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ABSTRACT 

 Articular cartilage is a complex soft tissue covering the end of moving 

bones in joints which provide pressure load distribution over the joint surface 

and smooth lubrication with little friction for establishing movement. Articular 

cartilage has an intrinsically limited capacity for self-repair when injured due to 

the lack of nerve and blood supply. Considered that injured cartilage is left 

untreated, it is likely to undergo progressive cartilage degeneration without pain 

which may lead to posttraumatic osteoarthritis. Therefore functional and 

physiologic restoration of injured cartilage back to a normal condition has long 

been in demand, yet current available repairing methods in clinics have met with 

limited success. Mechanically applied loads to articular cartilage is necessary for 

chondrocytes, cartilage cells, since they are responsible for cartilage matrix 

turnover by synthesizing extracellular matrix (ECM) molecules in response to 

bio- chemical and mechanical changes in ECM.  

 Ultrasound has emerged as an anabolic stimulator over the past few 

decades and a number of studies have proven that ultrasound therapy is 

beneficial for cartilage repair by synthesizing cartilage ECM components such as 

type II collagen and proteoglycan. Ultrasound therapy has also proven its 

potential for the attenuation of progressive cartilage degradation and induction of 

chondrogenic differentiation of mesenchymal stem cells. The use of ultrasound 

as an anabolic stimulator would be valuable with respect to cartilage repair since 

ultrasound as a form of mechanical energy can be non-invasively transferred into 
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a human body. However, understanding the underlying mechanisms has been 

slow and the mechanisms have been roughly classified into thermal and non-

thermal effects. Biologically detailed underlying mechanisms have not been 

sufficiently studied. That might be the reason why the application of ultrasound 

as a therapeutic tool has been limitedly available in clinics. In this study, 

mechanism involved biophysical effects of low intensity ultrasound has been 

studied for cartilage regeneration. First of all, the effect of ultrasound therapy as 

a mechanical stimulator on chondrogenic progenitor cell homing toward injured 

sites in cartilage was investigated with underlying biologic mechanisms. And the 

feasibility of ultrasound therapy for reactive oxygen species production mediated 

cartilage energy modulation was evaluated.  

There have been extensive preclinical studies about the effects of 

microbubble mediated ultrasound therapy on the targeted drugs or gene delivery 

into tissues of interest. Mechanical shock waves are released during ultrasound 

mediated microbubble destruction and the waves facilitate drug delivery into 

target tissues through transient blood vessel disruption. However, the clinical use 

of this technique has been limited through vascular system. In this study, the 

effects of microbubble mediated low intensity ultrasound therapy on directly 

delivered mechanical shock waves and controlled drug release were investigated.  

In conclusion, low intensity ultrasound therapy accelerates the homing of 

chondrogeic progenitor cells toward injured sites in cartilage via triggering 

mechanotransductive cell signaling pathways. This may result in speed up the 

return to normal cellularity and cartilage integrity by accelerating cartilage 
v 

 



 

 

matrix repair. Low intensity ultrasound therapy was investigated as an energy 

modulator for chondrocytes via reactive oxygen species production in articular 

cartilage; however, little effects of ultrasound therapy driven cartilage energy 

modulation were found. The strong relationship between microbubbles mediated 

low intensity ultrasound therapy and the controlled release of drugs and 

mechanical shock waves was found. This strongly suggests that low intensity 

ultrasound therapy can play a role as a non-invasive controller for the release of 

drugs and lethal shock waves upon request.  
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PUBLIC ABSTRACT  

Ultrasound is a form of mechanical waves that can be non-invasively 

transferred into the human body. Ultrasound has extended its application from 

medical ultrasonography into a variety of fields. In this study, ultrasound was 

evaluated as a multi-functional therapeutic tool for the orthopaedic rehabilitation. 

First the low intensity ultrasound therapy was investigated as an anabolic 

stimulator for cartilage regeneration and as a delivery controller for targeted 

drugs and mechanical shock waves. 

 Over the past few decades, ultrasound has been emerged as an anabolic 

stimulator for the cartilage regeneration; however, understanding of the 

underlying mechanisms has been slow. In this study, mechanism involved 

beneficial effects of ultrasound therapy on cartilage regeneration was 

investigated. We found that low intensity ultrasound stimulates the homing of 

chondrogenic progenitor cells toward injured sites in cartilage by triggering 

mechanotransductive cell signaling pathways that may result in faster cartilage 

regeneration.  

 Microbubble mediated ultrasound therapy has been frequently studied as a 

way to enhance the delivery efficiency of intravascular administered drugs or 

genes to targeted tissues. In this study, the effects of microbubble mediated low 

intensity ultrasound therapy on the intratumorally delivered lethal shock waves 

for tumor treatments and the controlled drug release were investigated. We found 

that ultrasound power dependent release of mechanical shock waves has 
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significant effects on the suppression of tumor growth and controlled drug 

release.  
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CHAPTER 1 

 INTRODUCTION 

Articular cartilage is a complex soft tissue covering the end of moving 

bones in joints which provides pressure load distribution over the joint surface 

and smooth lubrication with little friction for establishing movement. 

Chondrocytes, the specialized cartilage cells, play a role in maintaining the 

extracellular matrix (ECM) integrity by producing structural molecules such as 

collagen, proteoglycan and other glycoproteins.(1) Physically applied 

compressional forces are necessary for chondrocyte metabolism; however, 

repetitive overloading or acute injurious loading in cartilage often results in 

chondrocyte dysfunction or death.(2-8) Osteoarthritis (OA) is often considered as 

primarily aging-related degenerative joint disease characterized by progressive 

loss of cartilage which results in pain, stiffness and restricted motion; however, 

recent evidences suggest that massive chondrocyte death caused by joint injury 

may contribute to the development of posttraumatic osteoarthritis (PTOA) if 

injured cartilage is being untreated.(1, 9-13)  

Functional and physiologic restoration of damaged cartilage has long been 

in demand and some repairing methods are available for patients in clinic such as 

abrasion arthorplasty, arthroscopic lavage and debridement, subchondral drilling, 

micro-fracture, osteochondral grafting, and autologous- or allogeneic- 

osteochondral explants or chondrocyte implantation.(14-23) However, these 

methods are limitedly successful for patients with their intrinsic limitations. To 
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make things worse, articular cartilage is avascular and aneural, a lack of nerve 

and blood supply, so it has limited capacity for self-repair and mild cartilage 

injuries often undergo progressive degeneration without pain.(5, 24) Current 

evidence suggests that mechanical insults in cartilage result in massive 

chondrocyte death via instant chondrocyte necrosis followed by apoptosis 

triggered by intracellular signaling cascades.(25-28) It has been demonstrated 

that the production of reactive oxygen species (ROS) released from mitochondria 

is closely related to progressive chondrocyte apoptosis following a cartilage 

injury.(29, 30)  

Hypocellularity caused by cartilage injury may play a role in prevention 

of cartilage repair. Recent findings demonstrated that superficial zone specific 

chondrogenic progenitor cells (CPCs) emerged following cartilage injury and 

they were highly clonogenic, motile and chemotactic. After 7 to 10 days of 

cartilage injury, a large number of CPCs was found in injured sites in 

cartilage.(31) This may indicate that enhanced homing of CPCs into injured sites 

in cartilage may play a critical role in faster recovery of cartilage back to normal 

condition. 

Since ultrasound is a form of mechanical waves that can be non-invasively 

transferred into the human body, there have been frequent attempts to use of 

ultrasound as an anabolic stimulator for the repair of injured cartilage. It is likely 

that ultrasound can trigger mechanotransductive cellular signaling pathways 

which may be the result of stimulating chondrocytes to produce type II collagen 

and proteoglycan (PG) or chondrogeneis of mesenchymal stem cells (MSCs).(32-
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43) However, the underlying mechanisms have been largely veiled, but a few 

detailed mechanisms include hyperthermal effect, cavitational effect or 

triggering mechanotransduction pathways.(44-48) Nevertheless, these known 

mechanisms may not be enough to fully utilize ultrasound as an anabolic 

stimulator. In this study, the effects of low intensity ultrasound therapy on the 

homing of CPCs toward injured sites in cartilage were first investigated as a 

integrin associated cellular mechanotransductive pathway trigger. 

 In order for chondrocytes to maintain cartilage integrity or turnover of 

ECM components, cellular metabolic energy such as ATP is supposed to be 

sufficiently provided. However, the ATP supply is always needed and limited in 

cartilage due to a low oxygen level which restricts cellular respiration. Recently, 

it was suggested that a moderate level of reactive oxygen species (ROS) 

produced by mechanically applied loads on cartilage was turned out to be 

beneficial for cartilage since induced ROS are consumed for the synthesis of 

ATP via glycolytic activity. In this study, the use of low intensity ultrasound 

therapy was investigated as a mechanical energy transporter for the production of 

ROS in chondrocytes which may result in the energy modulation in articular 

cartilage. 

 Microbubble mediated ultrasound therapy has been frequently studied as a 

way to enhance the efficiency of the delivery of intravascular injected drugs or 

genes to target tissues. Microbubbles, as a form of tiny gas- or air-filled bubbles, 

have become popular in medical ultrasound imaging field as contrast agents due 

to their dynamic behavior in the field of ultrasound. Under the lower peak 
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negative pressure of ultrasound, they linearly oscillate by changing their shape 

and size inversely proportional to ultrasound pressure amplitude. However, 

microbubbles in the higher peak negative pressure of ultrasound non-linearly 

oscillate which may result in complete destruction. Fragmented microbubbles are 

likely to be a source of inertial cavitation that may produce shock waves, 

hyperthermia and formation of free radicals.(49-51) There have been extensive 

preclinical studies about the effects of microbubble mediated ultrasound therapy 

for the targeted drug or gene delivery into tumors. Mechanical shock waves, 

released during ultrasound mediated microbubble destruction, is likely to be 

lethal by rupturing adjacent cell membrane and the shock waves can be used for 

facilitating drug delivery into target tumors through transient blood vessel 

disruption. Unfortunately, the clinical use of this technique has been limited 

through systemic circulation. However, musculoskeletal tumors can arise from 

anywhere in tissues or bones without specificity to age, gender and race. 

Treatment options are often limited to direct excision with risk of undesirable 

normal tissue damage, but tumors sometimes could not be treated due to a 

surgical inaccessibility. Most importantly, it would be always favorable for 

patients with non- or minimally- invasive tumor treatment method. In this study, 

the effects of microbubble mediated low intensity ultrasound therapy on the 

direct delivery of lethal shock waves into tumors and ultrasound power 

dependent drug release control was investigated.  
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CHAPTER 2 

 BACKGROUND 

2.1 Articular cartilage 

Articular cartilage is highly specialized smooth and white connective 

tissue covering joints at the end of moving bones. The main function of articular 

cartilage is to allow bones to glide over each other with smooth lubrication in 

addition to facilitation of the transmission of weight loads(1, 52). Articular 

cartilage has very limited capacity for self-repair when it is injured due to a lack 

of blood and nerve supply as well as hypo-cellularity.  

2.1.1 Anatomy of articular cartilage in knee joints 

The major structures of the knee joint are composed of articular cartilage, 

menisci, ligaments, synovial membranes, muscles and tendons (Fig. 2.1). 

Articular cartilage, also referred to hyaline cartilage, covers three bones (patella, 

femur and tibia) in knee joint and enables them to withstand applied load during 

daily activities (Fig. 2.2).  

2.1.2 Structures of articular cartilage 

Depending on morphology and cellularity of chondrocytes and the 

alignment of collagen fibers and proteoglycans, articular cartilage can be 

classified into three different zones; superficial, middle and deep zones (Fig. 

2.3A). Articular cartilage is composed of mostly water (70%), collagen and PG 

(30%) and a small portion of chondrocytes (less than 1%). Chondrocytes behave 
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differently in each zone in cartilage providing for unique bio- chemical and 

mechanical properties in response to external stimuli.(53-55) 

2.1.2.1 Superficial zone 

The superficial zone is the thinnest zone among all zones in articular 

cartilage and is covered by lubricin that provides for facilitating joint lubrication. 

The superficial zone contains the most abundant amount of collagen fibers that 

are aligned in parallel with cartilage surface that provides high tensile strength 

and resistance to shear forces (Fig. 2.3B). The content of proteoglycan is 

relatively low and water content is the highest among all zones in cartilage. The 

cellularity of chondrocytes in the superficial zone is the most abundant and they 

are morphologically flat in shape.(56) The mechanical properties of articular 

cartilage may be rapidly degraded under the disruption of the superficial zone, 

which could result in initiation of osteoarthritis. 

2.1.2.2 Middle zone 

The middle zone shows great resistance to compressive forces that 

transferred from cartilage surface and works as a functional bridge between the 

superficial and deep zone in cartilage. This zone takes up 40-60% of cartilage in 

total volume and the chondrocytes are morphologically spherical with low 

cellularity. Alignment of collagen fibers in this zone is randomly distributed (Fig. 

2.3B). 

2.1.2.3 Deep zone 

The cartilage in the deep zone takes up 30% of total cartilage volume and 

PG contents are the most abundant with the lowest water content. The diameter 
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of collagen fibers is the largest and aligned perpendicular to the cartilage surface. 

