (OCD; NCT01986296158) has also been 

explored. Additionally, MRgFUS can be employed for the release of biomarkers (e.g. cell-free 

DNA) for liquid biopsies to characterize the disease stage of glioblastomas (NCT03616860159) in 

a less invasive manner. Lastly, the feasibility of sonothrombolysis has been shown to improve 

perfusion in patients with myocardial infarctions in ambulance settings in Europe160.  

1.6 Research objectives and rationale 

Recent clinical studies in focused ultrasound highlight the exciting potential of minimally 

invasive therapies. While the field of BBB opening and brain cancer treatments have shown great 

success over the years, few studies have shown the potential of targeted gene therapy for 

cardiovascular applications in comparison. This is why one of the key goals of this research is to 

further understand gene delivery, specifically miR-126, to endothelial cells through focused 

ultrasound in both in vitro and ex vivo models. 

To do so, this research first focuses on optimizing a methodology for gene delivery using 

cationic microbubbles demonstrate the role of this miR-126 to endothelial cells in an in vitro 

setting. As previously described, miR-126 plays a crucial role in promoting angiogenesis by 

regulating pathways involved in blood vessel formation, and the manuscript provided in Chapter 

2 serves to demonstrate the feasibility of this approach. Next, to further understand this gene 

delivery process in a more physiologically relevant setting, there is a need to understand the 

intrinsic factors that may influence gene uptake in a vessel. To address this challenge, in Chapter 

3, I developed an ex vivo model of a vessel where I could incorporate variables such as intralumenal 

pressure and flow velocities. With this model, I aim to understand how gene delivery is affected 
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by flow velocities, which could be translated to different vessel sizes and possibly disease states, 

such as atherosclerosis and stenosis.  

The overall goal of this research is to enhance our understanding of how focused 

ultrasound can be optimized for gene therapy in cardiovascular disease, particularly in the case of 

ischemia. By addressing gaps in knowledge related to the dose delivered as well as the viability of 

the treated cells of vessels, this thesis aims to lay the groundwork for minimally invasive, 

ultrasound-guided gene therapies that can promote angiogenesis and improve outcomes in 

cardiovascular disease patients. 
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Chapter 2: Stable Cavitation-Mediated Delivery of miR-126 to Endothelial cells 

Manuscript published as: He, S., Singh, D., Yusefi, H., & Helfield, B. (2022). Stable Cavitation-

Mediated Delivery of miR-126 to Endothelial Cells. Pharmaceutics, 14(12). 

https://doi.org/10.3390/pharmaceutics14122656 

2.1 Foreword 

Angiogenesis is a key process involved in physiological and pathological conditions 

associated with ischemia, a major global health challenge in cardiovascular diseases. MicroRNA-

126 has emerged as a promising therapeutic target due to its potent pro-angiogenic effects. Given 

the challenges in delivering therapeutic agents to targeted cells, the following chapter demonstrates 

the feasibility of delivering miR-126 to cultured endothelial cells using focused ultrasound. I first 

characterized the formulation and behaviour of miR-126-conjugated cationic microbubbles. Then, 

I optimized the ultrasound parameters for sufficient miR-126 and assessed the biological effects 

of the uptake of miR-126 in endothelial cells, while minimizing cell death. 

2.2  Abstract 

In endothelial cells, microRNA-126 (miR-126) promotes angiogenesis, and modulating the 

intracellular levels of this gene could suggest a method to treat cardiovascular diseases, such as 

ischemia. Novel ultrasound-stimulated microbubbles offer a means to deliver therapeutic payloads 

to target cells and sites of disease. The purpose of this study was to investigate the feasibility of 

gene delivery by stimulating miR-126-decorated microbubbles using gentle acoustic conditions 

(stable cavitation). A cationic DSTAP microbubble was formulated and characterized to carry 6 

µg of a miR-126 payload per 109 microbubbles. Human umbilical vein endothelial cells 

(HUVECs) were treated at 20–40% duty cycle with miR-126-conjugated microbubbles in a custom 
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ultrasound setup coupled with a passive cavitation detection system. Transfection efficiency was 

assessed by RT-qPCR, Western blotting, and endothelial tube formation assay, while HUVEC 

viability was monitored by MTT assay. With increasing duty cycle, the trend observed was an 

increase in intracellular miR-126 levels, up to a 2.3-fold increase, as well as a decrease in SPRED1 

(by 33%) and PIK3R2 (by 46%) expression, two salient miR-126 targets. Under these ultrasound 

parameters, HUVECs maintained >95% viability after 96 h. The present work describes the 

delivery of a proangiogenic miR-126 using an ultrasound-responsive cationic microbubble with 

potential to stimulate therapeutic angiogenesis while minimizing endothelial damage. 

2.3  Introduction 

Gene therapy is a treatment regime in which a specific cell function-altering piece of 

genetic material is introduced into target diseased cells. Typically, DNA, mRNA, siRNA, and anti-

sense oligonucleotides are the genetic materials used for this approach, either to restore a specific 

gene function or to turn off a gene involved in pathogenesis. The first authorized clinical trial for 

gene therapy was for Gaucher’s disease in 1988 (NCT00001234), a lysosomal dysfunction. Mostly 

due to the fact that it commonly employs viruses to deliver the genetic material, gene therapy was 

met with mixed success early on in its history161 owing to complications with the immune 

response, off-target side-effects, and unwanted or neutral clinical outcomes162. Indeed, the critical 

challenge toward the advancement of this approach is the delivery method itself, and key advances 

in this field have brought gene therapy back into the spotlight. Nonviral vector approaches, such 

as systemically injected liposomal constructs, are generally less immunogenic than their viral 

counterparts, and they can gain target cell specificity through chemical/ biological design. 

Generally, these vectors are considered less efficient than viral vectors, likely due to the fact that 

they face the endoluminal border and must escape early endosomes to deliver their payload. 
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More recently, microRNAs (miRs) have been employed in molecular therapeutics. MiRs 

are noncoding RNA strands that may bind to multiple mRNA targets and modulate their 

expressions. Nearly three decades ago, the discovery of dysregulated miR in nematodes163 allowed 

insight into a better understanding of disease development in a wide array of pathologies164–166. 

The pleiotropic nature of miRs makes for a particularly attractive choice for gene therapy, e.g., in 

applications of diseases with a multifactorial origin167. Indeed, miR therapy is being explored 

preclinically in many areas, including cancer (e.g., pancreatic168, breast169, lung170, and 

leukemia171) and cardiovascular disease (e.g., cardiac hypertrophy172, arrhythmia173, cardiac 

fibrosis174, and ischemia175). 

With regard to the application of therapeutic angiogenesis for ischemia, miR-126 is a 

potentially potent target. miR-126 is highly expressed in endothelial cells, and feasibility studies 

have shown its role in modulating angiogenesis by repressing angiogenic repressors, such as 

PIK3R2 from the Akt pathway and SPRED1 from the ERK pathway, to name a few 176,177. Indeed, 

in selecting a potential candidate technique for miR-126 delivery or any other miR that has shown 

to be a major molecular regulator in cardiovascular disease, there is particular interest in exploring 

ultrasound-based techniques, as echocardiography is commonly clinically used to diagnose many 

cardiovascular diseases178 . 

Ultrasound-sensitive agents, including clinically employed microbubble contrast agents, 

provide an exciting alternative to more traditional nonviral vectors. Typically between 1 and 8 μm 

in diameter, microbubbles remain intravascular and are composed of a thin, flexible lipid 

monolayer shell and vibrate when exposed to ultrasound179. Recent studies have demonstrated that, 

under specific acoustic conditions, ultrasound-stimulated microbubbles can temporarily alter 

vascular and cellular permeability, thereby providing an endocytosis-independent pathway for 
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exogenous drug delivery115,180–182. Indeed, as these microbubbles only vibrate as they pass through 

an ultrasound beam, their activity is spatially and temporally targeted, thus having the potential to 

limit off-target therapeutic deposition.  

In microbubble-mediated gene therapy, the design of the microbubble is critical to ensure 

sufficient loading capacity183. One such approach is to synthesize microbubbles with a surface 

charge to offer a means to attach genetic payload on the microbubble surface, shown to deliver 

genetic material more efficiently than co-injected with neutral microbubbles132,184. Such efficiency 

is conferred by protection against circulating RNases in the bloodstream to increase the half-life 

of the short RNA strand, as well as increasing the available genetic material around the tissue when 

it is coupled to a vehicle, as opposed to free floating in the systematic circulation42. Additionally, 

the non-invasive nature of the methodology allows for repeated treatment to further increase gene 

delivery efficiency, as well as the ability to spatially target tissues of interest with focused 

ultrasound limits off target responses185. 

Ultrasound-mediated microbubble behavior is commonly separated into two distinct 

physical regimes186. If bubbles are exposed to acoustic pressures above a specific threshold, they 

can rapidly expand and violently collapse during the compression of the transmit pulse. This 

behavior, whereby microbubble disruption occurs, is dominated by the inertia of the surrounding 

fluid and is typically termed inertial cavitation, accompanied by broadband spectral emissions. 

Indeed, miR-based delivery using ultrasound and microbubbles has been shown via this acoustic 

regime, which does result in physical membrane perforation and enhanced cellular and vascular 

uptake of material187–190. In fact, numerous studies have demonstrated the advantage of delivering 

miR or miR inhibitors through inertial cavitation (typically referred to as ultrasound-targeted 

microbubble destruction; UTMD) for specific applications, such as cancer cell ablation187,190,191. 



 

28 

 

Other applications of gene delivery through UTMD have shown success in preventing organ 

rejection192, treating cardiac hypertrophy188, and even in promoting angiogenesis189. While shown 

to be an effective strategy, microbubble disruption (e.g., inertial cavitation) may trigger severe, 

undesired bioeffects, including loss of cell viability193, hemorrhage, or increased inflammation.  

Another approach to microbubble-mediated ultrasound gene delivery, which has been less 

explored, is to ensure a more controlled microbubble oscillation regimen. Generally, bubbles 

driven by low-pressure ultrasound elicit repeated periodic, volumetric vibrations about their 

equilibrium size, whereby they may oscillate spherically or non-spherically194. Under specific 

acoustic conditions, these vibrations can enhance cell permeability due to local fluid 

microstreaming and prolonged shear stress195. This regime is called stable cavitation and is 

characterized by distinct harmonic scattered pressure emissions186. In addition to limiting potential 

unwanted bioeffects, the prolonged fluid streaming and physical presence of the microbubble may 

aid in intracellular therapeutic deposition. 

Indeed, as the majority of investigations of ultrasound-mediated gene delivery rely on 

bubble destruction, the novelty here is via our intended goal of demonstrating that modest levels 

of gene therapy can be achieved using gentle bubble vibrations (stable cavitation without bubble 

disruption), with potential significance toward the design of repeat treatment paradigms. This 

entails the synthesis of high-capacity gene-loaded microbubble constructs that are clinically 

feasible in terms of stability, concentration, nonlinear echo, and gene-loading concentration, which 

is confirmation of small but significant gene delivery so as to preserve cell viability and ensure 

successful modulation of salient downstream protein expression and physiological endpoints.  

In this present study, we aim to investigate ultrasound-mediated gene delivery using stable 

cavitation, specifically in the context of therapeutic angiogenesis. First, we synthesized and 
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characterized a cationic lipid microbubble formulation decorated with an miR-126 mimic. Next, 

we demonstrate that these microbubbles can be used to deliver their miR-126 cargo within 

endothelial cells in a viable manner while under-going stable cavitation, monitored with passive 

cavitation techniques. Lastly, we assess the functional and physiological endpoints of the miR-126 

delivery. 

2.4  Material and Methods  

2.4.1 Contrast Agent Microbubble Preparation 

Cationic phospholipid-encapsulated microbubbles were synthesized via a modification of 

an existing in-house formulation131. Briefly, the microbubbles were prepared from a lipid aqueous 

dispersion composed of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti Polar Lipids, 

Alabaster, AL, USA), polyoxyethylene (40) stearate (PEG40S; Sigma-Aldrich, St. Louis, MO, 

USA), and 1,2-stearoyl-3-trimethylammonium-propane (DSTAP; Avanti Polar Lipids, Alabaster, 

AL, USA). DSPC, PEG40S, and DSTAP (0.41:0.50:0.09) were dissolved in a solution buffer 

consisting of PBS-EDTA (1 mM), propylene glycol and glycerol (0.80:0.15:0.05) at a 

concentration of 4 mg/mL. The lipid solution was then dissolved in a 20 kHz ultrasonic bath 

(Branson Ultrasonics, Danbury, CT, USA) at 65 °C until a homogenous clear solution was 

observed. Samples of microbubbles were formed by aliquoting 1.5 mL of this solution in glass 

vials and sealed with a rubber stopper. The air from the vial was removed via vacuum and replaced 

with perfluorobutane (C4F10; FluoroMed, Round Rock, TX, USA). To synthesize the 

microbubbles, vials were allowed to reach room temperature to ensure consistent size distribution 

and scattering activity196, subjected to mechanical agitation using the VialMix™ (Lantheus, 

Billerica, MA, USA) for the standard 45s period, and then were set to cool down to room 

temperature for 15 min. Vials were then decanted for 8 min to ensure the removal of large 



 

30 

 

microbubbles, and microbubbles were withdrawn using a 1 inch 19G needle, along with another 

19G needle for venting purposes. Agent was consistently extracted from just below the rubber 

stopper to reduce population variability. After decantation, 0.7 mL was extracted from the glass 

vial and the microRNA-126 was added to the microtube for incubation. Microbubbles were 

washed as per described in Wang et al.132. Briefly, the mixture was diluted to 1 mL with DEPC-

treated diH2O and centrifuged at 400×g for 3 min in a 3 mL syringe. The bottom 0.5 mL was 

discarded to remove the smaller microbubbles, and the remainder of the solution was diluted in 

DEPC-treated diH2O to fix the concentration to 10⁹ microbubbles/mL for the experiments. 

2.4.2 Microbubble Characterization 

The size distribution, concentration, and stability of these in-house microbubbles were 

quantified using a Coulter Counter (Multisizer 4e; Beckman Coulter, Brea, CA, USA). 

Microbubbles were diluted 1:1000 in ISOTON II (Beckman Coulter) and sampled using the 30 

μm aperture, which enables an effective measurable size range of 0.6–18 μm. For a given vial, 

measurements were repeated every 20 min for up to 80 min post activation to assess microbubble 

stability. For a subset of experiments, the zeta potential was measured using a Zetasizer Nano ZS 

(Malvern Panalytical, Malvern, UK). Microbubbles were diluted to a 0.2% solution with diH2O, 

and measurements were taken within 10 min of having extracted the agent from the vial. For each 

of these measurements, at least n=3 vials were used for statistical purposes.  

To confirm that our agent is acoustically active, the echogenicity of the microbubbles was 

measured with a clinical ultrasound system (model iU22 Philips Healthcare, Andover, MA) using 

a C5-2 probe. The microbubbles were diluted 10,000-fold in gas-equilibrated diH2O and fed into 

a wall-less 0.8 cm diameter cardiac Doppler flow phantom (model 523A, ATS Laboratories, 

Norfolk, VA, USA) at a velocity of ~14–16 mm/s. The depth was fixed at 8 mm, and three internal 
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videos were recorded in B mode and contrast mode for 2 min. The signal-to-noise ratio (SNR) was 

plotted ± the standard deviation at different timepoints following microbubble extraction from its 

vial. 

2.4.3 miR-126 Loading Protocol and Characterization 

To confirm gene coupling to the outer shell of our cationic microbubbles, a solution of 

microbubbles was incubated at room temperature for 15 min with a red fluorescent siRNA (Alexa 

Fluor 555 BLOCK-iT, Thermo Fisher Scientific, Waltham, MA, USA) in a 1:1 proportion. These 

microbubbles were visualized using an RFP light cube from the EVOS M7000 imaging system 

(Thermo Fisher Scientific). After confirming the cationic nature of our microbubbles, we aimed to 

load our gene of interest miR-126 (hsa-miR-126-3p; sequence: 

UCGUACCGUGAGUAAUAAUGCG); Thermo Fisher Scientific).  

To quantify miR-126 loading capacity, the microbubbles were incubated with increasing 

miR-126 concentrations (miR-126 input) at room temperature for 15 min on a tube revolver 

rotator. These concentrations were fixed from 1 µg miR-126 per 10⁹ microbubbles to 20 µg per 

10⁹ microbubbles, where 20 µL of a RNA loading dye197 was added to equal volume of the miR-

126 and microbubbles solution, and loaded in a 12.5% (19:1 acrylamide/bis-acrylamide) (Thermo 

Fisher Scientific) urea PAGE197. A control lane where equal amounts of miR-126 was diluted in 

DEPC-treated diH2O was also loaded next to each miR-126 concentration tested. We ran the gel 

at 65 V until separation of bromophenol blue (Sigma) and xylene cyanol (Thermo Fisher 

Scientific). The gel was stained with a 1:10 000 solution of SybrGreen II RNA gel stain (Thermo 

Fisher Scientific) in TBE buffer for 15 min. The gel was imaged with on a G:BOX F3 (Syngene, 

Cambridge, UK), and the bands were analyzed on ImageJ (U.S. National Institutes of Health, 

Bethesda , MD, USA). We assumed that the bands observed corresponded to the unbound miR-
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126 (when loaded with microbubbles) and were compared to the control bands (miR-126 with 

diH2O), which resulted in the percentage of free miR-126 in the gel. 

% 𝑓𝑟𝑒𝑒 =
𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑚𝑖𝑅 − 126 𝑤𝑖𝑡ℎ 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑏𝑏𝑙𝑒𝑠

𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑚𝑖𝑅 − 126 𝑖𝑛 𝑑𝑖𝐻2𝑂
 (2.1) 

Lastly, the percentage of miR-126 bound was obtained with the following equation:  

% 𝑏𝑜𝑢𝑛𝑑 = %100 − %𝑓𝑟𝑒𝑒  (2.2) 

where we report here the mass of loaded miR-126 as: 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑 𝑚𝑖𝑅 − 126 = %𝑏𝑜𝑢𝑛𝑑 × 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑖𝑅 − 126 𝑖𝑛𝑝𝑢𝑡 (3.3) 

 

These data points were plotted to find the plateau to determine the maximum achievable 

mass of bound miR-126 per 10⁹ microbubbles. 

2.4.4 Cell Culture 

Primary human umbilical vein endothelial cells (HUVEC; No. C2519A, Lonza, Basel, 

Switzerland) were cultured in medium (EGM-2, No. C3162, Lonza) and incubated at 37°C and 

5% CO2. For experiments, the cells were harvested with a 0.05% solution of trypsin-EDTA 

(Wisent, QC, Canada) at 90% confluency and placed in a suspension within cell culture medium 

at a concentration of 500,000 cells per ml. All experiments were performed on HUVECs 

characterized by a passage number between 3 and 10. 

2.4.5 Ultrasound Apparatus and Experimental Procedure 

We employed a custom-designed ultrasound treatment tank in order to assess microbubble-

mediated miR-126 delivery to endothelial cells (Figure 2.1). The treatment tank was a 30L plastic 

container filled with 15L of gas-equilibrated diH2O, enough volume to submerge both the 

transducers, but kept below the opening of the sample chamber. The water temperature was 
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maintained at 37°C using an immersion heater circulator (VWR model 1120, Radnor, PA, USA). 

The tank consisted of a sample chamber and two co-aligned single-element transducers. A 

magnetic stir bar was placed inside the sample chamber, which is made of acrylic and sealed with 

mylar windows (25 µm thickness) to allow for ultrasound transmission. The unit was placed on a 

magnetic stir plate. Samples were prepared by incubating miR-126-loaded microbubbles with 

HUVECs at a fixed ratio of 50 bubbles per cell. Placed within our warmed sample chamber, this 

cocktail was constantly mixed using a magnetic stir bar to ensure homogeneous distribution of the 

microbubbles and cells. After a 1 min wait to ensure equilibrium, the sample was treated with 

ultrasound.  

The treatment transducer (1 MHz, f = 25.4 mm, f# = 1.33) was driven at 1 MHz with 1000 

cycles, varying pulse repetition intervals from 2.5–5 ms (duty cycles (DC) of 20–40%) at a peak 

negative pressure of 52 kPa generated from an arbitrary function generator (AFG31000, Tektronix, 

Beaverton, OR, USA) and amplified using a radio frequency (RF) power amplifier (model 

105A100B, Amplifier Research, Souderton, PA, USA) for a treatment duration of 2 min. The 

acoustic pressure was measured in free space within a separate water tank using a ‘bullet’ 

hydrophone (HGL-0200, ONDA, Sunnyvale, CA, USA). The second transducer (3.5 MHz flat 

transducer, Olympus) was used as a passive cavitation detector to record microbubble scattering, 

specifically, to assess the presence of stable and inertial cavitation. Receive echoes were amplified 

(AU-1579, 0.7–200 MHz, MITEQ, Hauppauge, NY, USA), bandpass-filtered, and then digitized 

(Gage Razor Express CompuScope, Lock-port, IL, USA) for offline analysis using custom 

MATLAB software (Mathworks, Natick, MA, USA). The frequency-dependent transfer function 

of this receive circuit was not determined; thus, all measurements are relative. Joint time–
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frequency analysis was performed with a window size of 50 ms and a 90% overlap. A Hamming 

window was applied to the RF data prior to obtaining the fast Fourier transform (FFT). 

 

Figure 2.1: Experimental setup equipped with two co-aligned transducers for ultrasound-

mediated gene delivery to endothelial cells. The therapy transducer (1 MHz) focuses within a 

cell suspension chamber, while the second transducer (3.5 MHz) is used for passive detection of 

microbubble echoes. 

Following ultrasound treatment, the cells were transferred from the custom-designed 

suspension chamber to a conical tube left at room temperature for 5 min to allow for sonoporation 

recovery. These cells were then placed on ice until all the samples were treated before washing 

three times at 220×g for 5 min at 4°C per wash to remove the remaining microbubbles. The sham 

controls were handled similarly without ultrasound. 

2.4.6 RT-qPCR 

Immediately following the washes, the total RNA content of the cells was extracted using 

a mirVana™ miRNA isolation kit (Invitrogen), and 10 ng RNA samples were used for PCR. The 

primers were all purchased from Thermo Fisher Scientific, and, although their sequences are 

proprietary information, their product numbers (PN) are listed. The PCR primers used to generate 

cDNA were U6 (PN: 4440887 RT 001973) and hsa-miR-126 (PN 4427975 39G01 RT 002228) on 

a thermal cycler (Applied Biosystems, Waltham, MA, USA) set at 16 °C for 30 min, 42 °C for 30 

min, and 85 °C for 5 min. RT-qPCR was performed using TaqMan™ Fast Advanced Master Mix 
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no UNG (Thermo Fisher Scientific) on a QuantStudio™ 3 (Thermo Fisher) set at 95 °C for 20 s, 

then 40 cycles of 95 °C (1 s) to 60 °C (20 s). The primers used for RT-qPCR were U6 (PN: 4440887 

TM 001973) and miR-126 (PN: 4440887 74A03 TM 002228). Relative miR-126 levels were 

calculated using the 2(−∆∆Ct) method using U6 as the housekeeping control. 

2.4.7 Viability Assay 

Endothelial cell viability was measured after 2 days and 4 days, whereby 20,000 and 10,000 

cells, respectively, were seeded on 96-well dishes in triplicate. After washing the cells with PBS 

three times, MTT (3-(4,5-dimethylthazolk-2-yl)-2,5-diphenyl tetrazolium bromide) reagent 

(Sigma) was added as per the manufacturer’s protocol. The absorbance was measured on a 

Varioskan™ LUX microplate reader (Thermo Fisher Scientific) at 540 nm after a 4h incubation in 

37°C in 5% CO2 and solubilizing the formazan with DMSO (BioRad, Hercules, CA, USA) for 10 

min. Viability was assessed relative to sham controls. 

2.4.8 Western Blotting 

Following the washes after ultrasound treatments, cells were seeded on six-well dishes and 

harvested 2 days later. Total protein was extracted using RIPA lysis buffer (Alfa Aesar, Haverhill, 

MA, USA), and 20–30 µg of protein was loaded per lane in a 7.5% acrylamide (37.5:1 

acrylamide/bis-acrylamide) (BioRad) SDS-PAGE, 1.5 mm thick. We let the gel run at 70 V for 30 

min and 100 V until complete separation of the PageRuler™ Plus prestained protein ladder 

(Thermo Fisher Scientific). The proteins were transferred on a PVDF membrane overnight in 

Towbin buffer at 4°C. The membrane was stained with 0.5% Ponceau S (Sigma) in 1% glacial 

acetic acid for 5 min to ensure proper protein transfer and destained with TBS. Following blocking 

in TBS with 5% BSA (Wisent) for 1 h at room temperature, the PVDF membrane was cut in three 

sections horizontally to separate the target proteins according to their molecular weights.  
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The antibodies used for blotting were monoclonal anti-SPRED1 (Santa Cruz 

Biotechnology, Dallas, TX, USA), monoclonal anti-PI-3-kinase p85β (PIK3R2, Santa Cruz 

Biotechnology), and anti-GAPDH (Invitrogen), diluted in TBST-2% BSA for 1 h at room 

temperature. The first section was cut at the 70 kDa band to probe for PIK3R2. The second section 

was cut around the 40 kDa band (between the 35 kDa and 55 kDa bands) to probe for SPRED1. 