Collagens and chondrocytes are morphologically aligned perpendicular to the 

cartilage surface providing the greatest resistance to compressive forces (Fig. 

2.3B). 

2.1.2.4 Calcified zone 

The calcified zone is located in between the deep zone and the 

subchondral bone. Cellularity and metabolic activity of chondrocytes in this zone 

are very low and chondrocytes produce type X collagen that provides structural 

integrity and shock absorber along with the subchondral bone.(55, 57) 

2.1.3 Physiologic functions of articular cartilage 

 Articular cartilage primarily functions for absorption of compressively 

applied forces and lubrication for articulating movements in the knee joints. 

When mechanical load is applied in knee joints, a physiologic and functional role 

of articular cartilage is to distribute applied pressure along with cartilage to 

minimize peak stress on subchondral bones and to reduce friction between 

moving bones for smooth articulation.(58)  

2.1.4 Chondrocytes 

 Chondrocytes are highly specialized and differentiated cells entrapped by 

extracellular matrix and are known as a single type of cells in cartilage. 

Chondrocytes take only a small portion (approximately 1 to 5% of the total 

volume) in articular cartilage even though cellularity and portion depend on 

species.(59, 60) Although the size, morphology, metabolism of chondrocytes 

differ depending on each zone in articular cartilage, the primary role of 
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chondrocytes is to maintain cartilage integrity by producing matrix molecules 

such as type II collagen, proteoglycan and other glycoproteins.(1, 53, 54, 61) 

When compressive forces are applied toward articular cartilage which result in 

bio- chemical and mechanical changes in extracellular matrix, chondrocytes start 

carrying out maintenance for the homeostatic balances between cartilage 

anabolism and catabolism.  

2.1.5 Cartilage injury 

 Cartilage injuries can be characterized by extracellular matrix tear which 

may result in massive chondrocyte death or hypocellularity in cartilage. The 

massive chondrocyte death could initiate progressive cartilage degeneration 

which may lead to serious functional or physiologic problems in joints and fail to 

protect bones underneath cartilage from compressive loading. The initiation of 

cartilage degeneration may be caused by traumas such as car accidents, fall or 

spot-associated activities and the cartilage degeneration could be accelerated by 

injury responded cytokines or alarmins release such as tumor necrosis factors 

(TNF), interleukin (IL) families and matrix metalloproteinase (MMP) 

families.(25, 62-64) Damaged cartilage may end up with osteoarthritis (OA) in 

late stage which is the most common type of arthritis if injured cartilage is left 

untreated. 

2.1.6 Osteoarthritis and posttraumatic osteoarthritis 

Osteoarthritis (OA) can be characterized as a degenerative disease of 

synovial joints as a result of progressive loss of cartilage with symptoms 

including pain, stiffness and restricted motion (Fig. 2.4). Although the 
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pathogenesis of OA is still unclear, risk factors include aging, obesity, joint 

injury and joint overuse.(1, 9, 11, 65, 66) The world health organization (WHO) 

estimates that 10% of people in the world and over 27 million people in the US suffer 

from OA. The medical cost for OA is approximately 128 billion dollars per year and is 

over $2,600 per year per person with OA.(67-71)  

Current understanding suggests that massive chondrocyte death caused by 

joint injuries also plays a role in development of posttraumatic osteoarthritis 

(PTOA).(1, 5, 30) In traumatized cartilage, chondrocytes produce and release 

inflammatory signals or cytokines such as tumor necrosis factor (TNF) families, 

interleukin (IL) families and other proteases which are closely involved in 

deterioration of cartilage.(62, 63, 72) Recent studies demonstrated that 

production of reactive oxygen species (ROS) in mitochondria is significantly 

enhanced following a cartilage injury which resulted in progressive chondrocyte 

death over time. The production of ROS immediately after cartilage injury was 

suppressed by anti-oxidants resulting in prevention of progressive chondrocyte 

death.(29, 30) In addition, informational blocks between chondrocytes and bio- 

chemical or mechanical changes in ECM, such as inhibition of focal adhesion or 

cytoskeletal dissolution, significantly prevented chondrocyte death following 

cartilage injury which suggests that informational blockages of integrin 

associated mechanotransduction pathways could rescue chondrocytes from 

instant necrosis as well as progressive apoptosis.(73, 74) 
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2.1.7 Cartilage repair 

 Articular cartilage can be degenerated by accidental trauma or fall-

associated joint injuries as well as spontaneous degradation as a result of aging 

or joint overuse. Since articular cartilage has very limited capacity for self-repair 

due to a lack of blood supply and a nervous system, mild cartilage damage may 

often lead to development of posttraumatic osteoarthritis without symptoms such 

as pain.(5, 11-13, 24) For this reason, successful cartilage repairing strategies 

have been in demand for a long time and some techniques are available in clinics 

such as microfracture, arthroscopic lavage, autologous chondrocyte or 

mesenchymal stem cells (MSCs) implantation, and auto- or allo-graft 

osteochondral transplantation. However, these methods have met with limited 

success due to their intrinsic limitations and most importantly, patients are 

always in favor with non- or minimal- invasive treatment methods. 

2.1.7.1 Microfracture 

 Microfracture is a direct surgery technique that creates holes in between 

cartilage and subchondral bone to make paths for the supply of blood and bone 

marrow (Fig. 2.5). Fibrin clot fills out cartilage defects and infiltrated bone 

marrow derived MSCs start making cartilage matrix.(75) Microfracture technique 

is especially beneficial when patients have a small size of lesion in cartilage.(76, 

77) However, this technique is partially successful with respect to functional 

restoration of articular cartilage since newly formed cartilage by infiltrated 

MSCs is made of type I collagen which is not a right type for articular cartilage. 
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2.1.7.2 Arthroscopic lavage 

 Arthroscopic lavage is the procedure for cleaning or debriding out blood, 

inflammatory mediators or degenerative cartilage debris in joints which could 

result in pain relief, recovery of restricted motion and suppressed inflammation 

for patients. Typically this technique would be effective for patients suffering 

from relatively minor cartilage defects or in earlier stage of arthritis; however, 

the efficacy has been debated for patients who are already diagnosed with or in 

late stage of OA.(18)  

2.1.7.3 Cell implantation techniques 

 Chondrocyte implantation is also one of the cell-based cartilage repairing 

methods and the procedure requires three steps. In a first stage, articular 

cartilage biopsy is taken arthroscopically from a non-injured area from the 

patients and then the cartilage pieces are enzymatically digested for chondrocyte 

isolation. The isolated chondrocytes are cultured in vitro in a laboratory to get a 

sufficient number of chondrocytes and then injected into defect area in cartilage 

with or without combination of scaffold matrix.(78-80) Instead of cartilage tissue 

harvested from the patients, MSCs isolated from bone marrow can be used for 

implantation after culturing and chondrogenic differentiation.(81, 82) However, 

the efficiency for cartilage repair by cell implantation techniques has not been 

reached at a satisfactory level and potential infections or undesirable immune 

responses may cause problems (Fig. 2.6).  
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2.1.7.4 Osteochondral transplantation 

 Osteochondral transplantation is a technique that replaces injured cartilage 

regions in patient joints with healthy cartilage including subchondral bone 

harvested from donor sites (Fig. 2.7). The source of osteochondral explants is 

typically from healthy non-loaded area in patients or from a cadaver donor after 

being sterilized.(83) Osteochondral transplantation has been reported as a 

promising technique for the functional restoration of cartilage in joints; however, 

it is risky for potential disease transmission or undesirable immune response. 

2.2 Ultrasound therapy for articular cartilage repair 

 In 1880, the effect of piezoelectricity was discovered that high frequency 

of sound waves, the upper limit of human hearing, can be produced and received. 

The biophysical effects of ultrasound have started to be unveiled since 

ultrasound was found to be absorbed in the human skin. The beneficial effects of 

ultrasound clinically were first clinically proven in 1970, that ultrasound 

stimulated bone fracture healing. Since then ultrasound has extended its 

application to a number of medical fields such as soft tissue healing, lithotripsy 

and tumor treatment. A number of studies have found that ultrasound therapy is 

beneficial for the repair of biologic soft tissues including articular cartilage; 

however, its underlying mechanisms have been mostly still veiled. 

2.2.1 Mechanisms of ultrasound therapy 

 Studies have suggested that the underlying mechanisms of ultrasound 

therapy can be classified into thermal and non-thermal effects. Thermal effects 

can be achieved by using a continuous mode of ultrasound waves that may result 
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in increased metabolic rate or blood circulation (Fig. 2.8A). Non-thermal effects 

are more like mechanical interactions which can be achieved by using a pulsed 

mode of ultrasound waves, resulting in modulation of inflammatory responses, 

drug sonophoration and calcium signaling (Fig. 2.8B).(84, 85) However, 

regardless of either continuous or pulsed ultrasound type, thermal and non-

thermal effects always take place at the same time in practice and neither of them 

can be neglected. Therefore, the reality of unveiling the underlying mechanisms 

of the benefits of ultrasound therapy is complicated.  

2.2.1.1 Thermal effects of ultrasound therapy 

 When ultrasound travels into the human body, ultrasound can be absorbed 

or attenuated depending on types or properties of tissues, and energy conversion 

takes place from absorbed ultrasonic energy to heat energy.(86) The conversion 

efficiency of ultrasonic energy to heat highly depends on compositional tissue 

structures, tissue attenuation coefficient, a mode of ultrasound waves either 

pulsed or continuous, ultrasound duration and ultrasound frequency. Studies have 

shown that low intensity continuous ultrasound, 1MHz in frequency, 225mW/cm2 

in intensity and 5 minutes in duration, elevated temperatures in articular cartilage 

from 36 oC to 42 oC.(87) 

2.2.1.2 Non-thermal effects of ultrasound therapy 

 Acoustic cavitation is one of the key mechanisms of the non-thermal 

effects of ultrasound therapy (Fig. 2.9). A cavitational effect is the formation of 

tiny air bubbles as a result of pressure fluctuation that produced by positive and 

negative pressure oscillation as ultrasound travels.(88) Under the lower peak 
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negative ultrasound pressure, the air bubbles are forced to linearly oscillate by 

changing their size and shape in a process, which is called stable cavitation. 

However, under the higher peak positive ultrasound pressure, the air bubbles no 

longer linearly oscillate and finally undergo complete destruction by producing 

shock waves with high local heat and acoustic streaming. Evidences suggest that 

beneficial effects of ultrasound are likely due to non-thermal interactions of 

ultrasound with tissue rather than ultrasound associated hyperthermia.(88) 

However, others have suggested that the formation of acoustic cavitation is not 

produced within the power ranges of therapeutic ultrasound.(89-92)  

2.2.2 Acoustic properties of articular cartilage 

 The propagation of ultrasound in articular cartilage depends on the 

compositional properties of cartilage such as maturity and zonal layers. Studies 

have shown that, in mature cartilage of rat patellae, the speed of ultrasound is 

approximately 1,690 m/s and attenuation coefficient is 0.41 dB/MHz/mm. 

However, in immature cartilage, the properties are somewhat different; the speed 

of ultrasound with 1,640 m/s and the attenuation coefficient with 0.25 

dB/MHz/mm. Acoustic properties also depend on zonal layers in cartilage; 

ultrasound speed and attenuation are lower in deeper zone compared to 

superficial zone in cartilage suggesting that compositional differences in each 

layers such as cellularity, collagen and PG play a role in ultrasound 

propagation.(93) Attenuation or absorption of ultrasound in cartilage is most 

likely to result in hyperthermia which is closely associated with ultrasound 

frequency, intensity and duration.(94) 
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2.2.3 Cartilage anabolism in response to ultrasound therapy 

 In the past few decades, there have been frequent attempts to use 

ultrasound as a mechanical stimulator for the repair of articular cartilage. A 

number of studies have shown that low intensity ultrasound stimulates cartilage 

anabolism by increasing extracellular matrix molecule production such as type II 

collagen and proteoglycan.(32-37, 42, 95, 96) Low intensity ultrasound therapy 

also has proven to be an effective for chondrogenic differentiation of 

mesenchymal stem cells.(38-41, 43) The initiation of mechanotransductive 

signaling pathways of chondrocytes has been also suggested as one of the 

underlying mechanism candidates of the beneficial effects of low intensity 

ultrasound therapy for cartilage repair.(44, 45, 97, 98) However, the unveiled 

mechanisms would not be enough to fully understand and utilize the ultrasound 

therapy as an anabolic stimulator for cartilage repair. 