The last section was used to probe for GAPDH. When we could not obtain a satisfactory separation 

from ladder to cut the membrane between the 55 kDa and 35 kDa bands, the membrane was only 

cut at the 70 kDa band. GAPDH was then probed first, stripped with a mild stripping buffer 

(Abcam) for 5 min, and washed with PBS and TBS for 5–10 min twice each. Blocking could then 

be repeated on this half membrane to probe SPRED1. The membrane was then incubated in with 

goat anti-mouse IgG (H + L) HRP (Invitrogen) secondary antibody diluted in TBST-2% BSA for 

1h at room temperature. PVDF blotted membranes were labeled with Pierce ECL Western Blotting 

Substrate (Thermo Fisher Scientific) prior to imaging on an Amersham Imager 600 (GE 

Healthcare, Chicago, IL, USA). Bands were analyzed in ImageJ. 

2.4.9 Endothelial Tube Formation Assay 

A growth factor-reduced Matrigel® matrix basement membrane (Corning, NY, USA) was 

prepared on a 96-well dish according to the manufacturer’s protocol. Following the washes, 2000 

cells were seeded atop the Matrigel for 16 h. HUVECs were then stained with Calcein-AM 

(Thermo Fisher) at 1 µg/mL and visualized on an epi-fluorescence microscope at 488 nm (EVOS 

system, Life Technologies). Angiogenesis quantification was assessed by AutoTube198–200 on 

MATLAB (Mathworks). 
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2.5  Results 

2.5.1  Characterization of DSTAP Microbubbles and miR-126 Loading 

The microbubble size distribution is shown in Figure 2.2A, depicting a polydisperse 

population with a peak volume-weighted diameter of 3.56 ± 0.32 µm. Stability tests, where 

measurements were taken every 20 min, suggest nonsignificant (p-value = 0.313, n = 3) changes 

in microbubble diameter and concentration (1.01 × 10⁹ ± 0.31 × 10⁹ microbubbles/mL) over 80 

min (Figure 2.2B). The size and concentration information reported here is consistent with 

clinically employed agents201–203.  

 

Figure 2.2: Our stable microbubble formulation can be used for clinical contrast imaging. 

(A) Volume-weighted size distribution with a concentration of (1.01±0.31) × 109 

microbubbles/mL. (B) Stability over 80 min. (C) Nonlinear contrast imaging of microbubbles in 

wall-less tissue phantom. (D) SNR analysis of contrast signal over 22 min post-agent extraction. 
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Clinical contrast echo from the agent—which is indicative of nonlinear scattering of the 

microbubbles—is shown qualitatively in Figure 2.2C and quantified in Figure 2.2D. The large 

contrast signal-to-noise ratio of the agent remains relatively constant up to 22 min following agent 

extraction from the sealed vial (62.95 ± 2.56 to 70.24 ± 2.76 dB). These data, along with the 

concentration and stability properties, suggest its viability as a clinical agent. 

In order to test the cationic nature of this in-house agent, as well as to provide evidence for 

gene coupling along the surface of the microbubbles, Figure 2.3A highlights the surface 

distribution of a surrogate fluorescence siRNA. It can be seen from this micrograph that the 

fluorescent nucleic acid conforms to the outer surface (i.e., the shell) of the microbubbles. 

Furthermore, the cationic nature of our agent was confirmed via assessment of the surface charge, 

which was determined to be +38.04 mV pre-miR loading, decreasing to +27.60 mV post miR 

loading (Figure 2.3B; p < 0.0002). To quantify this miR-126 carrying capacity, gel electrophoresis 

was performed to compare the amount of free-miR-126 in diH2O compared to unbound miR-126 

from microbubbles at varying quantities of miR-126 (Figure 2.3C). Binding capacity was 

determined from plotting a saturation curve (red) and the value at which the curve plateaus is 

defined as the binding capacity. For our formulation, we determined a loading capacity of 6 µg of 

miR-126 per 109 microbubbles (Figure 2.3D), which is what we used for all subsequent 

experiments. 
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Figure 2.3: Gene coupling characterization results in 6 µg of miR-126 per 109 microbubbles. 

(A) Fluorescent siRNA localization on microbubble surface. Scale bar: 30 µm. (B) Surface charge 

before and after coupling of 6 µg of miR-126 per 109 microbubbles. (C) Acrylamide/urea PAGE 

of miR-126 binding capacity on DSTAP: odd-numbered lanes show free miR-126 (1 to 20 µg) in 

DEPC H2O and even-numbered lanes show corresponding unbound miR-126 after incubation with 

DSTAP. (D) Quantification of miR-126 binding capacity on DSTAP. (***: p < 0.001). 

2.5.2 Ultrasound-Mediated miR Delivery Using miR-126-Conjugated DSTAP Microbubbles 

Ultrasound-assisted viable miR-126 delivery to endothelial cells via stable cavitation was 

demonstrated in Figure 2.4. Figure 2.4A indicates a gradual increase in miR-126 levels, from 1.482 

to 2.326 relative to the sham control, with increasing duty cycle (n = 3 to 8, p-values = 0.004, 0.02, 

0.08, respectively). Our data indicate that, under this ultrasound treatment regimen, endothelial 

cell viability is maintained (>95%) (Figure 2.4B; n = 6 to 24, p-value non-significant). Further, as 

confirmation of functional delivery, we assayed the protein levels of miR-126 target proteins 

SPRED1 and PIK3R2 (Figure 2.4C). These were downregulated 2 days following gene delivery; 

we observed a 4% to 33% decrease in SPRED1 with increasing duty cycle (n = 3 to 4; p-value = 
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0.0345 at duty cycle of 40%), while PIK3R2 decreased from 36% to 46% with increasing duty 

cycle (Figure 2.4D; n = 4; p-values = 0.02, 0.008, and 0.003, respectively). 

 

Figure 2.4: Ultrasound-mediated miR-126 delivery results in viable physiologically relevant 

treatment of endothelial cells. (A) RT-qPCR analysis of the relative miR-126 expression from 

treated HUVECs. (B) Viability assessment of the cells 48 h and 96 h following ultrasound 

treatment by MTT assay. (C) PIK3R2 and SPRED1 protein expression in treated HUVECs 

determined by Western blotting. (D) Aggregate relative PIK3R2 and SPRED1 expression 48 h 

following HUVEC treatment. (E) HUVEC tube formation assay, untreated and (F) treated at 20% 

DC. In aggregate, the tube network increased by 2–21% and exhibited a 2–28% increase in 

branching nodes. Scale bar: 200 µm. (*: p<0.05, **: p<0.01). Grey: sham, green: 20% DC, blue: 

30% DC, magenta: 40% DC. 

A second subset of treated cells were used to grow on Matrigel® basement membrane 

matrix, where endothelial tube formation was assessed 16h after seeding. As can be seen in the 
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representative images shown in Figures 2.4E,F, tubule networks were significantly more complex 

in miR-126-treated endothelial cells compared to sham control (Figure 2.4E). Specifically, tube 

network increased by 22–26% and exhibited a 5–17% increase in branching nodes (Figure 5.1). 

2.5.3 Passive Cavitation Detection 

To confirm stable microbubble activity during treatment, the gene delivery setup (Figure 

2.1) was concurrently equipped with a passive cavitation detection transducer. Figure 2.5A shows 

a representative example of the frequency spectrum at the beginning of the 2 min treatment with 

microbubbles (30% duty cycle; black) overlaid with pure PBS (blue). It can be clearly seen that, 

under this acoustic regime, microbubbles underwent stable cavitation, as confirmed by narrowband 

signal power peaking at second, third, and fourth harmonics (2, 3, and 4 MHz) and an absence of 

broadband emissions. Furthermore, time–frequency analysis (Figure 2.5B,C) confirmed that 

microbubbles were undergoing stable cavitation throughout the entire duration of the ultrasound 

treatment. Figure 2.5D depicts the cumulative spectral power from the stable (blue, solid line) 

versus inertial (black, dashed line) cavitation frequency bands for a given sample. Figure 2.5E 

quantifies the total integrated power for microbubble samples and PBS control, highlighting the 

virtual absence of inertial cavitation and a statistically significant 13.5 dB in stable cavitation 

activity (p < 0.02). 



 

42 

 

 

Figure 2.5: Microbubbles undergo stable cavitation during gene delivery treatment. (A) The 

microbubble echo spectrum at the beginning of treatment (black line) as compared to a PBS only 

control (blue line). (B) Time–frequency plots of the resulting cavitation echoes in PBS (control) 

and (C) miR−126 loaded microbubbles. This time–frequency depiction clearly shows prolonged 

harmonic content (stable cavitation) throughout the 2 min treatment, and the absence of any 

broadband spectral emissions (inertial cavitation). (D) Quantification of the cumulative spectral 

power from the stable (blue, solid line) and inertial (black, dashed line) cavitation frequency bands 

over the total treatment time of a given sample. (E) Quantification over all samples compared to 

PBS only controls. Asterisks denote statistical significance (*: p < 0.02). 

2.6 Discussion 

In this study, we developed a methodology to deliver modest amounts of miR-126 onto 

endothelial cells for the purpose of therapeutic angiogenesis. Our results demonstrate that miR-

126 can be successfully delivered intercellularly via ultrasound and microbubbles in sufficient 

quantities to elicit downstream regulation of target proteins and a viable physiological response. 

It is perhaps worth noting that one of the limitations of the present study is that the 

endothelial cells were treated in suspension, as opposed to within the more biologically relevant 

monolayer configuration. This could have negatively affected transfection efficiency because the 

cell morphology of these cells in suspension exhibited less surface area as opposed to their 

adherent morphology and, incidentally, were less likely to interact with a miR-126-decorated 
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microbubble in the cell chamber. To address this in future work, another nonadherent cell lines 

could be investigated, such as endothelial progenitor cells204, or cells could be cultivated and 

treated under fluidic conditions more accurate mimic a vessel205. This arrangement, however, was 

chosen in order to position two co-aligned transducers in such a way as to be able to passively 

record the acoustic emissions during treatment (Figure 2.5). This is essential as it provides 

evidence of microbubble stable cavitation. Due to the specific ultrasound parameters employed 

(e.g., long pulses), this would have been challenging to conduct using a single transducer with 

active listening (pulse-echo).  

Indeed, while designing the ultrasound regimen, we focused on maintaining cellular 

viability albeit at the expense of lower transfection efficiency in order to substantiate the feasibility 

of microbubble-mediated gene delivery as opposed to other gene delivery methods. For instance, 

in peptide-mediated miR-126 delivery to vascular endothelial cells, Zhou and colleagues reached 

a 3.5-fold increase in miR-126 but reported cell death up to 20% at the highest peptide dose206. 

Indeed, by devising a microbubble-mediated miR-126 delivery treatment scheme that minimizes 

cell death, this enables the potential for repeat treatments to further increase the transfection 

efficiency and enhance the effects of the genetic payload35,207.  

Microbubble-mediated gene therapy, whether employing miRs or other nucleic acid 

payloads, has been demonstrated in cancer and cardiovascular applications through cavitation 

regimes in which the bubbles undergo disruption (e.g., ultrasound-targeted microbubble 

disruption; UTMD42). Violent microbubble collapse initiated this way requires strong acoustic 

forcing conditions, typically large peak-negative pressures186. While this technique has shown 

promising results in gene deposition within the target tissue208–210, the bubble involution process 

can initiate high-speed liquid jets along with other cavitation-based phenomena that may lead to 
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localized endothelial bio-effects. Endothelial cell damage and denudation have been reported in 

both microvessels211 and larger vasculature212, events which have been correlated to excessive 

inertial cavitation doses211 (a surrogate measure of inertial cavitation and microbubble 

disruption186). Further, microvascular hemorrhage and red blood cell extravasation associated with 

violent microbubble collapse have also been observed213–216, and recent reports have demonstrated 

the potential for inertial cavitation to trigger endothelial apoptosis pathways217. As a consequence, 

our treatment paradigm consists of a very low peak negative pressure and large number of cycles, 

so as to encourage miR payload release from the cationic microbubble surface by stable 

cavitation—similar in principle to other drug-loaded microbubbles218. Indeed, as gene delivery 

was achieved in the absence of broadband emissions and via these long duration pulses, our results 

suggest that sustained gentle microbubble vibrations, radiation forces, and agitation lead to 

delivery of miR-126, a combination that was persistent throughout the 2 min treatment time (see 

Figure 2.5). The hypothesized drug delivery mechanism here is two-stage. Firstly, long pulse-

driven microbubbles can initiate prolonged lipid and cargo release as compared to those driven by 

shorter pulses at a given pressure amplitude219. Secondly, microbubble translation and constant 

agitation decrease the average microbubble–cell distance, which both aids in microbubble-

mediated cell membrane perforation26 and lowers the distance over which the free miR mimic is 

required to diffuse to enter the neighboring cell. It is also of interest to note that ultrasound has 

been shown to modulate endocytosis activity220,221; however given the timescales of the miR-

delivery performed here, it is perhaps not likely to be the dominant mechanism222. 

2.7  Conclusions 

We synthesized a miR-126-bearing microbubble agent with a gene loading capacity of 6 

μg per 109 microbubbles, characterized by a microbubble concentration, size distribution, and 
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stability similar to that of currently used clinical agents. Using a low-pressure, long-pulse acoustic 

regime, we were able to show delivery of up to 2.3-times in miR-126 to endothelial cells compared 

to sham controls while maintaining cell viability, resulting in the expected physiological behavior, 

including downregulation of angiogenic suppressor proteins SPRED1 and PIK3R2. Furthermore, 

simultaneous passive cavitation detection confirms that this was a stable cavitation treatment, thus 

minimizing potential damage caused by more violent, inertial cavitation approaches. 
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Chapter 3: Flow Velocity Modulates Vascular Delivery of microRNA-126 Using Focused 

Ultrasound and Microbubbles 

Manuscript under review: He, S., Singh, D., & Helfield, B. (2024). Flow Velocities Modulates 

Vascular Delivery of microRNA-126 Using Focused Ultrasound and Microbubbles. Molecular 

Therapy Nucleic Acids.  

3.1 Foreword 

 While the potential of focused ultrasound in gene delivery has been demonstrated in in 

vitro systems in the previous chapter, the following one explores this gene delivery process in a 

pressurized mesenteric artery under intralumenal flow. This model allows us to study the effect of 

different flow velocities, as well as the layers beyond the endothelium, that may have on the 

therapeutic efficiency of gene delivery of miR-126. In the next chapter, I describe how I developed 

a viable methodology to demonstrate ultrasound-mediated permeabilization within a vasoactive ex 

vivo model.   

3.2 Abstract 

Gene therapy targeting ischemic heart disease is a promising therapeutic avenue but is 

mostly restricted to viral-based delivery approaches – limited due to off-target immunological 

responses. Focused ultrasound presents a non-viral, image-guided technique in which circulating 

intravascular microbubble contrast agents can reversibly enhance vascular permeability and gene 

penetration. Here, we explore the influence of flow velocity on the microbubble-assisted delivery 

of miR-126, a potent pro-angiogenic biologic, using a custom acoustically-coupled pressurized 

mesenteric artery model. We demonstrate that under the same ultrasound conditions, increased 

flow velocities enhance microbubble-mediated cell permeability - yet miR-126 delivery itself 
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exhibits a negative correlation with increasing flow velocity. Post-ultrasound assays confirmed 

vessel vasoreactivity, maintaining vasoconstriction and vasodilation capacities. These findings 

underscore the critical role microbubble flow velocities play in focused ultrasound gene therapy, 

especially notable for applications in which blood velocity itself is a salient pathophysiological 

indicator of disease progression, including ischemia.  

3.3 Introduction 

Despite ongoing advancements in specialized surgeries and pharmacotherapies79, ischemia 

and related cardiovascular diseases remain the leading causes of mortality223. One promising 

alternative to traditional surgical interventions is gene therapy, which involves delivering genetic 

material directly to diseased tissues to induce therapeutic effects224. In this context, one of the most 

promising genetic therapeutics is microRNA-126 (miR-126), the administration of which has been 

shown to promote angiogenesis80,225. However, despite the promise of miR-126 therapy, the lack 

of a safe and effective delivery method remains a significant challenge. Common strategies rely 

on viral vectors, which, while effective, carry the risk of eliciting dose-limiting immune responses 

and potential long-term safety concerns226.  

Focused ultrasound and microbubbles have been extensively investigated as an alternative, 

non-viral approach to targeted gene delivery, addressing many of the limitations associated with 

other types of vectors. Microbubbles are small, gas-filled bubbles encapsulated often within a lipid 

shell. They remain entirely intravascular due to their size (1-8 µm in diameter) and are traditionally 

used as contrast agents in clinical imaging, particularly in cardiology227. When exposed to 

ultrasound, these microbubbles oscillate and scatter nonlinear ultrasound energy that can be 

harnessed for contrast228. However, under specific acoustic conditions, they can be made to 

generate mechanical forces that temporarily increase the permeability of neighboring vasculature 
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and cellular membranes115,229–231. This transient increase in permeability allows for the delivery of 

therapeutic agents that would otherwise be impermeable and remain intravascular – a technique 

that has made recent and significant success in targeted blood-brain-barrier permeation in the 

context of neurology and neuro-oncology39,232, and is rapidly expanding in the cardiovascular 

disease arena233. 

The extent to which ultrasound-mediated microbubble vibrations permeate the surrounding 

vasculature, and the salient factors that affect its efficiency as a targeted therapeutic tool, is an 

expanding area of research. Chief among these conditions is the microbubble flow velocities, 

which has been recently shown to influence ultrasound-assisted endothelial cell membrane 

permeability enhancement234 due, in part, to the local number density of bubbles passing through 

the acoustic beam per unit time and area and the flow-regulated endothelial secretome235. Indeed, 

in the context of microbubble-assisted drug/ gene delivery, there is a paucity of information with 

respect to the relationship between flow velocity and enhanced drug/gene uptake. Notably, this is 

a critical parameter in the context of vascular stenosis, angiogenesis, arteriogenesis, and ischemia 

– where flow velocity is expected to be modulated based on the extent and time-course of 

disease77,236.  

Here, we aim to explore how flow velocity influences microbubble-assisted permeability 

and vascular delivery of pro-angiogenic miR-126 within a pressurized mesenteric artery model. 

With the development of this model, we are able to additionally monitor vessel vasoactivity and 

vessel viability both before and after ultrasound exposure. First, after confirming viable vessel 

isolation, we assess the effect of increasing flow velocity on microbubble-mediated cell 

permeability. We follow this with a subset of parallel experiments for the delivery of miR-126 
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under a range of acoustic conditions, and finally we discuss our results within the broader context 

of focused ultrasound therapy.  

3.4 Materials and methods 

3.4.1 Mesentery isolation 

All animal experiments were approved by the Animal Research Ethics Committee at 

Concordia University. Healthy male and female Sprague-Dawley rats were purchased from 

Charles River Laboratories (Senneville, Canada). They were housed in a controlled environment 

with a 12-hour light-dark cycle, provided with corncob bedding and shredded Enviro-Dri, and 

given unrestricted access to food. Euthanasia was conducted on rats aged between 6 weeks and up 

to a year using a combination of isoflurane anesthesia and CO2 asphyxiation. Upon confirming 

cessation of vital signs, euthanasia was further confirmed by exsanguination or cervical 

dislocation, as per the ethical guidelines set forth by Concordia University. The mesenteric bed 

was then carefully excised and transferred to a petri dish (Figure 3.1A) containing cold Krebs-

Hepes buffer (118.4 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 4mM NaHCO3, 10 mM Hepes, 

6mM glucose, 1.2 mM KH2PO4, and 2 mM CaCl2 fixed at pH 7.4 with NaOH). Vessels were then 

cleaned of the surrounding fat tissue and stored up to 9 hours for further experimentation. 

3.4.2 Pressure myograph  

Third-order mesenteric arteries were isolated and mounted on 100-125 µm borosilicate 

cannula within a pressure myograph setup (CH-1-LIN Linear Vessel Chamber, Living Systems 

Instrumentation, Vermont, USA) and attached by two nylon treads on each side of the vessel 

(Figure 3.1B). Krebs-Hepes buffer was used to flush out the intralumenal blood. The pressurization 

process started at 30 mmHg for 30 minutes and increased to 60 mmHg for another 30 minutes. 

Each pressure was controlled by a Servo pump (PS-200-P, Living Systems Instrumentation) and 
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set by a Pressure Servo Controller (PS-200S, Living Systems Instrumentation). The mounted 

vessel remained positioned above a glass coverslip and submerged in a continuously circulating 

bath Krebs-Hepes buffer maintained at 37°C (Reglo Peristaltic Pump, Ismatec, Glattbrugg, 

Switzerland). Vessels were all maintained at 60 mmHg, an estimate of their in vivo pressure 237. 

3.4.3 Vasoreactivity assay 

The pressure myograph was placed on a Leica (DM, Germany) inverted microscope at a 

4X magnification to record vessel diameter with a Basler Ace 2 camera (Basler, Ahrensburg, 

Germany). For vessel reactivity experiments, we conducted standard vasoconstriction and 

vasodilation assays. All buffers were made the same day of experiments. First, we added increasing 

concentrations of phenylephrine (Phe; Sigma-Aldrich, St-Louis, USA) ranging from 10-7, 5×10-7, 

10-6, 10-5 M, with each concentration exposed for 5 minutes. Phenylephrine is an α-adrenergic 

agonist which is known to cause contraction of vascular smooth muscle by increasing the 

concentration of available Ca2+ to increase the activity of actin and myosin238. Vessel diameters 

were analyzed offline using in-house MATLAB (Mathworks, Natick, USA) software and 

maximum constriction was determined as follows: 

𝑚𝑎𝑥 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 10−5𝑀 𝑝ℎ𝑒𝑛𝑦𝑙𝑒𝑝ℎ𝑟𝑖𝑛𝑒

max 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 × 100% (3.1) 

where the max diameter is the highest diameter achieved throughout the recording process. 

Phenylephrine was then removed to restore the vessel to its equilibrium, pressured diameter.  

To assess whether the endothelium is intact and functional, we further employed 

acetylcholine (Ach; Sigma-Aldrich at 10-4 M) as an endothelium-dependent vasodilator which tests 

the vasodilator response of the vessel (mediated by the release of nitric oxide). Under the largest 
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Phe vasoconstriction, Ach was then added to the buffer and the vessel diameter was recorded for 

a minimum of 5 minutes. The percentage dilation was calculated using the formula: 

% 𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝑑𝑖𝑙𝑎𝑡𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

max 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 × 100% (3.2) 

where the dilated diameter is the diameter of the vessel reached after incubating in acetylcholine 

buffer for 5 minutes and the constricted diameter corresponds to the diameter achieved after 

incubating in 10-5 M phenylephrine buffer for 5 minutes.  

3.4.4 Microbubble-mediated focused ultrasound cell permeabilization 

For the ultrasound experiments (Figure 3.1C), 20 µl of Definity® microbubbles (10% v/v; 

Lantheus Medical Imaging, N. Billerica, USA) was injected into the tubing proximal to the 

pressurized vessel and the flow velocities were controlled by a peristaltic pump (P720 pump, 

Instech, Plymouth Meeting, PA, USA). Definity® is clinically used worldwide as a diagnostic 

contrast agent239, and the microbubble concentration and size distribution are well characterized240. 

After agent activation, microbubbles were left to equilibrate to room temperature in order to obtain 

a reproducible bubble distribution196, as per manufacturer’s instructions. The flow velocities were 

maintained from 0.83, 1.47 to 1.89 cm/s, based on the assumption of a maximum (i.e. native) 

average intralumenal diameter of (391±35) µm (n=10).  These flow velocities are consistent with 

shear rates of similar vessels241. The vessels were exposed to a focused, single-element 2.25 MHz 

transducer (IL0208GP, Valpey Fisher, Hopkinton, VA, USA), which was coupled with a 5 mm 

layer of ultrasound transmission gel (Aquasonic 100, Parker Laboratories, Farfied, NJ, USA) 

beneath the glass coverslip of the myograph (Figure 3.1C). The peak negative acoustic pressure 

was set to 325 kPa (and thus a mechanical index of ~0.22), as measured separately in a gas-

equilibrated water-tank using a hydrophone (HGL-200, Onda, Sunnyvale, CA, USA). Ultrasound 
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delivery was performed using a pulse repetition interval of 1 ms, and either 250, 500 or 1000 cycles 

(corresponding to duty cycles [DC] of 11.1%, 22.2% or 44.4% respectively) with a 5s total 

treatment duration, as depicted in Figure. 3.1D. The ultrasound was generated by an arbitrary 

waveform generator (AFG31000, Tektronix, Beaverton, OR, USA) and amplified through an RF 

power amplifier (model 105A100B, Amplifier Research, Souderton, AR, USA).  