2.3 Acoustic behaviors of microbubbles in ultrasound fields 

 Microbubbles, as a form of tiny gas- or air- filled bubbles, have become 

popular in medical ultrasound research fields due to their dynamic behavior in 

ultrasound fields. Intravenously administered microbubbles as contrast agents 

systemically circulate and produce high degree of echogenicity in response to 

ultrasound waves. Microbubbles are typically made of biocompatible materials in 

order for intravenous administration and the shell of microbubbles can be made 

of albumin, lipid or synthetic polymer with either air or heavy gases in the core 

depending on desired bubble characteristics such as size, stability, diffusion and 

surface tension.(99, 100) 
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 The behavior of microbubbles in the field of ultrasound is exceptionally 

dynamic. Under the lower peak negative pressure of ultrasound, approximately 

less than 0.05 of mechanical index (MI), microbubbles linearly oscillate by 

changing their shape and size inversely proportional to ultrasound pressure 

amplitude that may produce microstreaming. However, microbubbles in the 

higher peak negative pressure of ultrasound, approximately 1 or higher of MI, 

non-linearly oscillate which may result in complete destruction. Fragmented 

microbubbles are likely to be a source of inertial cavitation that may produce 

shock waves, hyperthermia and formation of free radicals (Fig. 2.9).(49-51)  

2.3.1 Microbubbles as contrast agents 

 The first use of microbubbles as ultrasound contrast agents was in 

1968.(101) The first generation of contrast agents was the air containing 

microbubbles in the core; however, the microbubbles were not stable enough in 

the blood stream because they are almost all disappeared a few seconds after 

intravenous administration. The later generation of contrast agents overcame this 

limitation by making heavy gas filled microbubbles with smaller diameters, 

which increase stability in the blood stream.(102) Since then, microbubbles with 

diverse acoustic characteristics have been developed depending on the purposes 

of use. Beyond the use of microbubbles as contrast agents, recent studies have 

proven that microbubbles has potential to be used as a vehicle for drug and gene 

delivery as well as for thrombolysis and tumor treatment (Fig. 2.10).(103-115) 
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2.3.2 Microbubble mediated ultrasound therapy for the cancer treatment 

 The use of microbubbles has extended and proven its application from 

serving as contrast agents to the treatment of tumors. Mechanical shock waves 

can be produced during ultrasound mediated microbubble destruction, and the 

shock waves have also proven to be effective in anti-cancer drug delivery into 

tumors. At the moment of complete destruction of the microbubbles as a result of 

non-linear oscillation in higher negative peak pressure of ultrasound, released 

shock waves themselves are lethal by rupturing adjacently located cell 

membranes.(102, 116-119) Recent attempts have shown that targeting area-

specific drug or gene delivery is possible by combining the use of ultrasound 

exposure and functional microbubbles, that are conjugated with anti-cancer drugs, 

genes, specific ligands and antibodies.(120-124) Tumor specific anti-cancer drug 

delivery by ultrasound mediated microbubble destruction has proven to be 

effective in suppression of tumor growth that may have a potential to be 

considered as a novel non-invasive tumor treatment method.(49, 112-115) 

However, the clinical use of this technique has been limited through vascular 

system that may result in low efficiency of drug delivery.(125) 
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Figure 2.1 Anatomy of knee joints. The major structures of the knee joints are 
composed of articular cartilage in both side of femur and tibia, menisci, 
ligaments, synovial membranes, patella and tendons.(126) 
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Figure 2.2 Articular cartilage in knee joints. Articular cartilage, also referred 
to hyaline cartilage, covers three bones (patella, femur and tibia) in knee joint 
and enables them to withstand applied load during daily activities.(127) 
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Figure 2.3 The structure of articular cartilage. Articular cartilage can be 
classified into three different zones; superficial, middle and deep zones 
depending on morphology and cellularity of chondrocytes and the alignment of 
collagen fibers and proteoglycans(52) 
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Figure 2.4 Osteoarthritis (OA). OA can be characterized as a degenerative 
disease of synovial joints as a result of progressive loss of articular cartilage 
with symptoms including pain, stiffness and restricted motion.(128) 
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Figure 2.5 The microfracture surgery for cartilage repair. Microfracture is a 
one-step direct surgery technique that creates cracks in between cartilage and 
subchondral bone to make paths for the blood supply and bone marrow. Fibrin 
clot fills out cartilage defects and infiltrated bone marrow derived MSCs start 
making cartilage matrix.(129) 
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Figure 2.6 Cell transplantation techniques for cartilage repair. Chondrocyte 
or MCSs implantation as one of the promising cell-based cartilage repairing 
methods has been considered as one of the promising cartilage repairing methods. 
This requires three surgical steps. In a first stage, cells were harvested in a non-
injured area from the patients and then cultured in vitro in a laboratory to get a 
sufficient number of chondrocytes. The cells then injected into defects in 
cartilage with or without combination of scaffold matrix.(130) 
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Figure 2.7 Osteochondral transplantation for cartilage repair. Osteochondral 
transplantation is a technique that replaces damaged articular cartilage in patient 
joints with healthy cartilage including subchondral bone harvested from donor 
sites.(131) 
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Figure 2.8 Schematic representations of continuous and pulsed mode of 
ultrasound waveforms. Continuous mode of ultrasound can be achieved by 
using continuous waveforms as an input and pulsed mode of ultrasound can be 
achieved by using pulsed waveforms as an input.(46) 
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Figure 2.9 Ultrasonic cavitation. Cavitation is the formation of tiny gas- or air- 
filled bubbles in response to changes of ultrasound pressures. Microbubbles 
linearly oscillate in a low intensity of ultrasound while microbubbles non-
linearly oscillate which may result in complete destruction in a higher intensity 
of ultrasound. Fragmented microbubbles are likely to be a source of inertial 
cavitation which may produce shock waves, hyperthermia and formation of free 
radicals.(46)  
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Figure 2.10 Ultrasound targeted microbubble destruction for drug delivery 
into tumors. Drugs or genes conjugated microbubbles has the potential for the 
targeted tumor treatment.(132) 
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CHAPTER 3 

MECHANISM INVOLVED BIOPHYSICAL EFFECTS OF 
ULTRASOUND THERAPY FOR ARTICULAR CARTILAGE 

REPAIR 

3.1 Background and significance 

 Articular cartilage is a soft tissue covering the joint surfaces and serves as 

a shock absorber allowing joints to withstand daily activity such as walking and 

running with little friction. Articular cartilage is composed of mostly water 

(80%), type II collagen and proteoglycan (10-20%) and a few portions of 

chondrocytes (less than 1%). Articular cartilage can be typically classified into 

superficial, middle and deep zone depending on the morphology of chondrocytes 

and composition of extracellular matrix (ECM) components. Due to the unique 

characteristics such as aneural and avascular, articular cartilage has a very 

limited capacity for self-repair when injured. Current evidence suggests that 

massive chondrocyte death caused by cartilage injury is likely to develop to the 

posttraumatic osteoarthritis (PTOA) over time if it is left untreated.(133)  

 It was found that stem cell-like progenitor cells, chondrogenic progenitor 

cells (CPCs), emerged following a cartilage injury and they exhibit distinctly 

different characteristics compared to normal chondrocytes. Following 7 to 10 

days of post cartilage injury, the CPCs start repopulating in injured sites where 

massive chondrocytes death was found. The current understanding suggests that 

the CPCs are expected to have the potential for cartilage repair since it showed 

stem cell-like characteristics such as higher colony formation, motility, 
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clonogenicity, chemotaxis and multipotency. An examination of the gene 

expression of CPCs by microarray analysis revealed that the CPCs are closer to 

mesenchymal stem cells (MSCs) rather than normal chondrocytes.(31) Thus it is 

reasonable to assume that expedited CPC homing into an injured site following a 

cartilage injury may play a crucial role in cartilage repair. 

 In the past few decades, there have been frequent attempts to use low-

intensity ultrasound as an anabolic stimulator for injured cartilage repair. It has 

been proven that low intensity ultrasound therapy enhanced ECM macromolecule 

production such as type II collagen and proteoglycan.(32, 33, 35-37, 134) Low 

intensity ultrasound therapy also proved to be effective in the attenuation of 

progressive cartilage degradation and the enhancement of chondrogenesis of 

MSCs.(39, 42) However, progress in understanding its mechanism has been slow, 

and few detailed underlying mechanisms are available now. The initiation of 

integrin clustering associated mechanotransductive signaling pathways has been 

suggested as one of the beneficial effects of low intensity ultrasound therapy 

since ultrasound is a form of mechanical waves that can be transferred non-

invasive ways.(44, 45, 97) Integrins, a class of trans-membrane receptors, cluster in 

response to mechanical or chemical changes in ECM which triggers signal transduction 

pathway via focal adhesion complexes and integrin clustering is essential phenomena 

for cell survival such as migration, proliferation and differentiation.(135-140) 

Focal adhesion kinase (FAK) is a major player in relaying extracellular signals 

through integrins to downstream factors via tyrosine phosphorylation.(141-145) 

FAK and Src family kinases (SFKs) are members of focal adhesion complex that 
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play a critical role in the cell-signaling hub. Current understanding suggests that 

FAK phosphorylation at kinase domain at tyrosine 576/577 is closely involved in 

cell migration signaling pathways as upstream factors and the suppression of the 

kinase domain in FAK by SFK inhibitor resulted in significant suppression of 

cell motility.(146-148) 

 Reactive oxygen species (ROS) are a group of intermediate molecules or 

ions containing oxygen by the incomplete electron reduction such as superoxides, 

peroxides, hydroxyl radical and hypochlorous acid. ROS can be produced 

exogenously as a result of ionizing radiation, xenobiotics or drugs. ROS can be 

also produced endogenously as a natural byproduct of cellular respiration, and 

they play a role in microbicidal activity, the regulation of signal transduction and 

gene expression. However, an imbalanced level of ROS may result in oxidative 

damages to DNA, proteins and lipids. In articular cartilage, mitochondrial 

function is impaired due to limited oxygen supply, less than 5%, which in turn 

adenosine triphosphate (ATP) contents are always low and demanding. Recent 

studies showed that ROS production is considerably enhanced after cartilage 

injury followed by massive apoptotic chondrocyte death within 24 hours.  

Suppression of the ROS production by rotenone, an electron transport chain 

inhibitor, or N-acetylcysteine, a free radical scavenger, could prevent progressive 

chondrocyte death suggesting that chondrocytes led to progressive death by 

oxidative stress following a cartilage injury.(29, 74) Due to low levels of oxygen, 

the metabolism of articular cartilage dominantly relies on the glycolytic pathway 

for ATP supply rather than by oxidative phosphorylation.(149-153) Recent 
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findings demonstrate that moderately produced ROS in articular cartilage as a 

result of mechanical loading supports chondrocyte metabolism by increasing 

ATP synthesis suggesting that induced ROS production supports glycolysis to 

produce ATP.(154, 155)  

 For these reasons, low intensity ultrasound was considered as a 

mechanical stimulator and mechanism involved its biophysical effects in 

articular cartilage were investigated in this study. First, the effect of low 

intensity ultrasound therapy on the homing of CPCs toward injured site in 

cartilage and their mechanotransductive signaling pathways was investigated 

following a cartilage injury. Second, the effects of low intensity ultrasound 

therapy on metabolic energy modulation in cartilage was investigated which may 

account for others’ finding that low intensity ultrasound stimulates extracellular 

matrix molecule synthesis because such anabolism requires metabolic energy like ATP. 

3.2 Specific aims and hypotheses 

 A number of studies have reported that low intensity ultrasound therapy is 

beneficial for cartilage repair by stimulating the production of extracellular 

matrix macromolecules; however, detailed underlying mechanisms have been 

unveiled only in part. In this study, the biophysical effects of low intensity 

ultrasound therapy on injured cartilage were examined with underlying 

mechanisms. Previously, the emergence of CPCs following a cartilage injury 

were discovered and the CPCs exhibited homing ability toward injured sites in 

cartilage suggesting that the repopulation of CPCs in injured site plays a critical 

role in initiation of cartilage repair. Thus, we investigated the effect of 
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mechanical stimulation by low intensity ultrasound therapy on the homing ability 

of CPC with specific aims and hypotheses as follows. 

Specific Aim 1: Determine the effect of low intensity ultrasound therapy on CPC 
homing following a cartilage injury.  

Hypothesis 1: Ultrasound therapy accelerates CPC homing toward injured 
site in cartilage 

Hypothesis 2: Ultrasound therapy triggers mechanotransductive signaling 
pathways of CPCs via focal adhesion kinase 
phosphorylation. 

Specific Aim 2: Determine the pre-stimulatory effect of low intensity ultrasound 
therapy and chondrocytes-extracellular matrix (ECM) adhesions 
on cell mortality following a cartilage injury.  

Hypothesis 1: Ultrasound therapy induced FAK activation between 
chondrocytes and ECM results in greater cell mortality 
following a blunt impact induced cartilage injury. 

Hypothesis 2: Inhibition of chondrocyte-ECM adhesions by chemical 
inhibitors prevents massive chondrocyte death following a 
blunt impact induced cartilage injury. 

 In the past few decades, a number of studies have shown that low intensity 

ultrasound stimulates ECM molecule production such as type II collagen and 

proteoglycan. Chondrocytes are obviously required metabolic energy such as 

ATP for maintaining cartilage integrity by replenishing those ECM molecules. 

However, the level of ATPs is always low and in demand as a result of low level 

of O2 in cartilage. Recent findings suggest that the production of ATP was 

enhanced by non-injurious cyclic mechanical loading in articular cartilage via 

moderately increased ROS levels suggesting elevated ROS are used for 

glycolysis in chondrocytes. 
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 Thus, the effect of low intensity ultrasound therapy on modulation of 

chondrocyte energy metabolism by examining ROS induced ATP production was 

investigated with the following specific aims and hypotheses.  