 

Figure 3.1: Experimental setup. (A) Mesentery bed isolated from Sprague-Dawley rats. (B) 

Mesenteric artery cannulated on the pressure myograph. (C) Simplified schematic of the 

ultrasound treatment setup: left “Pressure” pump maintains the intralumenal pressure to 60 mmHg, 

“Bath” pump continuously circulates Krebs-Hepes buffer heated at to 37°C, “Flow” pump controls 

the intralumenal flow velocity, the pressure myograph sits on a Leica inverted microscope 

connected to a Baser camera which records the vessel images and sends them to a computer for 

offline analysis. For ultrasound treatments, a layer of ultrasound gel was applied to the 2.25 MHz 

transducer and was placed underneath the pressure myograph, focusing on the vessel through a 

glass coverslip. (D) Pulse sequence of the ultrasound parameters used: frequency was set at 2.25 

MHz, the pulse repetition interval was set at 1 ms, with a peak negative pressure measured at 325 

kPa. For duty cycles of 11.1%, 22.2% and 44.4%, there were 250, 500 or 1000 cycles employed, 

respectively. 
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3.4.5 Flow-dependent ultrasound-assisted membrane permeability assay 

To quantify cell membrane permeability, we employed 150 nM of propidium iodide (PI, 

Sigma-Aldrich) in the circulating Krebs-Hepes bath. This is a non-fluorescent, cell-impermeant 

compound that exhibits a significant increase in fluorescence upon binding to RNA/DNA 

complexes (535/617nm) – and thus reports measurable signal only within cells with increased 

membrane permeability. First, the vessels were first incubated with this solution for 5 minutes to 

assess the background signal level and to exclude any pre-permeabilized cells from further 

analysis. To achieve this, three to seven frames spanning the length of the vessels were captured 

at a 10X magnification under epi-fluorescence microscopy (X-Cite, Excelitas Technologies, 

Waltham, MA, USA). Following the focused ultrasound and microbubble treatment, the same 

frames were re-acquired and analyzed offline via in-house MATLAB software. This analysis 

computed the total number of PI-positive (PI+) cells per treatment condition (background-

subtracted) and compared it to the control experiments which consisted of ultrasound treatment 

under flow with no microbubbles present. Data is reported as fold increase over control per flow 

velocity. 

3.4.6 Flow-dependent ultrasound-assisted miR-126 delivery  

For the gene delivery assays, 10.25 µg of miR-126 (hsa-miR-126-3p, Thermo Fisher 

Scientific, Pittsburgh, PA, USA) was added to the microbubble solution and this cocktail was 

introduced to the lumen of the vessels at the three different flow velocities. Following a 30-minute 

recovery period (post-ultrasound treatment) under flow conditions, the vessels were carefully 

flash-frozen in isopentane (Sigma-Aldrich) cooled by liquid nitrogen and transferred to an RNase-

free tube for RNA isolation. This recovery period additionally served as a method to ensure no 

residual miR-126 within the lumen of the vessel. To homogenize the vessel, a lysis buffer (miR-
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Vana miRNA isolation kit, Thermo Fisher Scientific) was added to the tube, and an ultrasonic 

homogenizer (Thermo Fisher) with a 1/8’ tip was employed at 40% amplitude, 10 cycles of 1 

second on, 5 second off, for a total of 61 seconds. The remaining steps of the miRNA extraction 

were conducted as per the manufacturer’s protocol. Detailed procedures for PCR and RT-qPCR 

have been previously described242 with U6 (Thermo Fisher Scientific) as the housekeeping control.  

3.4.7 Vasoreactivity post-ultrasound therapy 

For a subset of studies, pressurized vessels were left to recover for 30 minutes after 

ultrasound treatment. The vessels were then subject to the standard vasoactivity assays with 

phenylephrine-based constriction and acetylcholine-based dilation as described above to confirm 

that vessel viability was maintained post-ultrasound.   

3.4.8 Statistical analyses 

Most data were analyzed on GraphPad Prism 5.0 software and were expressed as mean ± 

SEM. For the vasoreactivity assays, a one-way analysis of variance (ANOVA) was conducted to 

determine if there were any statistically significant differences between the control (untreated) 

group and the ultrasound-treated groups. Since there were no statistical differences among the 

maximum constricted diameters, nor the maximum dilated diameters, no post-hoc tests were 

performed. For the RT-qPCR data, the error bars were calculated in logarithmic space to account 

for the exponential nature of the amplification curves. Each datapoint represents at least 3 

independent isolated vessels, which were assessed 3 times. To determine the significance of our 

RT-qPCR, unpaired, two tailed Student’s t-tests were performed among all experimental groups 

with a confidence interval set at 95% (p<0.05). As for the PI results, paired, two-tailed Student’s 

t-tests were performed similarly to the RT-qPCR analysis. 
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3.5 Results 

3.5.1 Vessel viability  

  Our first objective was to confirm that our mesentery isolation and handling (Figure 3.1) 

yields viable vessels, and to obtain a baseline of their vasoactive response. We performed two 

assays, phenylephrine-induced vasoconstriction and acetylcholine-induced vasodilation, 

representative examples of which are shown in Figure. 3.2A-H. The global results are presented 

in Figure 3.2G-I in which the dilation percentage is reported. Cannulated vessels obtain gradual 

vasoconstriction reaching 60% dilation by 10-5 M phenylephrine (p<2.6×10-6 as compared to 0 M) 

and recover up to >90% (p<0.003 as compared to 0 M). These levels of pressured vascular 

vasoconstriction and subsequent vasorelaxation are consistent with viable arteries reported 

elsewhere243,244. 
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Figure 3.2: Viable extraction of 3rd order rat mesentery arteries. Representative micrographs 

of a pressured vessel (60 mmHg) responding to cumulative dosing of phenylephrine, from (A) 0 

M, (B) 5×10-7 M, (C) 10-6 M, (D) 10-5 M, and back to (E) 0 M. Scale bar = 300 µm. Sample 

vessel diameter versus time in response to either (F) phenylephrine-indued vasoconstriction alone 

or in combination with (H) acetylcholine-induced vasodilation and the (G, I) global summary of 

these vasoactivity assays. Arrows indicate when the doses were applied in (F, H). All data 

represented as mean ± standard deviation, derived from at least n=3 individual vessels per 

condition. 

3.5.2 Flow-dependent vascular cell membrane permeability  

 We proceeded to incorporate clinical microbubble contrast agent Definity® and PI, a real-

time membrane permeability marker, within the perfusate. After confirmation of intravascular 

microbubbles (Figure. 3.3A-D) the vessels were treated with ultrasound for 5 seconds (Figure 2E-

H, where propidium iodide signal is shown in red).  The complete dataset is summarized in Figure 

2I-J, where the relative number of PI positive cells as compared to untreated sham controls as a 

function of flow velocity is depicted under all three ultrasound conditions (11.1%, 22.2% and 
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44.4% duty cycles). For the lowest acoustic setting (11.1% duty cycle, Figure 3.3I), the number of 

permeabilized cells increased from 1.89 to 2.39-fold over control from 0.83 -1.89 cm/s flow 

velocities, exhibiting a statistically significant increase between the slowest and fastest flow 

condition (p<0.0286). When doubling the number of ultrasound cycles (22.2% duty cycle, Figure 

3.3J), we observe a similar trend ranging from a 2.64 to 6.01-fold increases compared to flow 

matched controls (p<0.0016). This trend continued at 44.4% duty cycle (Figure 3.3K), where we 

observed a 1.36 to 5.32 fold increase in PI positive cells with increasing flow velocities 

(p<0.0125). The control (CTL) datasets here are vessels that received ultrasound without the 

incorporation of contrast agent microbubbles. 



 

58 

 

 

Figure 3.3: Vascular cell permeability increases with increasing microbubble flow velocity. 

Successful Definity® entry into the vasculature was confirmed via brightfield microscopy. 

Representative brightfield micrograph of a vessel (A) without and (B) with microbubbles, along 

with standard-deviation filtered processed versions to better delineate the flowing microbubbles 

(C,D). (E, F) Propidium iodide-positive (PI+) cells before and (G, H) after focused ultrasound 

treatments with an 11.1% DC pulse under flow velocities 0.83 cm/s and 1.89 cm/s, respectively. 

Quantification of flow-dependent cellular permeability, highlighting PI+ fold increase within 

vessels treated at (I) 11.1% DC, (J) 22.2% DC and (K) 44.4% DC at each of the flow velocities 

employed (at least n=3 independent vessels per condition). All of the ultrasound-treated groups 

were statistically different from the control group – but indicators of which were omitted to 

simplify the figures. Scale bar = 200 µm. Legend: * p<0.05; ** p<0.01; *** p<0.001. 

 



 

59 

 

3.5.3 Flow-dependent miR-126 delivery and vessel viability post-ultrasound treatment  

 While enhancing vascular cell membrane permeability is likely a necessary step for 

vascular gene delivery, it may not be sufficient. Thus, after confirming this flow velocity 

dependent bioeffect using Definity®, our next objective consisted of delivering a relevant 

microRNA (pro-angiogenic miR-126) to the vascular tissue. Our results indicate that, while 

ultrasound-assisted miR-126 delivery is also flow-rate dependent at every acoustic condition 

employed here, the dependence on flow velocity is approximately opposite to that of membrane 

perforation (Figure 3.4). Under 11.1% duty cycle treatment, we observe an 79-fold increase in 

miR-126 levels compared to sham and negative controls at the slowest flow velocity (0.83 cm/s), 

with this level of delivery decreasing to 25-fold (p<0.003 compared to slowest flow) and 51-fold 

(p<0.026 compared to slowest flow; p<0.004 compared to middle flow condition) at 1.47 cm/s and 

1.89 cm/s, respectively (Figure 3.4A). This trend persists as the duty cycle increased to 22.2% 

(Figure 3.4B), whereby miR-126 levels increased 105-fold at 0.83 cm/s, 22-fold at 1.47 cm/s 

(p<0.007 compared to slowest flow group) and 12-fold at 1.89 cm/s (p<0.004 compared to slowest 

flow group).  Finally, we assessed an even stronger acoustic condition (duty cycle=44.4%) to 

confirm this trend (Figure 3.4C), resulting in miR-126 levels of 23-fold at 0.83 cm/s, 17-fold at 

1.47 cm/s (p<n.s. compared to slowest flow group) and 4-fold at 1.9 cm/s (p<0.01 compared to 

slowest flow group).   

 To more easily compare the effect of the acoustic conditions, we summarize the data in 

Figure 3.4D, in which all three acoustic condition datasets are overlaid. Here, two interesting 

trends can be observed: firstly, as previously mentioned, there is an overall inverse relationship 

between microbubble flow velocity and miR-126 delivery. Secondly, at a given flow velocity, it 

is not directly the case that a stronger acoustic condition (i.e. increasing duty cycle) results in 
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increased levels of miR-126 delivery. Both of these observations run contrary to the extent of 

plasma membrane permeability (Figure 3.3I-J). Finally, we confirm vessel viability post 

ultrasound therapy with all three acoustic regimes employed here (Figure 3.4E-F).   
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Figure 3.4: Vascular delivery of miR-126 is flow-dependent. The delivery of miR-126 due to 

focused ultrasound treatments at (A) 11.1%, (B) 22.2% and (C) 44.4% duty cycle exposures. Data 

is represented normalized to housekeeping gene, U6. A global summary of miR-126 delivery as a 

function of flow velocity is shown in panel (D).  (E) Phenylephrine-induced vasoconstriction assay 

and (F) Acetylcholine-induced vasodilation assay performed 30 minutes after focused ultrasound 

treatments at each duty cycle regimen compared to the untreated controls (n=3 for each). All of 

the focused ultrasound-treated groups were statistically different from the control (no miR-126) 

and sham (miR-126 but no ultrasound) groups - but indicators of which were omitted to simplify 

the figures. 
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3.6 Discussion 

 While the vast majority of mechanistic studies are performed on cell cultures under static 

microbubble conditions and different acoustic arrangements, the trend of increasing pulse duration 

resulting in increased plasma membrane permeability is generally an established one114,245–248. 

Perhaps more comparable, a limited number of studies have highlighted increased plasma 

membrane permeability under increasingly faster flow velocities when subjected to the same 

acoustic stimulus249. Faster microbubble velocity allows for more replenishment of new agent 

within the acoustic focus, and thus more likely to interact with the surrounding vessel tissue. In 

addition to a pure number density argument, microbubbles are known to respond differently as a 

function of burst length, including an increased propensity for acoustically driven disruption250 

and radiation-force induced microbubble translation251 with increasing pulse durations. While 

microbubble translation serves to decrease the average distance between microbubbles and the 

vessel wall, it also serves to locally increase the microbubble concentration (i.e. secondary 

Bjerknes force252). This may trigger unique bubble-bubble interactions that are entirely dependent 

on the inter-bubble spacing253, in which bubbles that are usually non-responsive to the specific 

acoustic stimulus employed here become active and thus may additionally contribute to the 

observed bioeffects. While not directly observed here, these acoustic phenomena may explain the 

increased cell membrane perforation between the two acoustic regimes at a given flow velocity.  