Specific Aim 3: Determine the effect of ultrasound therapy on reactive oxygen 
species (ROS) production in articular cartilage.  

Hypothesis 1: Low intensity ultrasound therapy suppresses ROS 
production following a cartilage injury that may prevent 
oxidative stress associated progressive chondrocyte death. 

Hypothesis 2: Low intensity ultrasound therapy can be used for a 
mechanical stimulator for increase in sub-lethal levels of 
ROS in articular cartilage. 

Specific Aim 4: Determine the effect of ultrasound therapy on ATP synthesis via 
induced ROS production in articular cartilage.  

Hypothesis 1: Low intensity ultrasound therapy enhances ATP production 
in articular cartilage via beneficial ROS production. 

3.3 Materials and methods 

3.3.1 Preparation of osteochondral explants 

 Osteochondral explants, 2.5 x 2.5 cm2 including the central loaded area, 

were manually prepared by sawing from mature bovine stifle joints obtained 

from a local abattoir (Bud’s Custom Meats, Riverside, IA). The explants were 

gently rinsed in Hank’s Balanced Salt Solution (HBSS) (Invitrogen Life Technologies, 

Carlsbad, CA, USA) and pre-equilibrated in conditioned medium with 45% Dulbecco’s 

modified Eagle medium (DMEM) and 45% Ham’s F-12 (F12) supplemented with 10% 

fetal bovine serum (FBS) (Invitrogen Life Technologies), 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 2.5 µg/ml amphotericin B at 37°C, 5% O2 and 5% CO2 for 2 days. 
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3.3.2 Articular cartilage defect models. 

 After 2 days of pre-equilibration of the osteochondral explants, partial-thickness 

cartilage defects, approximately 0.5 mm in depth, were aseptically created using a 22 

gauge sterilized needle by scratching cartilage surface with X-shapes. To make full-

thickness cartilage defects in osteochondral explants, a biopsy punch (Miltex Inc., York, 

PA, USA), 2 mm in diameter, was used and the defects were filled with commercial 

TISSEELTM fibrin hydrogel (Baxter Healthcare Corp, Westlake Village, CA, USA). 

 To mimic traumatized joint injuries, osteochondral explants were rigidly fixed 

in a customized drop-tower device and subjected to a 7 J/cm2 single blunt impact. 

3.3.3 Confocal microscopic analysis 

 Osteochondral explants were stained with 1 µM Calcein-AM, a live cell 

indicator, and either 1 µM ethidium-homodimer-2, a dead cell indicator, or 5 µM 

dihydroethidium (DHE), an ROS indicator, (InvitrogenTM Life Technologies) for 30 

minutes. A confocal laser scanning microscope (Fluoview 1000, Olympus, Center Valley, 

PA, USA) was used to scan cartilage with an average of 200 µm at 20 µm intervals both 

impact sites and remote sites. The percentage of cell viability was evaluated as [(live 

chondrocytes)/(live + dead chondrocytes)] x100 [%] and the percentage of ROS 

production was evaluated as [(DHE positive chondrocytes)/(live + DHE positive 

chondrocytes)] x100 [%]. For the purpose of visualization, scanned images were stacked 

for Z-axis projection using ImageJ (rsb.info.nih.gov/ij). 

3.3.4 Chondrogenic progenitor cell isolation 

 Following a blunt impact-induced cartilage injury, the explants were 

returned to culture. After seven to ten days, cartilage part in the explants was 
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incubated with 0.25% trypsin-EDTA (Invitrogen Life Technologies) for 20 minutes 

after being gently rinsed with HBSS. The chondrogenic progenitor cells were then 

isolated from trypsin suspension by centrifugation. 

3.3.5 Configuration of the ultrasound therapy system 

 The versatile sweep function generator (4040B, BK Precision, Yorba Linda, CA, 

USA) was used to modulate input sinusoidal waveforms, either continuous or pulsed, a 

burst rate fixed at 1kHz. Input pulses with various duty cycles at 0, 1, 10, 30, 50 and 100% 

were tested by adjusting the number of pulse cycles per each burst; 0% and 100% duty 

cycles are equivalent to non-ultrasound control and continuous ultrasound respectively. 

The input pulses are amplified by radio frequency power amplifier (ENI310L, Electronic 

Navigation Industries Inc., Rochester, NY, USA) and amplified pulses are transferred to 

non-focused ultrasonic transducers (Ultrasonic S-Lab, Concord, CA, USA). The 

ultrasound power was estimated by radiation force balance and calculated ultrasound 

intensity was assumed as spatial averaged and temporal averaged (SATA).(156-158) An 

acoustic absorber was placed during ultrasound exposure on sample in order to prevent 

undesired standing wave interruptions. 

3.3.6 Western blot analysis for phosphor-proteins detection 

To analyze phosphorylated protein activation by western blot, cells in cartilage or 

in a monolayer culture were lysed using cold lysis buffer containing protease and 

phosphatase inhibitor (CalBiochem, San Diego, CA, USA). Total protein concentration 

was determined using a BCA Protein Assay kit (Thermo Fisher Scientific Inc., Rockford, 

IL, USA) and then denatured with 2x sample buffer reduced with 0.05 M dithiothreitol 

(DTT). 2.5 µg proteins were resolved in 10% sodium dodecyl sulfate polyacrylamide gel 
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electrophoresis (SDS-PAGE gels) and blotted onto nitrocellulose membranes. After 

blocking with 5% non-fat dried milk in tris buffered saline (20 mM Tris buffer containing 

140 mM NaCl, pH 7.4) containing 0.1% Tween-20 (TBST) for 1 hour, the blot was then 

incubated with total-, phosphor- target proteins with a loading control of either anti-beta 

actin or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies in a 

1:1000 dilution in 5% BSA in TBST overnight at 4oC. The blots were then washed with 

TBST and incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG 

in a 1:2000 dilution in 5% BSA in TBST for 1 hour. The target proteins were reacted 

with SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher Scientific Inc.) 

and the chmiluminescent signals were detected with Kodak Biomax Xar film (Sigma-

Aldrich®, Rochester, NY, USA). The integrated density of bands was quantified by 

ImageJ and the relative fold increase was estimated. 

3.3.7 Statistical analysis 

Statistical analysis was performed using software package SPSS (IBM, Armonk, 

NY, USA). One-way analysis of variance (ANOVA) with the Tukey post hoc test was 

used to test all possible pairwise comparisons. The level of significance was set at p < 

0.05.  

3.4 Results 

3.4.1 Configuration and validation of ultrasound therapy system. 

 Input waveforms, either continuous or pulsed waves with duty cycle adjustments, 

were produced using a function generator, and the waveforms were then amplified by a 

radio frequency power amplifier (Fig. 3.1). Then amplified waveforms were transferred 

to ultrasonic transducers that convert electric signals to ultrasound waves. The ultrasound 
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power was estimated by a radiation force balance which converts applied ultrasonic 

radiation force into ultrasonic power using an acoustic absorber and a high-resolution 

balance (Fig. 3.2). 

3.4.2 Emergence of CPCs in response to cartilage injury and its isolation 

 Seven to ten days following a cartilage injury, a number of chondrogenic 

progenitor cells (CPCs) were observed in a superficial zone in cartilage. The CPCs were 

morphologically elongated in shape, in contrast to the normal chondrocytes (NCs) which 

remained round in shape (Fig. 3.3 A1 and A2; higher magnification). The superficial 

zone specific CPCs were isolated by trypsinization for 20 minutes (Fig. 3.3 B1 and B2, 

before and after trypsinization). Yet, NCs were not isolated by trypsinization in non-

injured cartilage and no considerable morphological changes were observed before and 

after trypsinization (Fig. 3.3 C1 and C2, before and after trypsinization).  

3.4.3 Intrinsic CPC homing ability in injured cartilage and its acceleration by 

ultrasound stimulation 

Fourteen days following a partial thickness cartilage injury, the effect of 

consecutive low intensity ultrasound stimulation for 20 minutes daily was significant. At 

day 0, immediately after cartilage defects creation, no CPCs were found in defect sites 

(Fig. 3.4 A1 and B1). After 14 days very few CPCs were found in the defect sites of the 

untreated control (Fig. 3.4 A2). However, consecutive 14 days of ultrasound stimulated 

cartilage showed significantly higher numbers of CPCs was observed and repopulated in 

defect sites (Fig. 3.4 B2). Similarly, in the partial thickness cartilage defect model, 

obviously few CPCs were found immediately after full cartilage defects creation (Fig. 3.4 

C1 and D1). Low intensity ultrasound applied for cartilage for 7 consecutive days and 
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significantly higher numbers of CPCs was found in fibrin-hydrogel injected defect sites 

(fig. 3.4. D2). However, no meaningful difference was found in ultrasound untreated 

control group (Fig. 3.4 2).  

3.4.4 Ultrasound therapy triggered mechanotransductive pathways in CPCs 

 When cells are received extracellular bio- mechanical and chemical 

changes, integrins cluster each other and proteins underneath the integrins start 

forming focal adhesion complex. Focal adhesion kinase (FAK) is activated and 

relay signals to its downstream factors including Src family kinases (SFKs), Ras 

family of GTPases, Phosphoinositide3 kinase, Cell division control protein 42 

homolog (CDC42) and Ras-related C3 botulinum substrate (RAC) to modulate 

cytoskeletal alterations or gene transcription (Fig. 3.5).(159)  

3.4.4.1 FAK phosphorylation in CPCs by ultrasound stimulation 

Phospho-protein analysis by western blot revealed that FAK phosphorylation 

showed ultrasound parameter dependent activation. FAK activation was compared by 

adjusting ultrasound parameters; frequencies were set at 1, 3.5 and 5 MHz, intensities 

were set at approximately 15 or 30 mW/cm2, and duration of either 5 or 20 minutes (Fig. 

3.6 A). The statistic analysis of quantified integrated density revealed that FAK 

phosphorylation was significantly enhanced by ultrasound stimulation and the FAK 

activation was maximized at 3.5 MHz and 27.5 mW/cm2 (p=0.045, Fig. 3.6 B).  

3.4.4.2 Time course of FAK activation in response to ultrasound therapy and its 

combined effect with chemoattractants. 

Time course of FAK activation was examined at post 0, 5 and 30 minutes 

following ultrasound stimulation. The results indicate that FAK phosphorylation 
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increased a little immediately after ultrasound stimulation and this became apparent at 

post 5 minutes and significant at post 30 minutes, compared to untreated control group 

(Fig. 3.7 A) To compare FAK activation in response to ultrasound stimulation and the 

combined effect with chemoattractants, 100 nM HMGB1 or 10 nM fMLF was 

added immediately after ultrasound stimulation. The results showed that 

ultrasound alone (p=0.004) and 10 nM fMLF with (p=0.003) or without ultrasound 

stimulation (p=0.005) significantly enhanced phosphorylation of FAK respectively, while 

HMGB1 had no effect (Fig. 3.7 B and C). 

3.4.4.3 Downstream factors of FAK and ultrasound therapy triggered 

mechanotransductive pathways in NCs and CPCs  

 Activation of Rho family of GTPases was targeted as downstream factors 

of FAK since this protein family is often likely to be activated with integrins 

associated FAK signaling pathway. The results indicated that ultrasound 

stimulation activated Rho proteins as well as phosphorylation of rac1 and cdc42, 

which are known to be closely associated with actin polymerization and cellular 

directional movement. The pattern of the protein family activation in response to 

ultrasound is somewhat different between CPCs and NCs. It was found that 

ultrasound stimulation was little more sensitive in CPCs than NCs that FAK and 

Rho family of GTPases in CPCs was noticeable activated while it failed to 

activate them in NCs (Fig. 3.8).  

3.4.5 Suppression of CPC motility by focal adhesion inhibition 

Western blot results showed that Src family kinases (SFKs) inhibitors reduced 

FAK phosphorylation at Tyr 576/577 in a dose dependent manner (Fig. 3.9 A). To 
 

 



40 

 

examine the effect of CPC motility in response to FAK blockage by SFK inhibitor 

treatment, a monolayer wound healing assay and a cell invasion assay kit were performed. 

Monolayer wound healing assay results showed that the motility of CPCs was reduced by 

the SFKs inhibitor in a dose dependent manner (Fig. 3.9 B and C). Three dimensional cell 

invasion assay kit results confirmed that CPC motility was enhanced by ultrasound 

stimulation (p=0.004) and abolished by 10 µM SFKs inhibitor (p=0.001) (Fig. 3.9 D).  

3.4.6 The effects of focal adhesion activation or inhibition on chondrocyte 

mortality following an impact induced cartilage injury. 

The effect of ultrasound stimulation on FAK activation was first examined for 

whether increased FAK phosphorylation leads to chondrocyte mortality following a blunt 

impact induced cartilage injury. Secondly, inhibition of focal adhesion by treating the 

cartilage with either FAK or SFK inhibitor was evaluated to see if focal adhesion blocks 

reduce chondrocyte death. Cell viability in intact cartilage was approximately 100%; 

however, the viability dropped to approximately 60% following an impact induced 

cartilage injury. FAK activation induced by ultrasound pre-stimulation resulted in no 

effect with respect to cell viability following an impact induced cartilage injury. However, 

focal adhesion blocks induced by treatment with FAK or SFK inhibitors significantly 

prevented injury induced massive chondrocyte death; cartilage treated with 10 µM SFK 

inhibitor, 10 or 100 µM FAK inhibitor all recovered up to 80% of cell viability (Fig. 

3.10). 

Cell viability was examined in all tested groups at post 24 hours following an 

impact induced cartilage injury and the results showed that overall viability declined 

approximately 30% more in each groups. However, non-impact induced cartilage 
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maintained its viability almost 100%. All of other tested groups showed higher cell 

viability compared to injured control cartilage. Statistical analysis revealed that only 

100µM FAK inhibitor treated cartilage was the only treatment that had a statistically 

significant effect (Fig. 3.11).  

3.4.7 Kinetics of FAK and SFK inhibition  

To confirm the dose-response inhibitory effects of focal adhesion complex 

member proteins, FAK and SFKs, by chemical inhibitors, FAK and SFK inhibitors, 

kinetics of FAK and SFK inhibition were examined. First, SFK phosphorylation was 

induced by treatment with IL-1β and TNF-α and 0.1, 1 and then 10 µM SFK inhibitor 

was treated. The results demonstrated that 10 ng/mL IL-1β and 100 ng/mL TNF-α 

considerably enhanced SFK activation while SFK inhibitor suppressed it in dose-

dependent manner (Fig. 3.12 A and B). To activate FAK phosphorylation at auto-

phosphorylation site, tyrosine 397, 100 nM fMLF was treated. However, no noticeable 

FAK activation was observed and both 1 and 10 µM FAK inhibitor treatment showed no 

effect with respect to FAK suppression. Only 100uM of FAK inhibitor treatment 

significantly suppressed FAK phosphorylation (Fig. 3.12 C and D).  

3.4.8 The effects of ultrasound therapy on ROS production in articular cartilage 

3.4.8.1 The enhancement of ROS production by LIPUS following an impact 

induced cartilage injury. 

 Immediately after cartilage injury, low intensity pulsed ultrasound (LIPUS) was 

applied for 60 minutes and cartilage tissue was stained with 1 µM of Calcein-AM, a live 

cell indicator, and 5 µM dihydroethidium (DHE), a superoxide indicator. Confocal 

microscopy was performed to quantify ROS production in articular cartilage and the 
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results revealed that percentage of ROS production was around 2% in non-injured 

cartilage with or without LIPUS stimulation. Impact induced cartilage injury significantly 

enhanced ROS levels up to 10% and this was further increased by LIPUS stimulation for 

60 minutes up to 20% (Fig. 3.13). 

3.4.8.2 LIPUS duration dependent ROS production following an impact induced 

cartilage injury 

In the absence of LIPUS stimulation, there was no noticeable correlation between 

ROS production and the time post impact induced cartilage injury. However, LIPUS 

stimulation following an impact induced cartilage injury showed that the overall levels of 

ROS production were higher than impact induced control group. The duration of LIPUS 

stimulation explains 68% of variance in superoxide production when fitting a linear 

regression (Fig. 3.14). 

3.4.8.3 Cytotoxicity of produced ROS by LIPUS stimulation following an impact 

induced cartilage injury 

 Cell viability was examined after 24 hours in both center and edge of 

impact sites following an impact induced cartilage injury. The results indicated 

that there was no considerable cell viability difference between impact-control 

and impact with LIPUS stimulated groups (Fig. 3.15). 

3.4.8.4 Source of ROS enhancement by LIPUS stimulation in injured cartilage 

 To understand the role of increased ROS by LIPUS stimulation in 

chondrocytes, the source of ROS was examined by discriminating either 

intracellular or extracellular in chondrocytes by counting ROS that are 
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overlapped with chondrocytes that stained with live cell indicator. The results 

demonstrated that LIPUS stimulated intracellular ROS production, which was up 

to 60 minutes of duration, compared to control group. However, this effect was 

diminished with 90 minutes of LIPUS stimulation (Fig. 3.16A). Extracellular 

ROS were not considerably different in cartilage exposed to LIPUS up to 60 

minutes but the difference became noticeable with LIPUS stimulation for 90 

minutes (Fig. 3.16B). However, no statistical significance was found (Fig. 3.16). 

3.4.8.5 Enhanced ROS production by LIUS stimulation following an impact 

induced cartilage injury  

Low intensity continuous ultrasound (LIUS) stimulation was also applied for 5 

minutes following an impact induced cartilage injury and cartilage tissue was stained 

with 1 µM of Calcein-AM, a live cell indicator, and 5 µM dihydroethidium (DHE), a 

superoxide indicator. Confocal microscopy was performed to quantify ROS production in 

articular cartilage and the results revealed that percentage of ROS production was around 

2% in non-injured cartilage and LIUS stimulation alone did not increase ROS production 

without cartilage injury. However, similarly to LIPUS stimulation, LIUS stimulation 

significantly increased ROS production following a cartilage injury; ROS levels were 

over 20% in LIUS stimulation and 10% in control group (Fig. 3.17). However, no 

considerable difference between control and LIUS stimulated cartilage without impact 

injury was observed (Fig. 3.17). 
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3.4.8.6 Induced ROS production by ultrasound therapy in intact cartilage 

 Since no ROS production was found in intact cartilage by low intensity 

pulsed and continuous ultrasound stimulation, the effects of higher ranges of 

ultrasound intensities up to 10W/cm2 on ROS production with respect to the 

intensity of DHE stain were investigated. Confocal microscopy results showed 

that 10 W/cm2 of pulsed ultrasound therapy significantly enhanced intracellular 

ROS intensity compared to untreated control (Fig. 3.18). Post 24 hours of cell 

viability examination revealed that the ultrasound therapy induced ROS 

production had no cytotoxic effect on the cartilage (Fig. 3.19). 

3.4.8.7 Suppression of ROS production by ultrasound therapy by anti-oxidant 

treatment 

 To confirm that the enhancement of intracellular ROS intensity was as a 

result of oxidants production, cartilage was treated with 20µM or 2mM of N-

acetylcysteine (NAC) during ultrasound therapy. The results showed that NAC 

treatment significantly suppressed ultrasound therapy induced ROS intensity 

while no noticeable effects of NAC treatment was found without ultrasound 

therapy. 

3.4.9 The effects of ultrasound therapy induced ROS production on ATP 

synthesis 

 Since ultrasound therapy induced ROS production did not lead to 

chondrocyte death in cartilage, the relationship between ultrasound induced ROS 

production and ATP synthesis was investigated. First, relatively higher intensity 

of ultrasound, 2.5 or 10 W/cm2, was applied to intact cartilage as enhancement of 
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ROS was observed at this range. However, the results showed that no noticeable 

difference of ATP synthesis in response to the ultrasound exposure was found 

compared to control group. And the effects of lower intensity of ultrasound, 

below 1 W/cm2 with adjustment of ultrasound parameters such as duty cycle, 

ultrasound duration and pulse repetition frequency on ATP synthesis were 

investigated. However, the results indicated that ultrasound had no significant 

effects on ATP synthesis regardless of pulse duty cycle, pulse repeat, duration or 

a number of stimulation per day (Fig. 3.22).  

 Articular cartilage origin-dependent ATP production in response to 

ultrasound therapy was investigated to see if there was the sensitivity of 

ultrasound therapy depending on physical location of articular cartilage. The 

results showed no significant difference of ATP production in cartilage harvested 

from lateral tibia plateau in response to ultrasound stimulation was found. 

However, a noticeable ATP production in cartilage from medial tibia plateau in 

response to ultrasound stimulation was found while this was not statistically 

significant (Fig. 3.23).    

 To verify the sensitivity of ATP production in response to ultrasound 

stimulation in cartilage, PG contents in cartilage originated from the lateral or 

medial tibia plateau were compared. The results showed similar patterns to ATP 

synthesis was found that the PG amount was slightly higher in the medial tibia 

plateau after ultrasound stimulation, there was no noticeable PG amount 

difference was observed in cartilage from lateral tibia plateau. However, no 

statistical significance was found (Fig. 3.24).  
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3.5 Discussion and conclusions 

 There have been frequent attempts to use low intensity ultrasound therapy to 

stimulate cartilage repair and studies have shown that ultrasound stimulates cartilage 

anabolism by enhancing the production of matrix molecules including proteoglycan and 

collagen.(32, 34-37, 134) Ultrasound therapy has also been proven to be effective in 

attenuating the progression of cartilage degradation in vivo and proposed as a tool for 

chondrogenesis of mesenchymal stem cells (MSCs) for cartilage repair.(38-43) However, 

progress in understanding the mechanism of these effects has been slow and a few 

detailed biologic mechanisms have been unveiled including hyperthermal effect, 

cavitational effect or triggering mechanotransduction pathways.(44-48) However, 

these known mechanisms are unable to fully explain how ultrasound acts as an 

anabolic stimulator. Therefore, low intensity ultrasound therapy was further 

investigated as a mechanical stimulator that can trigger mechanotransductive 

signaling pathways by transporting a form of mechanical energy non-invasively 

in articular cartilage.  

 Previous studies have demonstrated that chondrogenic progenitor cells (CPCs) are 

emerged following a cartilage injury and they are highly clonogenic, motile and 

chemotactic. In response to cartilage injury CPCs tend to migrate toward the injured site 

from nearby healthy cartilage, which leads to repopulation of the matrix within 7-14 days. 

The CPCs exhibit significantly higher expression of cell motility involved genes and their 

chemotaxis by chemo-attractants was remarkably higher than normal chondrocytes. Thus 

it was presumable that enhanced CPC homing into injured sites could be responsible for 

initiating the repair of injured cartilage by replenishing extracellular matrix (ECM) 
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macromolecules such as proteoglycans, collagen fibers.(31) Therefore, it has been 

hypothesized that mechanical stimulation by low intensity ultrasound therapy promotes 

the homing ability of CPCs toward injured sites in articular cartilage via triggering 

mechanotransductive cell signaling pathways. This may speed up the return to normal 

cellularity in injured cartilage by accelerating cartilage matrix repair and opposing the 

progression of OA.(35-39, 95) 

 Dynamically regulated adhesion between cells and ECM is critical for cell 

motility as well as proliferation, differentiation and survival.(139, 140) The formation 

and turnover of integrin-associated focal adhesion complexes is regulated not only by 

cytoskeleton-linked proteins such as talin, vinculin, α-actinin and paxilin, but also by 

intracellular signaling proteins such as focal adhesion kinase (FAK), c-Src, protein kinase 

C (PKC), phosphatidylinositol 3 kinase (PI3K) and Rho kinase (ROCK).(135, 160-166) 

Integrins trigger signal transduction via tyrosine phosphorylation and there is substantial 

evidence showing that FAK is a major player in relaying signals from integrins to 

downstream factors, which in turn causes cell motility.(137, 138, 141-145, 167-169) 

Focal adhesion associated protein tyrosine kinases such as FAK and Src family kinases 

(SFKs) play significant role in cell motility.(170, 171) Directional cell migration is 

critical instance for living organisms to maintain homeostasis or immune response. N-

formyl-methionyl-leucyl-phenylalanine (fMLF) and High-mobility group protein B1 

(HMGB1) are well known chemo-attractants involved in directional cell migration 

toward target location.(172-175)  

 In this study, CPCs were harvested from injured cartilage and the effect of FAK 

activation on their motility was investigated in response to low intensity ultrasound 
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stimulation. Among the tested combinations of intensity and frequency, ultrasound 

delivered at 3.5 MHz and 27.5 mW/cm2 was optimal in terms of inducing FAK activation. 

Considered that only 30 % of CPCs were within the field of ultrasound stimulation due to 

the difference between the effective area of transducers and the area of 6-well cell culture 

plate, it is expected that FAK activation in CPCs by ultrasound would be greater if all 

CPCs were stimulated. FAK was also significantly activated by treatment with fMLF, a 

mitochondrial alarmin (p=0.003).(172-174) In the explant model, fMLF and other factors 

released from dead chondrocytes appear to initiate CPC migration in the immediate 

aftermath of impact; however, this effect is unlikely to be sustained for more than 48 

hours due to spontaneous degradation of the factors.(30) In contrast, ultrasound 

stimulation was repeated daily throughout the experiment. Thus, it seems probable that 

the greater number of migrating CPCs found on ultrasound-treated explants was due to 

continued stimulation of FAK phosphorylation after peptide chemotactic factors had 

cleared. 