 Finally, another aspect to consider is the susceptibility to mechanical perforation of the 

vasculature due to the differential flow-induced shear stress across the three flow velocities 

considered in this study. We have recently demonstrated in an endothelial monolayer model under 

flow conditions that shear stress preconditioning can influence microbubble-assisted ultrasound-

induced membrane perforation235 – specifically that the shear-induced levels of cytokine secretion 

from endothelial cells may correlate with propensity of ultrasound-assisted membrane perforation. 
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With regards to vascular delivery of microRNA, the flow-dependent deposition of miR-126 

(Figure 3.4) runs counterintuitively with the previous permeation data (Figure 3.3). 

Mechanistically, this may suggest that the molecular weight of the target biologic is a key factor 

in delivery efficiency under flow (668 g/mol vs ~20,000 g/mol between PI and miR-126, 

respectively) - the practical implications of which point to context-dependent ultrasound sequences 

and/ or dosing paradigms. 

 We have demonstrated, for the first time, focused ultrasound-assisted gene delivery in an 

ex vivo vessel and revealed its dependence on the flow of the perfusate. These results have 

implications for emerging focused ultrasound and microbubble therapeutics spanning diseases that 

range in anatomical and pathophysiological flow conditions, including vascular stenosis and 

ischemia.  
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Chapter 4: Conclusions 

4.1  Foreword  

The research presented in Chapters 2 and 3 investigated the potential of ultrasound-

mediated miR-126 delivery as a therapeutic intervention. By leveraging the unique features of 

focused ultrasound and microbubbles, these studies explored the feasibility of targeted gene 

delivery to endothelial cells, with a focus on maintaining cell and vessel viability. In the following 

chapter, I discuss my contributions and the limitations of these studies, as well as providing 

insights on further directions.  

4.2  Contributions 

In chapter 2, I adopted a systematic approach to investigate the potential of ultrasound-

mediated gene delivery for therapeutic angiogenesis. I started with the design and synthesis of a 

cationic DSTAP microbubble formulation to carry an effective payload of miR-126. These 

microbubbles were characterized to ensure that they possessed a suitable size distribution, stability 

and echogenicity, comparable to clinically used agents. Through microscopy and surface charge 

measurements, I confirmed their ability to efficiently bind and carry miR-126 on their surface. 

With these miR-126-loaded microbubbles, HUVEC were treated in a custom ultrasound setup 

coupled with a passive cavitation detection system. This system allowed for the constant 

monitoring of microbubble activity throughout the treatment duration, ensuring that the 

microbubbles underwent stable cavitation to minimize cell damage. The RT-qPCR results show a 

duty cycle-dependent increase in intracellular miR-126 levels, confirming successful gene 

delivery. Further, I demonstrated the functional delivery of miR-126 by observing the 

downregulation of its target proteins, SPRED1 and PIK3R2, and an increase in endothelial tube 

formation, a key step in angiogenesis. As depicted in Figure 4.1, the number of nodes and tube 

length were quantified and demonstrates that there is a significant physiological increase in 
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angiogenesis mostly at the 20% duty cycle. As opposed to the qPCR data from Figure 2.4A, this 

suggest that there are possibly other miR-126 targets that may be involved in this process.  

 

Figure 4.1:Quantification of tube length and node formation from the Matrigel assay. The 

results from Figure 2.4E,F  were described in Chapter 2.5.2. In brief, tube length increased 2-21% 

and number of branching nodes increased 2-28% across the treated cells at 20-40% duty cycles 

compared to untreated controls. Quantification was performed with AutoTube on MATLAB.  This 

plot was not included in the manuscript. Legend: * p < 0.05, ** p < 0.01 (n=3).  

Most importantly, throughout the experiments, I prioritized maintaining cell viability while 

achieving a relatively modest transfection efficiency. This approach ensured the possibility for 

repeated treatments to further enhance therapeutic effect. By confirming stable cavitation through 

passive detection, the risk of potential damage associated with more aggressive ultrasound regimes 

was minimized.   

To build upon gene delivery on endothelial cell suspensions, Chapter 3 aimed at designing 

a more complex ex vivo vascular model that takes into account the biological layers beyond the 

endothelium, including the vascular smooth muscles. This study aimed to understand the influence 

of flow velocities, a crucial parameter of vascular diseases, on microbubble-assisted permeability 

and the delivery of miR-126 within a pressurized mesenteric artery model. First, I confirmed that 

these vessels were viable by performing vasoconstriction and vasodilation assays using 
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phenylephrine and acetylcholine, respectively. Then, I investigated the effect of increasing flow 

velocities on cellular permeability and found that higher flow velocities lead to an increase in PI 

uptake, indicating enhanced membrane perforation. For miR-126, I observed an inverse 

relationship compared to membrane permeability with PI, with higher flow velocities resulted in 

a lower miR-126 delivery. I attributed this discrepancy mainly to the difference in molecular 

weight between PI and miR-126, with smaller PI molecules diffusing more easily through 

membrane perforations even at higher flow velocities. Additionally, some individual cell death 

may have occurred at the higher velocities, which could explain the decreasing trend in miR-126 

delivery, but viability assays should be performed to confirm this hypothesis. These experiments 

did not, however, compromise the vessels’ vasoactivity, confirming that the treatment conditions 

explored did not significantly damage the vessels. Overall, this study provides insight on the 

influence of flow velocities on ultrasound-mediated gene delivery and highlights the importance 

of considering the location and severity of vascular disease that could impact the success of gene 

therapy.  

4.3  Limitations and future directions 

In the in vitro study, the limitations primarily revolve around the simplified experimental 

setup and the lack of direct quantification of key parameters. The use of cell suspension, while 

allowing for passive cavitation detection, deviates from the in vivo environment where cells exist 

within the complex architecture of blood vessels. This simplification might underestimate the 

challenges associated with gene delivery in a more realistic setting, where factors such as cell-cell 

interactions, extracellular matrix, and blood flow could significantly influence cell membrane 

permeabilization efficiency254. Additionally, this study could benefit from assessing the 

transfection efficiency of the ultrasound-coupled setup to treat cells in suspension. Although this 
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metric could be heavily influenced by microbubble type255, the size of the molecule to be delivered, 

as well as cell type which could be differently receptive to ultrasound parameters256, understanding 

the efficiency of therapeutics delivery would allow for a more comprehensive comparison to other 

gene delivery methods. For future experiments, a fluorescently labelled miR or molecule could be 

delivered in a similar fashion, and the number of cells that would have internalized this molecule 

could be assessed via flow cytometry. 

Moreover, the inability to quantify the precise intracellular dose of miR-126 delivered from 

the synthesized cationic microbubbles hinders our understanding of the dose-response 

relationship, as there is no universally established minimum amount of miR-126 required to induce 

a sufficient angiogenic response for therapeutic effect in vivo257. The levels of miR-126 required 

to effectively enhance vessel formation and tissue reperfusion are heavily influenced by the 

complexity of the disease, the specific target tissue, and the delivery methods used (e.g. needle 

injection258, viral methods259,260). Current pre-clinical studies predominantly focus on establishing 

efficacy and feasibility rather than pinpointing precise dosage thresholds233. For further 

investigations, I would prioritize identifying an optimal dose range that balances therapeutic 

benefits with safety considerations. This will require in vivo studies that systematically evaluate 

varying miR-126 dosages across different disease models to contribute to the development of safe 

and effective miR-126-based therapies for promoting angiogenesis in a range of clinical 

applications.  

As for Chapter 3, although the ex vivo study does incorporate flow conditions, the absence 

of blood cells in the perfusate and surrounding tissues simplifies the physiological environment. 

This potentially overlooks the possible interactions that could impact microbubble behaviour in 

response to ultrasound and gene delivery efficiency in vivo, particularly due to a higher fluid 
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viscosity261. Moreover, the study assessed cell membrane permeability using PI, which is often 

used as a dead cell marker. To discriminate dead, permeated cells from live and permeated ones, I 

would use a viability marker, such as Calcein-AM115. Additionally, this study also does not 

demonstrate the impact of miR-126 on vessel functionality. As mentioned in Chapter 1 (Figure 

1.2), miR-126 increases the activity of eNOS and subsequently, NO production, which enhances 

vasodilation induced by acetycholine. To assess the influence of the increased miR-126, eNOS 

inhibitor N-nitro-L-arginine methyl ester (L-NAME) could be added to suppress the production of 

NO262. This would isolate the effects of acetycholine and microbubble cavitation on vasodilation262 

following the increase in miR-126. Finally, to further utilize this ultrasound-coupled myograph 

system, different types of vessels, disease models and microbubbles could be studied. For instance, 

the different flow patterns observed in atherosclerotic vessels could affect drug delivery235, and 

the lack of fenestration in brain endothelial cells make cerebral arteries makes a great candidate to 

study permeability in the BBB. To further study gene delivery to ischemic vessels, targeted 

microbubbles (as well as cationic, miR-126-loaded microbubbles from Chapter 2) could be 

introduced, such as coupling a ligand targeting against P-selectin on the microbubbles, since P-

selectin become rapidly expressed on endothelial cells following ischmia263. 

4.4  Conclusions 

This thesis demonstrated the targeted delivery of miR-126 to endothelial cells in both in 

vitro and ex vivo models using ultrasound and microbubbles as tools to physically enhance miR-

126 uptake. Motivated by the current clinical applications of focused ultrasound to non-invasively 

open the BBB to deliver therapeutics to inoperable brain pathologies and to dissolve blood clots 

through sonothrombolysis, maintaining cell and vessel viability was key to support the feasibility 



 

69 

 

of this approach. I hope that these findings could lead to novel pro-angiogenic clinical trials 

involving gene therapy and focused ultrasound. 
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Appendix 

Published as: He, S., Singh, D., & Helfield, B. (2022). An Overview of Cell Membrane 

Perforation and Resealing Mechanisms for Localized Drug Delivery. Pharmaceutics, 14(4), 886. 

https://doi.org/10.3390/pharmaceutics14040886  

5.1 Foreword 

The following text consists of the remaining sections of my review article presented in 

Chapter 1 written with Davindra Singh and Dr. Brandon Helfield. This section was omitted from 

the chapter because of its limited relevance to the rest of the thesis and follows section 1.3.4. The 

introduction section presented four physical methods of cell membrane perforation for drug 

delivery (microinjection, sonoporation, electroporation and photoporation), whereas this section 

provides insight on the possible mechanisms of membrane resealing, as well as the timescales at 

which key proteins are involved. 

5.2 Plasma membrane repair mechanisms 

Pore generation within the plasma membrane launches an immediate cellular response to 

restore homeostasis and preserve cell viability. In this section, the known mechanisms of cell 

membrane repair are described (Figure 5.1) and summarized in Table 5.1. 
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Figure 5.1: Summary of known plasma membrane resealing mechanisms. (a) The tension-

reduction hypothesis; (b) the patch hypothesis; (c) the ESCRT mechanism; and (d) exocytosis/ 

endocytosis. See text for detail. 

5.2.1 Physical intuition 

As a first approach to understanding the dynamics of membrane pore resealing, it is perhaps 

instructive to consider the flux through a circular pore in the absence of any biological wound 

response. Assuming the cytoplasm is a simple fluid leaking out of a single pore of radius rp, the 

flow per second normalized to initial cell volume 𝑄̃ is given by the following relation264: 

𝑄̃ =  (
Δ𝑃

4𝜋𝜂0
) (

𝑟𝑝

𝑅
)

3

 (5.1) 

 where ΔP is the pressure difference across the membrane, R is the effective cell radius, and ƞ0 is 

the cytosolic viscosity. Assuming ΔP ≈ 10 Pa, an intracellular viscosity range from ƞ0 ≈ 1 to 200 

times that of pure water, and a pore size of 10% of the cell size, the leakage rate is on the order of 

80%–4% of cell volume per second. From such a purely physical analysis, the necessity of viable 

cell membrane resealing occurring within seconds to minutes is clear. Membrane pore resealing 
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times, quantified as a cessation of intracellular influx, have been reported over an array of input 

sources (e.g., ultrasound and microinjection) and across different cell types to range on this 

timescale24,265–268. 

Table 5.1: A summary of key proteins involved in plasma membrane repair. See text for details. 