In partial thickness cartilage injuries, increased numbers of CPCs in the 

ultrasound stimulated half of cartilage tissue were observed, while few CPCs migrated in 

the ultrasound blocked half.(98) This result suggests that optimized ultrasound 

stimulation enhances FAK phosphorylation of CPCs in cartilage, resulting in increased 

migratory activity. Cell migration assay results confirmed that ultrasound stimulation 

significantly enhanced CPC migration compared to ultrasound un-stimulated control 

group (p=0.004). SFKs inhibitor has been well studied for its inhibitory effect on 

phosphorylation and activation of FAK at Tyr 576/577. Current understanding suggests 

that inhibited recruitment of SFKs leads to block FAK phosphorylation at Tyr 576/577 
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which triggers signaling pathway for cell migration.(146-148, 176, 177) SFKs inhibitor 

also blocked ultrasound-induced increases in chemotaxis in transwell assays where 

migrating cells were required to invade a 3-dimensional collagen matrix, and in 

monolayer scratch assays where migration was unhindered by matrix. Recent evidence 

suggests that triggering integrin mediated mechano-transduction pathways is regarded as 

one of the mechanisms of therapeutic ultrasound. The findings in this study can support 

that enhanced migratory activity of CPCs via FAK activation in response to low intensity 

ultrasound therapy is closely associated with mechano-trasduction pathways. However, 

the effect of thermal, cavitation and standing waves during ultrasound stimulation cannot 

be excluded even though they are unlikely associated.(44, 45, 97) Whether repopulation 

improves cartilage repair depends on the ability of CPCs to re-establish a functional 

cartilage matrix in situ, which remains unproven. It may be advantageous to follow pro-

migratory ultrasound treatment with treatments designed to encourage chondrogenic 

differentiation and discourage chondrolytic activity. In any event, the findings described 

here justify further research to determine the potential for ultrasound to oppose the 

initiation and progression of OA. 

Considerable clinical and experimental evidence shows that acute severe joint 

injuries and excessive repetitive mechanical loading due to post-injury joint incongruity 

and instability cause post-traumatic osteoarthritis, and that excessive repetitive loading in 

uninjured joints causes osteoarthritis.(178, 179) Since chondrocytes are responsible for 

maintaining the ECM by producing collagens, proteoglycans and glycoproteins, and the 

cells have limited ability to replace themselves in adults, significant chondrocyte death 

from cartilage mechanical injury is likely to initiate cartilage degradation which could 
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lead to osteoarthritis. Moreover, recent work suggests that chondrolytic factors such as 

matrix metalloproteinases (MMPs), tumor necrosis factor (TNF) and a disintegrin and 

metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) are highly up-regulated 

in cartilage injury sites via activating mitogen-activated protein kinases (MAP kinases) 

such as p-38 and ERK 1/2 which are closely associated with propagation of chondrocyte 

death.(64) Also it was suggested that mechanical insults to articular cartilage result in 

massive chondrocyte death through necrosis or progressive intracellular signaling 

cascades that lead to apoptosis.(25-28) Other studies have shown that rapid production of 

reactive oxygen species (ROS) immediately after cartilage mechanical injury leads 

directly to massive chondrocyte death. Immediate or delayed treatment with N-

acetylcysteine, a free radical scavenger, and rotenone, an electron transport chain 

inhibitor, significantly reduce the level of ROS, which result in increased chondrocyte 

survival. These findings demonstrate that mitochondria may be responsible for the injury 

induced ROS production that leads to chondrocyte death following mechanical injury due 

to oxidative stress.(29, 30) In addition, pre-treatment with cytochalasin-B or nocodazole, 

which block formation of contractile microfilaments and microtubules, significantly 

decreased chondrocyte death suggests that relief of cytoskeletal tension enhanced the 

survivability of chondrocytes in impact-injured cartilage.(74) Taken together, these 

previous works show that cartilage injury releases mediators that cause chondrocyte 

death and ECM degradation and suggest that immediate intervention to stop progressive 

chondrocyte death after cartilage injury may prevent articular cartilage from progressive 

degradation that can lead to osteoarthritis.  
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Focal adhesions, a protein complex underneath of cellular attachment to ECM, 

play a role in not only for providing a biochemical signaling hub via tyrosine 

phosphorylation, but also for carrying out cellular activities such as migration, 

proliferation and gene expression.(139, 140, 160, 163, 166, 180-182) Integrins are a class 

of transmembrane receptors that cluster in response to mechanical and chemical changes 

in the ECM to form adhesions which involve multiple intracellular kinases and structural 

proteins, some of which link integrin complexes to the cytoskeleton.(135-138, 167) 

Therefore, it has been hypothesized that treatment with FAK and SFK inhibitors would 

significantly reduce chondrocyte death induced by impact injury, which causes excessive 

strain.(125, 183-186) 

Cell viability without injury remained at almost 100% during experiments while it 

declined approximately 60% following an impact induced cartilage injury and further 

reduced to 40% after 24 hours. First, the effect of FAK activation by low intensity 

ultrasound stimulation on cell viability following cartilage injury was examined. The 

results showed that no considerable cell viability difference between impact-control 

group and low intensity ultrasound stimulated group was found at either time points. To 

examine the inhibitory effect of focal adhesions on cell death following cartilage injury, 

articular cartilage was treated with FAK inhibitor at concentrations of 10µM and 100µM 

and SFK inhibitor at a concentration of 10µM since the concentrations have been shown 

to diminish the activation of FAK and SFKs by blocking tyrosine phosphorylation.(187-

190) Phosphoprotein analysis confirmed that tyrosine phosphorylation was diminished by 

pre-treatment of inhibitors for FAK or SFK, supporting the conclusion that inhibiting the 
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formation of focal adhesions by blocking phosphorylation of FAK or SFKs decreased 

massive cell death following an impact induced cartilage injury.  

The decrease in cell viability over the 24 hours following impact is striking: from 

59% to 34% in untreated control samples (p<0.001), from 80% to 48% in 10µM SFKi 

treated samples (p<0.001), from 77% to 45% in 10µM FAKi treated samples (p<0.001), 

and from 82% to 56% in 100µM treated samples (p<0.001). The decrease in viability 24 

hours after impact was also found in previous studies and suggests that mechanical 

insults to cartilage cause acute chondrocyte necrosis and subacute apoptosis.(30) 

Although it did not appear that the FAK inhibitor blocked FAK activation in a clear dose-

dependent manner, FAK activation was significantly reduced at a concentration of 

100µM. This suggests that the autophosphorylation of FAK at Tyr 397 was activated by 

some other unknown factors and that 100nM fMLF failed to stably stimulate its 

phosphorylation. However, of the tested doses only 100µM FAKi significantly blocked 

its activation. Although the data suggest that acute inhibition of focal adhesions might 

decrease progressive cell death, only 100µM FAKi rescued significantly more 

chondrocytes 24 hours after impact. These data are consistent with the previous 

observation that cytoskeletal dissolution reduced impact-associated cell death and support 

the hypothesis that joint surface impact causes chondrocyte death by inducing the 

activation of a mechanotransduction pathway that transmits extracellular strains to 

intracellular organelles via integrins and the cytoskeleton. Further advances in 

understanding the mechanisms by which mechanical forces cause cartilage loss would 

have the potential to lead to new treatments of injured joints that could decrease the risk 

of OA following joint injuries. 
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Although detailed biologic mechanisms of low intensity ultrasound therapy have 

not been yet fully elucidated, a number of studies have suggested that ultrasound 

stimulates cartilage repair by enhancing the production of matrix molecules including 

proteoglycan and collagen.(32, 34-37, 134) Chondrocytes obviously require ATP, an 

energy-bearing molecule, to maintain cartilage matrix integrity or turnover. However, the 

levels of ATP in cartilage are always low and in demand since chondrocytes run their 

metabolism dominantly via a glycolytic pathway for ATP supply rather than 

through oxidative phosphorylation to maintain cartilage matrix integrity as a result of 

low level of oxygen supply.(149-153) Thus, the phenomenon of ultrasound driven 

cartilage repair could be explained by energy modulation of chondrocytes in response to 

low intensity ultrasound stimulation. Recent findings demonstrated that ROS can be 

a double-edged sword in articular cartilage. Excessive production of ROS 

following a cartilage injury resulted in progressive chondrocyte death due to 

oxidative stress. In contrast, moderate levels of ROS production in articular 

cartilage in response to mild levels of mechanical stimulation supports 

chondrocyte metabolism by enhancing ATP synthesis, which suggests that 

induced ROS supports glycolysis by producing ATP.(154, 155) Thus, all things 

considered, low intensity ultrasound stimulation may have the potential to be 

used as a mechanical stimulator to induce modest ROS production and 

stimulating ATP synthesis via a glycolytic pathway in chondrocytes. On the 

other hand, ultrasound stimulation may suppress excessive ROS production following a 

cartilage injury which could prevent progressive chondrocyte death. For these reasons, 

the effect of low intensity ultrasound therapy on the level of ROS production was first 
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examined following an impact induced cartilage injury and then the effects of low 

intensity ultrasound therapy as a mechanical stimulator which modulates energy 

production was investigated in intact articular cartilage.  

LIPUS stimulation at 25 mW/cm2 of intensity for 60 minutes, no considerable 

ROS production was observed in intact articular cartilage. However, LIPUS stimulation 

at 25mW/cm2 of intensity for 60 minutes, following a blunt impact induced cartilage 

injury, produced almost 2 fold increase in ROS production compared to the control group. 

Cell viability 24 hours after LIPUS stimulation revealed that the enhanced ROS was not 

toxic for chondrocytes following a cartilage injury; no noticeable cell viability difference 

between the LIPUS non-treated control group and LIPUS stimulated group was found. 

Following a cartilage injury, ROS production was gradually increased over time in the 

untreated control group; however, LIPUS stimulation accelerated overall levels of ROS 

production. The duration of exposure to LIPUS explains 68% of the variance in ROS 

production when this result was fitted to a linear regression. To examine a functional role 

of the enhanced ROS levels after LIPUS stimulation following a cartilage injury, the 

origin of ROS was examined to see if they were intracellular or extracellular. 

This was done by counting ROS that overlapped with chondrocytes that stained 

with live cell indicator since intracellular ROS may have close correlations with 

ATP synthesis via glycolysis. Further analysis revealed that LIPUS stimulation increased 

intracellular ROS production compared to the untreated control group. The difference 

was apparent at 30 and 60 minutes of LIPUS; however, this was diminished at 90 minutes 

of LIPUS. Although these results have no statistical significance, it may suggest that 

LIPUS stimulation has the potential to attenuate cartilage degeneration following a 
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cartilage injury by modulating energy production such as ATP via ROS consumption in 

glycolysis.   

In non-injured intact cartilage, LIPUS less than 50 mWcm2 had no effect on ROS 

production. Thus intact cartilage was exposed to higher intensity of ultrasound therapy, 

above 1 W/cm2, to see if there was an induced ROS production which may result in 

cartilage energy modulation.  

All of the ultrasound parameters tested was safe with respect chondrocyte 

viability after 24 hours. First, ultrasound therapy with 10 W/cm2 of intensity was applied 

for 1 minute in intact cartilage and the results showed that the intensity of ROS in live 

chondrocytes was significantly higher than untreated control group. The ultrasound 

therapy induced ROS production was suppressed by treatment with NAC suggesting that 

ultrasound exposure induced the production of intracellular ROS in chondrocytes. Since 

ROS production was significantly increased by ultrasound stimulation without 

considerable cell death, ATP production was evaluated to see if enhanced ROS 

production was related to a glycolysis pathway in chondrocytes. However, no noticeable 

changes in ATP were found in response to intensities of 2.5 and 10 W/cm2. Further 

investigation continued with a lower intensity of ultrasound (below 1 W/cm2), 

adjusted duty cycle of pulse, duration of ultrasound, different time points after 

ultrasound and ultrasound exposure for a week. However, no meaningful ATP 

production changes were found. Although ultrasound stimulation with the 5% 

duty cycle for 20 minutes increased ATP production compared to untreated 

control group, this was not statistically significance. Further analysis of cartilage 

origin-dependent ATP production was investigated to see if ATP synthesis in 
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response to ultrasound stimulation may depend on physical origins of a cartilage, 

such as lateral and medial tibia plateau. The results indicated that ultrasound 

stimulation had no effect on ATP synthesis in cartilage from the lateral tibia 

plateau whereas there was a noticeable increase in ATP synthesis in cartilage 

from medial tibia plateau. However, this was not statistically significant. PG 

contents in cartilage from both lateral and medial tibia plateau were evaluated 

and the amount of PG was higher in ultrasound stimulated cartilage from medial 

tibia plateau compared to control group; however, there was not noticeable 

difference in cartilage from lateral tibia plateau. The pattern of PG and ATP 

production seems to be similar; however, the increase was not statistically 

significant. It is unclear yet ultrasound increased PG synthesis in medial 

cartilage or ATP production was enhanced by higher amount of PG. In either 

case, these data suggest that biologic effect of ultrasound stimulation may 

depend on the thickness of cartilage or ultrasound properties such as wavelength 

or duty cycles.    

In conclusion, the beneficial effects of ultrasound therapy for cartilage 

repair were investigated to identify the underlying mechanisms with a little 

different point of view compared to others. Low intensity ultrasound therapy 

following cartilage injuries accelerates the homing of chondrogenic progenitor 

cells toward injured sites via triggering mechanotransductive cell signaling 

pathways. Integrins associated focal adhesion complexes are activated by low 

intensity ultrasound therapy as well as downstream factor activation such as actin 

polymerization and directional movement related proteins. The low intensity 
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ultrasound therapy was evaluated with respect to an induction of beneficial ROS 

production that may result in enhancement of ATP production via a glycolytic 

pathway. However, no significant effects of low intensity ultrasound therapy on 

the energy modulation in articular cartilage were found in this study.  
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Figure 3.1 Configuration of ultrasound therapy system. (A) Versatile sweep 
function generator produces either continuous or pulsed waveforms. (B) 
Generated signal waves are amplified by a radio frequency power amplifier. (C) 
Various sizes, types and frequencies of ultrasonic transducers. Generated and 
amplified electrical signal waves are converted into mechanical ultrasound waves 
by ultrasonic transducers.  
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Figure 3.2. Ultrasound power measurement by a radiation force balance. An 
acoustic absorber placed on the balance absorbs almost 100% of ultrasound 
waves and the balance measures the weight caused by ultrasound 
power. http://www.npl.co.uk/  
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Figure 3.3. Morphology of CPCs in cartilage injury and isolation. (A) CPCs are 
elongated in shape (A1) and have morphologically different compared to normal 
chondrocytes which are round in shape (A2). (B) CPCs are isolated by trypsinization. 
Before trypsinization, abundant CPCs are populated in injured sites in cartilage (B1), 
however, immediately after trypsinization they are all isolated from cartilage surface (B2). 
(C) NCs are not isolated by trypsinization. Before trypsinization in non-injured sites in 
cartilage, NCs are the most cell type seen in cartilage (C1) and trypsinization did not 
isolated the NCs (C2). Bars in A1 = 100 µm, in A2 = 50 µm, in B and C = 200 µm. 
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Figure 3.4. The effects of LIPUS stimulation on CPC homing ability toward injured 
sites in cartilage in partial and full thickness cartilage defect models. Confocal 
microscopy images showing live cells (green) and dead cells (red) in cartilage defects. (A 
and B) Partial thickness cartilage defect model. Massive chondrocyte death was found at 
day 0 immediately after partial cartilage defect creation (A1 and B1). After 14 days of 
un-treated control group, little CPCs were found in injured site in cartilage while 
significantly higher number of CPCs were migrated into injured sites in ultrasound 
stimulated cartilage (A2 and B2). (C and D) Full thickness cartilage defect filled with 
fibrin hydrogel model. No considerable CPC migration was observed in untreated control 
group at day 0 and 7. (C1 and C2) while significantly higher number of migrated CPCs 
into fibrin-injected cartilage defects observed in 7 consecutive ultrasound stimulated 
group at day 0 and 7 (D1 and D2). Bars = 400 µm. 
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Figure. 3.5 Integrins triggered intracellular signaling regulation.(159) 
Integrin clustering by extracellular matrix changes activates downstream 
signaling factors such as foal adhesion kinase (FAK), growth facto receptor 
bound proteins 2 (GBR2), SRC, RAS, MEK, ERK and etc.. 
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Figure 3.6. Ultrasound dose-dependent FAK phosphorylation in CPCs. (A and B) 
Western blot and its quantitated integrated density showing that FAK is activated 
depending on ultrasound dose. Comparing integrated density dependent on ultrasound 
dose, frequencies at 1, 3.5 and 5 MHz and intensities at approximately 15 or 30 mW/cm2, 
FAK phosphorylation was maximized at 3.5 MHz and 27.5 mW/cm2 (p=0.045). Row at 
the bottom represents LIPUS frequency [MHz]/intensity [mW/cm2] as shown in Figure 
3.6 B. Asterisk represents statistically significant (*p< 0.05). 
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Figure 3.7. FAK phosphorylation in CPCs in response to ultrasound stimulation and 
chemo-attractants. (A) FAK phosphorylation was examined immediately after 
ultrasound stimulation showing that the difference of FAK activation became apparent 
after 5 minutes and significant after 30 minutes, compared to control group. (B and C), 
Enhanced FAK activation after 24 hours of ultrasound stimulation, 100 nM HMGB1 and 
10 nM fMLF and its relative fold increase. LIPUS alone (p=0.004) and 10 nM fMLF with 
(p=0.003) and without ultrasound (p=0.005) significantly enhanced phosphorylation of 
FAK respectively, while HMGB1 showed no difference. (-) and (+) represent with or 
without ultrasound respectively and asterisk represents statistical significant (**p<0.01) 
Error bars represent sample variations (n=4-9). 
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Figure 3.8 Ultrasound stimulation triggered cellular mechanotransductive 
signaling pathway. The effects of ultrasound stimulation on focal adhesion 
associated protein activation on NCs and CPCs was examined. CPCs were more 
sensitive to ultrasound stimulation rather than NCs by western blot analysis.  
Ultrasound activated FAK, Rho A, B and C, and phosphorylation of rac1 and 
cdc42 which are known to be associated with stress fiber and focal adhesion 
formation as well as directional movement of cells. 
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Figure 3.9 Inhibition of cell migration pathway by blocking FAK phosphorylation at 
tyrosine 576/577 by Src family kinases inhibitor (SFKi). (A) Western blot analysis 
showed that ultrasound stimulation induced FAK activation at kinase domain (Tyr 
576/577) was suppressed by SFK inhibitor in dose-dependent manner. (B and C) The 
effect of SFK inhibitor on CPC migration in monolayer wound healing assay showed that 
CPC motility was suppressed by SFK inhibitor in dose-dependent manner. (D) 
Performance of cell invasion assay kit confirmed that CPC motility was enhanced by 
ultrasound stimulation (p<0.001) and abolished by 10 uM SFKs inhibitor (p<0.001). The 
column indicates the relative fold increase of CPC migration and the data are normalized 
to ultrasound-untreated control group. (-) and (+) represent with or without ultrasound 
respectively and asterisk represents statistical significant (**p< 0.01, ***p<0.001). 
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Figure 3.10 The effects of focal adhesion activation and inhibition on instant 
chondrocyte mortality following an impact induced cartilage injury. (A) Confocal 
microscopy shows live (green) and dead (red) chondrocytes in an impact site in an un-
treated control explant, and in explants treated with 10 µM SFKi and either 10 or 100 µM 
FAKi. (B) Quantified cell viability revealed that blunt impact declined cell viability to 
around 60% and FAK activation by pre-ultrasound stimulation did not make any 
difference. However, focal adhesion inhibition by SFK or FAK inhibitor treatment 
recovered cell death approximately 80%. Between two tested concentrations, 100 µM 
FAKi was more effective than 10 µM. bar 500 um. Asterisk represents statistical 
significant (*p< 0.05, **p<0.01). 
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Figure 3.11 The effects of focal adhesion activation and inhibition on chondrocyte 
mortality at post 24 hours following an impact induced cartilage injury.  (A) 
Confocal microscopy taken 24 hours post-impact shows that live (green) and dead (red) 
chondrocytes in an un-treated control explant, and in explants treated with 10 µM SFK 
inhibitor and either 10 or 100 µM FAK inhibitor. (B) Overall cell viability was declined 
following a cartilage injury, however, 100 uM FAK inhibitor treated group showed the 
highest chondrocyte viability among tested groups. Statistical analysis revealed that 100 
µM FAK inhibitor treatment was the only group that had a statistically significant effect. 
Asterisk represents statistical significant (**p<0.01). 
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Figure 3.12 Kinetics of FAK and SFK inhibitions by western blot analysis. (A and B) 
Western blot analysis and its quantification showed that treatment with 10 ng/ml IL-1β 
and 100 ng/ml TNF-α for 30 min significantly increased SFKs phosphorylation at Tyr 
416 and the treatment of SFK inhibitor diminished dose dependently. (C and D) Western 
blot analysis and its quantification showed that treatment with 100 nM fMLF for 30 min 
did not enhance FAK phosphorylation at Tyr 397; however 100 µM FAK inhibitor 
treatment significantly reduced FAK phosphorylation. Analysis of the integrated densities 
of the bands with the phosphor- to total proteins ratio. 
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Figure 3.13 The effects of LIPUS stimulation on immediate ROS production 
following an impact induced cartilage injury. Confocal microscopy taken after LIPUS 
stimulation showing that live chondrocytes (green) and superoxide (red). Without impact-
induced cartilage injury, LIPUS stimulation for 60 minutes did not make any difference 
(B) with respect to ROS production compared to control (A). However, with impact-
induced cartilage injury, LIPUS stimulation for 60 minutes significantly increased ROS 
production (D) compared to 60 minutes SHAM-operated control (D). (E) Quantification 
of ROS production revealed that there was no statistical significance in non-impacted 
group while significantly enhanced superoxide production by LIPUS was found 
following an impact-induced cartilage injury. Asterisk represents statistical significant 
(**p<0.01). 
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Figure 3.14 Time course of ROS production with or without LIPUS stimulation 
following an impact-induced cartilage injury. (A) Time course of ROS production 
following an impact-induced cartilage injury without ROS stimulation showed that the 
increase of ROS production was little. However, in LIPUS stimulated cartilage, 
accelerated ROS production was found in response to duration of LIPUS stimulation (B).  
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Figure 3.15 The effect of enhanced ROS production by LIPUS stimulation on 
chondrocyte viability at post 24 hours following an impact induced cartilage injury. 
Cell viability was examined inside and edge of impact sites in cartilage and the results 
revealed that there were no considerable cell viability difference between SHAM-
operated and LIPUS stimulation for 60 minutes groups.  
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Figure 3.16 Discrimination of the source dependent ROS in chondrocytes induced 
by LIPUS stimulation following an impact induced cartilage injury. (A) Intracellular 
ROS production in chondrocytes. LIPUS stimulation accelerated intracellular ROS 
production with 30 minutes LIPUS duration and this became diminished when the 
duration went longer. (B) Extracellular ROS production in chondrocytes. There were no 
considerable difference until 60 minutes; yet the difference became apparent at 90 
minutes. There was no statistical significance in all groups. 
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Figure 3.17 The effect of LIUS stimulation on ROS production following an impact 
induced cartilage injury. In the absence of cartilage injury, LIUS stimulation for 5 
minutes had no effect with respect to ROS production compared to control. However, 
following an impact induced cartilage injury, LIUS stimulation for 5 minutes 
significantly increased ROS production compared to control. Asterisk represents 
statistical significant (*p<0.05). 
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Figure 3.18 The effects of LIPUS on DHE intensity in live chondrocytes. LIPUS 
exposure significantly enhanced intensity of DHE stains within chondrocytes (D, E and F) 
compared to control (A, B and C). Live chondrocytes were stained as green (A and D), 
DHE positive cells were stained as red (B and E), and composited images overlapped 
DHE-positive cells and live cells (C and F). Bar = 100 µm. 
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Figure 3.19 Quantitated DHE intensity and the cytotoxicity at post 24 hours 
following an LIPUS exposure. (A) Confocal microscopy results indicated that LIUS 
exposure considerably enhanced intensity of DHE stains within live chondrocytes 
compared to control. (B) Confocal microscopy results indicated that there was no 
considerable cytotoxicity of tested LIUS intensity, 10 W/cm2.  
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Figure 3.20 The effects of ultrasound therapy and NAC treatment on the 
suppression of DHE intensity in live chondrocytes. Both tested NAC concentrations of 
20 µM and 2 mM significantly suppressed increased DHE intensity within live 
chondrocytes by ultrasound exposure.  
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Figure 3.21 The effects of 2.5 and 10 W/cm2 of ultrasound intensity on the 
production of ATP by chondrocytes in cartilage. ATP synthesis was normalized by 
wet weight of cartilage. Two tested ultrasound intensities, 2.5 and 10 W/cm2, had no 
effect on ATP synthesis by chondrocytes in cartilage. Error bar indicates standard 
deviation. 
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Figure 3.22 The effects of parameter dependent ultrasound stimulation on ATP 
production in cartilage. ATP synthesis was examined in response to the effect of 
lower intensity of ultrasound, below 1 W/cm2, and ultrasound parameters such as 
duty cycle, ultrasound duration and pulse repetition frequency; however, no 
difference was found among tested. Error bar indicates standard deviation. 
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Figure 3.23 Cartilage properties dependent ATP synthesis in response to ultrasound 
stimulation. No considerable changes of ATP synthesis in lateral cartilage was observed, 
while ultrasound stimulation enhanced ATP synthesis in medial cartilage. However, there 
were no statistical significance in both groups. 
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Figure 3.24 Analysis of PG contents in lateral and medial cartilage in response to 
ultrasound stimulation. No considerable difference was found in cartilage from lateral 
tibia plateau, while PG contents were slightly higher in cartilage from medial tibia 
plateau in response to ultrasound stimulation. 
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CHAPTER 4 

MICROBUBBLE-MEDIATED ULTRASOUND THERAPY FOR 
CANCER TREATMENT 

4.1 Background and significance 

The biophysical effects of low intensity ultrasound therapy can be 

classified into thermal and non-thermal effects.(45, 90, 191) Thermal effects can 

be caused by the conversion of attenuated ultrasound energy into heat in 

biological tissues. Cavitation, a formation of tiny gas bubbles, is typically 

considered to be a non-thermal biophysical effect of ultrasound. Tiny gas 

bubbles are generated by rapid changes in pressure in an ultrasound field and 

they undergo linear oscillations at low pressure amplitude that change their size 

and shape, but the bubbles undergo complete destruction by producing shock 

waves when oscillations become non-linear at higher pressure amplitudes.(45, 90, 

192)  

Ultrasound contrast agents in the form of gas-filled microbubbles have become 

popular in medical ultrasound imaging fields since they increase ultrasonic reflection as a 

result of acoustic impedance mismatches.(193, 194) Typically microbubbles are made of 

biocompatible materials, which can be as intravenously administered, and the acoustic 

behavior of microbubbles in the field of ultrasound depends on their size, stability, 

diffusion, and surface tension. The shell is usually made of albumin, lipid or polymer 

with the core filled with either air or heavy gases.(99, 100)  

Optison, a sterile non-pyrogenic suspension of microspheres of human 

serum albumin with perfluoropropane (C3F8), is one of the commercially 
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available ultrasound contrast agents typically used for ultrasonography. Since 

Optison contains plenty of microspheres in suspension, it lowers the threshold of 

cavitation.(195, 196) Based on its characteristics and the biophysical effects of 

ultrasound, there have been frequent attempts to cause cancer cell apoptosis and 

lysis using ultrasound exposure and microbubble destruction. (108, 116, 118) 

In low pressure ultrasound fields, microbubbles linearly oscillate, changing shape 

and size in a manner that is inversely proportional to the ultrasound pressure amplitude; 

however, microbubbles oscillate non-linearly in high pressure ultrasound fields which 

may lead to complete fragmentation.(49-51) Microbubble destruction mechanisms also 

depend on a type of microbubble shells. Lipid or albumin shelled microbubbles 

oscillate linearly at lower intensities and finally undergo complete destruction as 

a result of non-linear oscillation at higher intensities ultrasound field. However, 

polymer shelled microbubbles do not oscillate at lower intensities ultrasound but 

rather undergo complete destruction all of a sudden at higher intensities (Fig. 