Protein 

family 
Role 

Ca2+ 

binding 

Estimated pore size 

in which proteins 

have been observed 

Suggested plasma 

membrane repair 

mechanism(s) 

Annexins 

Play a role in membrane 

patching, fusion, reshaping, 

reducing membrane 

tension, removing damaged 

membrane, limiting pore 

expansion 

Yes  nm - µm scale269–271 

Patch, tension 

reduction, exocytosis/ 

endocytosis, 

membrane budding 

(A7272) 

SNARE 

proteins 
Mediate membrane fusion No 

0.5-3 µm273,274 

Patch, tension 

reduction, exocytosis, 

endocytosis,  SYT7 Help activate SNAREs Yes 

S100A11 

Implicated in membrane 

and cytoskeletal dynamics, 

interacts with A2 

Yes 0.5-1.3 µm269,275 Tension reduction276 

Dysferlin 

In muscles cells, 

accumulates at the site of 

membrane damage, 

interacts with some 

annexins, MG53, BIN1, 

EHD1 

Yes 
nm scale277, µm 

scale270 

Patch277, tension 

reduction278 

MG53 

In muscles cells, it is 

tethered to plasma 

membrane and intracellular 

vesicles and, upon ROS 

stimulus, oligomerizes and 

accumulates at wound sites 

No nm scale 
Patch279, tension 

reduction278 

ESCRT-III 
Involved in membrane 

budding 
No 

<100 nm280, >1 µm281 Membrane budding ESCRT-I Recruits ESCRT-I No 

ALIX Recruits ESCRT machinery Yes 

ALG-2 Recruits ALIX Yes 

ASM 

Outer plasma membrane 

remodeling to initiate 

inward vesicle budding. 

Converts sphingomyelin 

into ceramide 

No nm scale282 
Exocytosis/ 

endocytosis 
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5.2.2 Repair triggers 

It is well established that calcium ions are involved in a plethora of signaling pathways and 

cellular processes and, as such, intracellular Ca2+ concentration is well regulated. Due to the 

10,000-fold gradient maintained across the plasma membrane283, a localized breach of the plasma 

membrane results in an immediate calcium ion influx and is considered the universal trigger that 

launches the mechanisms of perforation repair9 . Indeed, it presumably dictates the magnitude of 

plasma membrane repair as entry levels are approximately correlated to pore size, duration, and/or 

density, while an excessive level of intracellular Ca2+ is cytotoxic8. Previous works have 

demonstrated that membrane resealing timescales increase in low Ca2+ environments and fail to 

reseal in the complete absence of extracellular Ca2+ 8,284,285. Calcium entry through membrane 

perforations selectively activates Ca2+-dependent cellular responses depending on both the local 

Ca2+ concentration and the relative affinity of Ca2+ binding proteins286. This enables cells to mount 

a spatially and temporally regulated response to steep Ca2+ influx276. The extracellular Ca2+ 

concentrations required for successful resealing have been reported in the µM to mM range287, 

depending on the cell type and the wound generating mechanism, and tolerable increases in 

intracellular Ca2+ also vary between cell types. This highlights that tight control over Ca2+ 

dynamics is required to maintain cell viability following membrane perforation. 

Oxidation at the plasma membrane is another trigger that initiates repair mechanisms in 

skeletal and cardiac cells288. Previous studies conducted on myotubes have elucidated the role of 

the protein Mitsugumin 53 (MG53) in muscle cell repair289. In the presence of a reducing agent in 

the extracellular environment, the accumulation of MG53 is hindered compared to the addition of 

an oxidizing agent, which increases the rate of MG53 accumulation at the site of cellular injury. 

MG53 also interacts with dysferlin to be translocated to the region where the concentration of free 
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radicals is highest to seal the pore in a “patching” manner, typically within a minute after 

membrane injury277. The role of MG53 in membrane fusion, budding, and exocytosis is modulated 

by muscle-specific caveolin-3 (Cav3) for proper sarcolemma repair during muscle contractions 

and differentiation279. 

5.2.3 Plasma membrane repair hypotheses 

A breach of the plasma membrane disrupts the tension sustained by the lipid bilayer. 

Nanosized pores are frequently and transiently formed on cellular membranes as the cell naturally 

synthesizes organelles, moves, or contracts290. In these cases, the lipid bilayer can reseal these 

pores without requiring a cascade of proteins. Given this, there have been many experimental and 

theoretical investigations of wound healing on pure lipid vesicles, whereby the passive pore-

opening and resealing dynamics are due to the force balance per unit length between two opposing 

forces: 

𝐹 = 2𝜎(𝑟𝑝) −  
𝜆

𝑟𝑝
 (5.2) 

where σ(rp) is the plasma membrane surface tension that acts to pull the pore of radius rp open, and 

λ is the line tension that is associated with the energy penalty of having exposed hydrophobic lipids 

along the pore perimeter and acts to close the pore. The relatively simplistic model given above 

predicts that pore size, opening, and resealing times are a function of lipid composition and cell 

viscosity264,291. 

Early experiments in sea urchin cells and mammalian cells revealed the localized fusion of 

intracellular vesicles with the plasma membrane, leading to two fundamental hypotheses for 

wound resealing9: (i) the ‘tension reduction’ hypothesis stipulates that the excessive membrane 

surface area delivered via the exocytosis of pre-existing intracellular vesicles serves to rapidly 
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decrease the membrane surface tension to promote wound closure (see Equation (5.2)); and (ii) the 

fusion of pre-existing vesicles in the vicinity of the pore, including lysosomes, create a ‘patch’ that 

merges with the plasma membrane to seal the wound. Although the mechanisms underlying 

plasma membrane repair in mammalian cells are not fully elucidated and may differ between cell 

types and the source of the perforation, increasing evidence suggests that annexins are one of the 

first to be recruited to the wound site272. The annexin family, consisting of twelve proteins (A1–

A11, A13), is made up of phospholipid-binding proteins that are triggered to migrate from the 

cytosol to the plasma membrane under local increases of Ca2+ concentration as early as 10–45 s 

post-perforation292. As each of these proteins exhibits its own Ca2+ sensitivity threshold, this family 

presents a broad Ca2+ sensing mechanism that responds dynamically during a wound repair event. 

There is evidence that annexins play a role in the immediate ‘patching’ of the perforation in an 

attempt to minimize cytosolic loss and intracellular Ca2+ increase. Annexin protein A5, when 

recruited to the perforation site, has been shown to form a 2D protein array to temporarily delay 

diffusion and limit wound expansion293. Annexin protein A4 binds to the plasma membrane 

adjacent to the opening and changes conformation to reshape the lipid bilayer, while annexin A6 

constricts the wound to prevent it from expanding and to promote closure271.  

Synaptotagmin 7 (SYT7), a member of the synaptotagmin protein family, is a Ca2+-sensing 

protein present on the membrane of lysosomes that plays a critical role in lysosomal fusion and 

membrane patching, as its inhibition leads to impaired membrane repair294. Further, SYT7, among 

other members of its protein family, regulates the formation of soluble N-ethylmaleimide sensitive 

factor attachment protein receptor complexes (SNARE), which are a large group of small proteins 

that are key mediators of all intracellular membrane fusion events295. As opposed to SYT7 acting 

as a Ca2+-dependent modulator of membrane fusion, another Ca2+ sensor, the apoptosis-linked 
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gene 2 (ALG-2), modulates membrane fission machinery to mediate pore repair. ALG-2 recruits 

important membrane-trafficking scaffold proteins, including ALG-2 interacting protein X (ALIX), 

which then recruits components of the endosomal sorting complex required for transportation 

(ESCRT) machinery8. ESCRT-III, normally associated with its role in multivesicular body 

biogenesis, has been shown to translocate to the wound site through the recruitment of ALIX, 

ESCRT-1a, and ESCRT-II272,296,297. Indeed, under specific perforation conditions, a lack of ALG-

2 or ALIX results in failed membrane repair281. The ESCRT machinery has, therefore, recently 

been suggested as a third alternative mechanism in addition to the patching and membrane tension 

reduction hypotheses, in which membrane lesions are actively removed through the formation of 

vesicles outwards from the damaged membrane—the shedding of membrane buds296,298, see Figure 

5.1c. 

While lysosome fusion was originally only thought to contribute to membrane patching, 

recent observations of massive Ca2+-dependent endocytosis following lysosomal exocytosis299 

have revealed a fourth hypothesis for membrane pore repair: the ‘exocytosis/ endocytosis’ pathway 

(Figure 5.1d). The fusion of lysosomes to the site of injury promotes the release of lysosomal 

enzyme acid sphingomyelinase (ASM), which remodels the outer leaflet of the plasma membrane. 

This novel form of endocytosis, which takes place within seconds of membrane injury, has been 

shown to be induced by the modification of plasma membrane lipid sphingomyelin into 

ceramide300, resulting in the formation of large domains capable of inward budding301. 

It should be stated here that, although presented as separate mechanisms, it is possible that 

multiple approaches to plasma membrane repair occur simultaneously and synergistically. For 

example, ESCRT-III recruitment to the cell membrane has been observed when membrane tension 

is low297, and lysosomal (and other intracellular vesicles) fusion can contribute to all pathways. 
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The threshold perforation size for these mechanisms is not yet fully elucidated but likely plays a 

role in the extent to which one mechanism is favoured over others. 

5.3 Cytoskeletal remodeling during perforation 

In the context of physical permeation strategies, cell membrane perforation often results in 

a local disruption of the actin cortex. As a consequence, pore recovery depends on the spatial–

temporal coordination between key protein families involved in membrane recovery, cytoskeletal 

architecture, and vesicle fusion. The following section outlines the salient proteins involved in 

these processes and is summarized in Table 5.2. 

Table 5.2: A summary of the involvement of cytoskeletal remodeling post-pore formation. See 

text for detail. 

Cytoskeletal 

remodeling 
Main proteins involved 

Estimated pore sized in 

which proteins have been 

observed 

Contractile ring302  
Actin, myosin II, GTPases (Cdc42, 

Rho), Arp2/3 
⁓µm scale303,304 

S100A11-A2269 S100A11, annexins A1, A2 0.5-1.2 µm269,275 

Repair cap305 
Annexins A1, A2, A5 and A6, 

dysferlin, EHD1/2, MG53, BIN1 
⁓µm scale270 

Exocytosis/ 

endocytosis306 

Myosin family, kinesin, actin, 

GTPases, formins, SNARE 

complexes 

0.01-1 µm306 

 

5.3.1 Initial reaction: deconstruction of actin network 

Local Ca2+ influx due to membrane perforation activates cytoskeletal-remodeling proteins, 

such as the inverted formin-2 (INF2) and calpain protease, that allow for the disassembly of the 

local cortical actin307. This disassembly helps reduce membrane surface tension and improves 

access for intracellular vesicles to fuse with the plasma membrane10. Indeed, studies have shown 

that the presence of actin depolymerization agents, such as DNAse 1, acts to enhance the reparation 

of damaged cell membranes, while actin stabilizing agents result in a decrease in the resealing 
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rate308. Further, this disassembly has been shown to occur for small and large membrane lesions309 

and is likely a requirement irrespective of perforation size. Similar to the actin network, the 

microtubule network also undergoes a brief period of local disassembly at the damaged site310. The 

perforation pathway triggers the recruitment of the microtubule-associated protein 1 (EB1), which 

both promotes the reassembly of microtubules and facilitates the transport of lipids to the wound 

area267. Indeed, given that directional vesicle transport to the site of perforation is controlled by 

myosin and kinesin activity through the reorganized elongated microtubules311, a rapid repair and 

remodeling of the breached cytoskeletal architecture is required for viable perforation repair. 

5.3.2 Resealing and remodeling: actomyosin contractile ring 

One such remodeling mechanism is the formation of an actomyosin ring that has been 

shown in multiple models, including Xenopus oocytes and Drosophila embryos276. For this 

process, two elements of the cytoskeleton are required: actin and myosin II. These are both 

recruited to the wound edge, assemble as contractile arrays surrounding the perforation, and 

continuously contract throughout the repair process. The spatial–temporal regulation of the 

actomyosin ring is regulated by Ca2+-dependent Rho GTPases, specifically Cdc42 and RhoA276. 

Indeed, the Rho family of GTPases plays a major role in cytoskeletal regulation and, consequently, 

is involved in cell migration, adhesion, cytokinesis, and perforation repair276. GTPases act as 

molecular switches that can modulate signal transduction pathways in response to a specific 

stimulus. Activated RhoA accumulates in a ring around the perforation area (i.e., a RhoA activity 

zone) and spatially overlaps with myosin II, while the concentric Cdc42 activity zone overlaps 

with the actin ring312. Myosin II is recruited by the RhoA activation of Rho-associated kinase 

(ROK)304, and the Cdc42 activity zone is responsible for the recruitment and polymerization of 

branched actin filaments through downstream effectors, such as the neuronal Wiskott-Aldrich 
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syndrome protein (N-WASP) and p21-activated kinases, that control the Arp2/3-dependent actin 

assembly313. Overall, the formation of these zones has been shown to occur within 30–45 s in 

Xenopus and Drosophila models314 and has been shown to be active for the repair of wounds within 

the micrometer range315. Microtubules are also shown to be essential in the recruitment of Arp2/3 

and myosin II and help focus the zone of actin and myosin II assembly at the wound edge303.  

Together, these proteins create an actomyosin cable around the wounded area that is 

coupled to the plasma membrane by junction proteins such as E-cadherin and β-catenin. In E-

cadherin-deficient cell models, wound overexpansion and improperly formed actomyosin rings are 

observed, yet complete wound repair remains possible, suggesting that other proteins are involved 

in the tethering of the actomyosin ring to the plasma membrane316. The circular constriction 

shortens the actomyosin cable that pulls the membrane closer together to close the wound and is 

often referred to as the ‘purse-string’ mechanism. This mechanism is also seen in multicellular 

epithelial models, in which the Rho GTPase and ROK are essential for the assembly actomyosin 

ring intracellularly between the nearby cells317. This actomyosin ring is then anchored to the 

membrane through adherens and tight junctions, such as E-cadherin and the tight junction protein 

Zonula Occludens-1 (ZO-1)318, while constriction is initiated by the phosphorylation of myosin 

regulatory light chain (MLC)319. 

Though this repair model has been fully explored and described in embryonic mammalian 

models and multicellular epithelial models, the formation of the contractile ring is still yet to be 

seen in single somatic cells320. However, even though the ring itself is not seen, individual 

components are still shown to play a major role in cytoskeletal restructuring for membrane repair. 

Cdc42 and Rho, for example, are shown to be translocated from the cytosol to the membrane for 

cytoskeletal reorganization in shear-stress-damaged bovine aortic endothelial cells321. In laser-
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wounded skeletal muscle cells, RhoA activity is induced by Ca2+ influx322, and F-actin 

accumulation at the wound site has been shown post-perforation in human endothelial cells266, 

cancer cells269, and muscle cells305. 

5.3.3 Resealing and remodeling: S100A11-A2 

In somatic cell models, another cytoskeleton remodeling mechanism has been 

demonstrated that utilizes the Ca2+ binding protein S100A11 and annexin A2. These proteins have 

been shown to be active in wounded mammalian cells, such as in cancer cells and vascular 

endothelial cells269,275. With the influx of extracellular calcium, the EF hand-type protein, 

S100A11, is activated and binds to F-actin along with annexin A2, which is also capable of Ca2+-

dependent membrane binding269. The binding of these proteins to the cortical actin of the wounded 

membrane restricts the depolymerization of the F-actin while also promoting the buildup and 

increase in the polymerization of actin at the wounded zone269. The increase of cortical F-actin 

results in wound closure, and it is suggested to be related to the purse-string closure mechanism 

due to the buildup of cortical actin being analogous to the actin activity in wounded Xenopus 

oocytes269. Concurrently, annexin A1 accumulates on the damaged region of the membrane and 

labels it for excision269. In combination, the S100A11-A2 complex is able to bind to the membrane 

and pull it closer together, while annexin A1 removes damaged membranes. The necessity of this 

complex was shown in S100A11- and A2-depleted endothelial cells, in which pore resealing was 

either delayed or failed completely in both laser- and glass-beads-induced membrane damage 

models323. Overall, these components provide an alternate cytoskeletal remodeling mechanism for 

wounded membranes. 



 

81 

 

5.3.4 Resealing and remodeling: repair cap 

In muscle cells, another mechanism referred to as a “repair cap” is shown to occur post-

membrane-wounding305,324. In this instance, an influx of Ca2+ results in the translocation of 

annexins towards the wounded membrane, particularly annexin A1, A2, A5, and A6; these 

accumulate and form a “cap” along the damaged region of the plasma membrane. This annexin-

rich cap is supported both by a “shoulder” structure, shown to be essential for the repair cap 

formation, and consisting of proteins including dysferlin, EHD1/2, MG53, and BIN18,305, and by 

F-actin recruitment to the non-annexin region below the cap. The formation of the repair cap is 

shown to be both Ca2+-and actin-dependent, demonstrating the necessity of cytoskeleton 

remodeling for this membrane repair mechanism270,305. 

5.3.5 Resealing and remodeling: exo/endocytosis events  

All of the aforementioned plasma membrane repair pathways include steps that involve 

membrane fusion, exocytosis, or endocytosis, and in this manner the cytoskeleton plays a vital part 

in perforation repair (Table 5.2). All of the highly regulated steps of exocytosis, including the 

shuttling of vesicles to the peripheral membrane, vesicular fusion with the plasma membrane, and 

the release of vesicular content, are regulated by the actin cytoskeleton306. As exocytic vesicle size 

varies as a function of secretory cell type (~0.01–1 µm), so does the timescale over which 

exocytosis occurs (~0.1–100 s), exhibiting an inverse relationship306. Vesicle transport along actin 

filaments requires actin-based motor proteins such as kinesin or members of the myosin V 

family311. While the molecular details differ between different vesicles, myosin Va is associated 

with several vesicles and has been shown to play a major role in this regard (e.g., endothelial 

cells325 and neurons326). After membrane fusion by SNARE complexes327, it has been suggested 

that the final expulsion of the vesicles utilizes an actin coat/ring at the base of the vesicle328. This 
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mechanism is shown in laser-ablated HUVECs, in which Ca2+ influx results in the exocytosis of 

Weibel–Palade bodies, secretory organelles involved in the initiation of inflammation. In this 

model, Rho GTPases result in the recruitment of an actin ring at the base of the vesicle, while the 

contraction is enabled by myosin II-mediated constriction329. 

As stated above, the exocytosis-mediated release of ASM has been shown to result in a 

ceramide-coated membrane, ultimately triggering membrane invagination330. Indeed, studies have 

demonstrated that the transcriptional silencing of ASM inhibits membrane repair, while adding 

exogenous ASM can cause it to recover300. Recent work has suggested that the form of endocytosis 

that is stimulated by this mechanism is caveolin-dependent331, implying that the usual role of the 

cytoskeleton in caveolin-mediated endocytosis is at play during perforation resealing under this 

pathway. 

5.4 Future perspectives 

The investigation of individual cell wound repair mechanisms in the context of targeted 

drug and gene delivery can offer tremendous insight into the development of strategies designed 

to improve treatment outcomes through the modulation of perforation kinetics. This is especially 

of interest in optimizing in vivo techniques (e.g., sonoporation), whereby elucidating the 

mechanisms of perforation repair in human cells can aid in treatment design and planning. These 

strategies, whether physical or pharmacological, have applications both in targeted genetic 

delivery techniques (e.g., ischemia and cardiovascular disease) where preservation of cell viability 

is paramount and in cancer-related treatments where perhaps immediate and selective cancer cell 

death is the primary objective. Perhaps the most universal approach to altering the repair kinetics 

of individual cells is the administration of a Ca2+ chelator (e.g., BAPTA-AM) either during or 

immediately post-perforation332. As the key trigger and regulator of membrane repair, the local 
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modulation of Ca2+ influx affects the spatial and temporal evolution of wound repair, potentially 

altering perforation size, repair timescale, and long-term cell viability via the activation/inhibition 

of Ca2+-dependent cellular responses333. The depletion of extracellular Ca2+ also induces the 

dissociation of intracellular junctions334, including adherens and tight junctions, promoting 

paracellular drug transport. This may have a particular impact in aiding the targeted delivery of 

therapeutics to the brain via the reversible opening of the blood–brain barrier335, an area in which 

microbubble-mediated focused ultrasound therapy, in particular, is rapidly progressing36. Further, 

there are novel advancements in the field of nanoparticle synthesis designed to modify the Ca2+ 

environment and affect local Ca2+ homeostasis. These techniques incorporate materials that are 

either Ca2+-coated336 or Ca2+-binding337 to influence the repair dynamics in wound healing 

applications.  

The properties of plasma membranes, including lipid fluidity and phospholipid packing, 

play a role in their repair dynamics (e.g., the ‘tension-reduction’ hypothesis for perforation 

resealing). Indeed, lipid composition is regulated in response to pathological as well as 

pharmacological triggers. Membrane lipid alterations have been shown to be involved in many 

diseases, including cancer, atherosclerosis, and neurodegenerative diseases (e.g.,338). One such 

example is the regulation of plasma-membrane-incorporated cholesterol, which may be 

dysfunctional in cancer cells339 and result in variations in membrane fluidity and surface tension. 

Membrane cholesterol content is a key factor in modulating perforation repair dynamics, as has 

been demonstrated and physically modeled using giant unilamellar vesicles, resulting in shorter 

pore lifetimes with increasing cholesterol content291. Localized co-treatment with cholesterol 

depletion drugs, for example Filipin, ultimately decreases lipid raft number and membrane rigidity 

and may provide a means to ensure rapid resealing post-drug-delivery. Alternative lipid-altering 
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strategies, such as incorporating pluronic polymers as part of the drug payload (e.g., Tween and 

polyethyleneglycol)340, have the potential to preserve and amplify cell membrane recovery341 and 

to facilitate intracellular drug transport342. Indeed, as polyethylene-glycol is a typical constituent 

of ultrasound-stimulated microbubbles used for sonoporation, microbubbles present a novel 

intrinsic vehicle for the local and targeted modulation of cell membrane viscoelasticity, as recently 

demonstrated343. It is well known that the composition of the outlet leaflet of the plasma membrane 

modifies its local surface tension and can trigger specific membrane repair mechanisms (e.g., the 

‘exocytosis/endocytosis’ pathway), and this presents a unique strategy for tailoring drug/gene 

delivery treatment efficiency and timescales. Short-chain ceramides (with chain lengths four to 

eight carbons long) have been shown to readily incorporate into the outlet leaflet of the plasma 

membrane344. In contrast to their long-chained counterparts, short-chain ceramides are not able to 

form lipid rafts nor increase membrane rigidity345. Therefore, short-chain ceramides can be 

employed externally to increase membrane fluidity and have been used in conjunction with cancer 

therapeutics to improve intracellular drug permeability346. Indeed, the field of membrane lipid 

therapy, whereby the modulation of cell membrane composition can be achieved 

pharmacologically through membrane structure reorganization, regulation of enzymatic activity, 

and modulation of lipid-based gene expression347, can be incorporated into targeted membrane-

permeation strategies to tailor pore kinetics. In fact, cancer treatments based on membrane lipid 

therapy have been investigated in clinical trials of patients with advanced solid tumors (e.g., 

NCT02201823 and NCT01792310). 

Aside from direct plasma membrane alteration, phospholipid-binding and cytoskeletal 

proteins offer promising targets for modulating perforation recovery dynamics, one of which is the 

annexin family of proteins. Previous studies have shown that treatment with annexin-1-derived 
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peptides (e.g., Anx-12–26) elicits cyto-protective actions and shortens cardiomyocyte injury 

recovery time348, facilitates wound healing in vivo349, promotes epithelial repair350, and can aid in 

the restoration of adherens junctions and the normalization of barrier integrity351. Recent studies 

have also demonstrated that treatment post-injury with recombinant annexin 6 enhances membrane 

repair capacity352. Further, annexin 5 has been investigated both as a diagnostic and as a therapeutic 

tool due to its strong binding affinity to phosphatidylserine, which results in an imaging surrogate 

for apoptosis in vivo and a potential anticoagulant, as it binds to activated platelets to prevent 

thrombin formation353. Additionally, annexin 5 has anti-inflammatory properties due to its 

potential to modulate nitric oxide signaling cascades, which has launched recent clinical trials 

investigating the delivery of recombinant human annexin 5 in patients with sepsis and COVID-19 

(NCT04850339, NCT04748757). Tension development through the modulation of GTPases and 

cytoskeletal organization is also a promising approach to altering perforation kinetics354. The 

selective pharmacological inhibition of tension development, including the blocking of myosin II 

(blebbistatin), Rho-associated protein kinases (Y27632), and myosin light chain (ML-7), has been 

shown to result in a decrease in pore retraction time and prolongation of total perforation recovery, 

demonstrated in human dermal and lung microvascular endothelial cells355, as well as 

neuroendocrine cells356. 

5.5 Conclusions 

Cellular recovery from plasma membrane perforation is critical to ensure successful drug 

delivery using physical techniques. Indeed, fundamental molecular biology studies on individual 

cell membrane pore repair have brought tremendous insight into the arrangement of the key 

molecular actors at play. In coordination with salient Ca2+-dependent proteins, including the 

annexin family, various plasma resealing mechanisms have been put forth, including the ‘tension-
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reduction’, ‘patch’, ‘shedding’, and ‘exocytosis/endocytosis’ pathways. In conjunction with 

cytoskeletal reorganization involving actin and/or myosin and their roles in vesicular trafficking, 

these mechanisms likely work in concert to achieve rapid localized repair and control perforation 

dynamics. As such, physical membrane perforation techniques employed for targeted in vivo 

drug/gene delivery, including the use of microbubble-mediated ultrasound perforation, may 

benefit from co-administration with pharmacological agents to selectively modulate the spatio–

temporal dynamics of membrane perforation to enhance therapeutic effectiveness. 
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