4.1).  

The induction of microbubble destruction by ultrasound is of interest 

therapeutically since the fragmented microbubbles serve as cavitation nuclei (Fig. 4.2), 

which can be used to induce tumor cell death via apoptosis and necrosis.(116, 118, 197) 

Mechanical shock waves produced by ultrasound mediated microbubble destruction 

(UMMD) have been also been utilized for anti-cancer drug delivery into vascularized 

tumor. Studies have shown that the growth of tumor was significantly suppressed by 

UMMD treatment and UMMD transiently increased membrane permeability resulting in 

increased anti-cancer drug uptake.(49, 112-115) However, treatment of tumors by 
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UMMD has had limited success since intravenously administered microbubbles have 

shown results only in vascularized tumors.(125)  

Chondrosarcoma, as a well-known type of avascular tumors, can be 

formed by cells producing cartilage which could be derived from abnormal 

transformation of mesenchymal stem cells. Primary chondrosarcoma arises de 

novo whereas secondary chondrosarcoma is derived from malignant 

transformation of benign cartilage-like neoplasms.(198, 199) Chondrosarcoma is 

more prevalent in adults than younger people and can develop anywhere in the 

skeleton.(200) Low-grade chondrosarcoma grow slowly over several years 

asymptomatically, while high-grade chondrosarcoma progress aggressively 

resulting in pain and disability.(201-203) Therapeutic options are limited to 

surgical excision since chondrosarcoma is chemo- and radio- resistant as it is 

avascular. However, surgical excision with wide margins often results in 

extensive collateral damage to normal tissue.(11, 201, 202, 204-207) 

Therefore, it was hypothesized that UMMD has the potential to treat tumors 

regardless of vascularization by the direct intratumoral delivery of lethal shock waves 

with or without sustained anti-cancer drug release. Due to the limited availability of 

avascular tumor samples this hypothesis was tested using in vitro model of articular 

cartilage and chondrocyte pellet cultures, which are similar to chondrosarcoma in matrix 

composition.(200, 208, 209) The hypothesis was also tested in vivo in melanoma tumor 

bearing mice. 
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4.2 Specific aims and hypotheses 

 Developing non-surgical or minimally invasive methods to ablate or shrink 

surgically inaccessible tumor tissue would have great value for patients. A number of 

studies have shown that microbubble mediated ultrasound therapy has the 

potential to suppress tumors by transiently enhancing anti-cancer drug delivery 

through intravascular injection; however, this method requires that tumors are 

well vascularized. For this reason, direct intratumoral delivery of lethal shock 

waves or controlled release of anti-cancer drugs has been investigated using 

microbubble mediated ultrasound therapy in this study with specific aims and 

hypotheses as follows.  

Specific Aim 1: Determine the effects of low intensity ultrasound mediated 
Optison microbubble destruction on a suppression of tumor 
growth.  

Hypothesis 1: Ultrasound mediated Optison microbubble destruction 
produces shock waves that are lethal by rupturing adjacent 
cell membrane. 

Hypothesis 2: Intratumoral delivery of lethal shock waves by Optison 
microbubble mediated ultrasound therapy has a potential 
for an in vivo tumor suppressive effect. 

Specific Aim 2: Determine the effects of low intensity ultrasound mediated 
PLGA microbubble destruction on controlled drugs or lethal 
shock waves release. 

Hypothesis 1: Ultrasound mediated PLGA microbubble destruction 
produces shock waves that are lethal by rupturing 
adjacent cell membrane. 

Hypothesis 2: Release of doxorubicin loaded in PLGA microbubbles can 
be controlled by low intensity ultrasound therapy. 
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4.3 Material and methods 

4.3.1 Cells, cells in pellets cultures and osteochondral explants preparation 

 Osteochondral explants, 2.5 x 2.5 cm2, were prepared from mature bovine stifle 

joints including the central loaded area from the tibial plateau and gently rinsed using 

Hank’s balanced salt solution (HBSS) (Invitrogen Life Technologies, Carlsbad, CA, 

USA). The explants were then cultured for 2 days in 45% Dulbecco’s modified eagle 

medium (DMEM) and Ham’s F-12 (F-12) supplemented with 10% fetal bovine serum 

(FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL amphotericin B at 

37oC, 5% CO2 and O2. To generate superficial specific chondrogenic progenitor cells, 

approximately 0.5-mm-deep scratches were created in the cartilage using a 22-guage 

needle and cultured for 7 to 10 days as previously described.(31) 

 Bovine chondrocytes (BCs) were isolated from cartilage tissues harvested from 

femoral condyle joints by treatment with 0.4% protease and 0.25% collagenase (Sigma-

Aldrich, Rochester, NY, USA) dissolved in culture medium. Grade II human 

chondrosarcoma cells (hCSCs) were donated from the University of Iowa Hospitals and 

Clinics and cultured in 40% DMEM and MEM-α supplemented with 10% F-12, 10% 

FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2.5 µg/ml amphotericin B, 4 mg/mL 

insulin, 25 mg/mL ascorbate, and 20 µg/ml hydrocortisone at 37oC, 5% CO2 and O2. 

Malignant melanoma cell line, B16F10, (B16) was purchased (ATCC, Manassas, VA, 

USA) and cultured in 90% DMEM supplemented with 10% FBS, 2mM GlutaMAX-1, 

10mM HEPES, 50ng/mL Gentamycin and 1mM sodium pyruvate at 37oC, 5% CO2 

and O2. Bovine chondrocyte pellets were prepared with 1.5 x 106 cells by centrifuging at 

500g for 5 minutes at room temperature and cultured under the same culture condition.  
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4.3.2 Microbubbles preparation 

 Albumin-shelled commercially available ultrasound contrast agents were 

purchased (Optison®, GE healthcare, Princeton, NJ, USA) and polymer-shelled 

poly(lactic-co-glycolic acid) (PLGA) microbubbles were prepared using the double 

emulsion solvent evaporation method with or without doxorubicin hydrochloride (Sigma-

Aldrich, St. Louis, MO, USA).   

4.3.3 Low intensity ultrasound therapy system 

 Versatile sweep function generator (BK Precision, Yorba Linda, CA, USA) was 

used to modulate sinusoidal continuous and pulsed (burst rate: 1 kHz) waveforms. Input 

pulses with various duty cycles at 0, 1, 10, 30, 50 and 100% were tested by adjusting 

number of cycles per each burst: 0% and 100% duty cycles were equivalent to non-

ultrasound control and continuous ultrasound respectively. The pulses were amplified 

using a radio frequency power amplifier (Electronic Navigation Industries Inc., Rochester, 

NY, USA) and transferred to customized 1 MHz non-focused water-immersible 

ultrasonic transducer (Ultrasonic S-Lab, Concord, CA, USA). The output power was 

evaluated by radiation force balance and calculated ultrasound intensity was assumed as 

spatial averaged and temporal averaged (SATA).(156-158)  

4.3.4 Cytotoxicity test of microbubble mediated ultrasound therapy 

 Cell suspension, either BCs, hCSCs or B16, was prepared in culture medium (0.2 

x 106 cells/mL) containing 10% (v/v) Optison microbubbles or 1% (w/v) PLGA 

microbubbles and was exposed to low intensity ultrasound for 10 seconds (Fig. 4.6A). 

Osteochondral explants were sealed in non-porous polystyrene plastic bag with culture 

medium containing 10% Optison microbubbles and were exposed to low intensity 
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continuous ultrasound. Control explants were treated the same way but without 

ultrasound exposure (Fig. 4.6B). BCs in pellet cultures were suspended in 50 µL of 100% 

microbubbles (Optison®) and were exposed to low intensity ultrasound for 10 seconds 

with 10 times repetitions. Control groups were treated the same way but without 

ultrasound exposure. To examine the effects of UMMD on the release of lactate 

dehydrogenase (LDH) in BC pellets, the pellets after UMMD treatment were incubated 

overnight in 500 µL of culture medium and LDH release was evaluated using LDH 

Cytotoxicity Assay kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) by following 

manufacturer’s instruction. The levels of LDH release were normalized by the contents of 

DNA in BC pellets and DNA contents were measured using Quant-iT PicoGreen dsDNA 

Assay Kit (Invitrogen Life Technologies) and a SpectraMax M5 multi-detection 

microplate reader (Molecular Devices Inc., Sunnyvale, CA, USA). All the groups were 

then normalized by the non-microbubbles control group. 

4.3.5 Cell viability evaluation 

 After UMMD treatments BCs, hCSCs or B16 were stained with 1µM Calcein-

AM, a live cell indicator, and 1µM ethidium homodimer-2 (EthD-2), a dead cell indicator 

(Invitrogen Life Technologies), and living and dead cells were counted using a 

hematocytometer with fluorescence microscope (BX60, Olympus, Center Valley, PA, 

USA). Osteochondral explants was stained with 1µM Calcein-AM/EthD-2 and then 

scanned to an average depth of 200 µm at 20 µm intervals with a confocal laser scanning 

microscope (Fluoview 1000, Olympus). A percentage of cell viability was calculated as 

[(living cells)/(living + dead cells)] x100 [%]. Z-axis projections of confocal scanned 

images were stacked using ImageJ (rsb.info.nih.gov/ij) and cartilage zone-specific cell 
 

 



89 

 

viability in explants was evaluated using a customized automatic cell counting program. 

Immediately after low intensity ultrasound exposure, BCs in pellet cultures were stained 

with 1µM Calcein-AM/EthD-2 and then scanned with a confocal laser scanning 

microscope (Fluoview 1000, Olympus). Z-axis projections of confocal scanned images 

were stacked using ImageJ (rsb.info.nih.gov/ij). 

4.3.6 Histology 

 Tissues were processed for paraffin histology and were sectioned at 5µm. 

Sections were stained with safranin-O/ hematoxylin (to reveal matrix proteoglycans and 

chondrocytes respectively) as previously described.(210) 

4.3.7 Confirmation of microbubble destruction by low intensity ultrasound 

therapy 

Two hundred milliliter of culture medium containing 10% (v/v) Optison 

microbubbles without cells was suspended in polypropylene tubes and exposed to 

ultrasound with various duty cycles at 0, 1, 10, 30, 50 and 100% for 10 seconds. 

Immediately after ultrasound exposure, the number of microbubbles in suspension was 

counted using a hematocytometer. 

4.3.8 Morphology of PLGA microbubbles 

 Before and after UMMD treatments, morphology of PLGA microbubbles were 

examined using a scanning electron microscopy (Hitachi S-4800, Hitachi High 

Technologies America, Inc., Schaumburg, IL, USA).  

4.3.9 Statistical analysis 

Cell viability among tested groups was compared with the statistical analysis 

software package SPSS (IBM, Armonk, NY, USA). One-way analysis of variance 
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(ANOVA) with the Tukey post hoc test was conducted to test all possible pairwise 

comparisons. The level of significance was set at p < 0.05.  

4.4 Results 

4.4.1 The mechanisms of ultrasound mediated microbubble destruction 

 Ultrasound power was evaluated using a radiation force balance technique. 

As expected the duty cycle was correlated with output ultrasound power. The 

number of imploded Optison microbubbles in the ultrasound field was 

significantly enhanced by increasing ultrasound power. In this study, we 

confirmed that sufficiently higher intensity ultrasound therapy imploded both 

Optison ad PLGA microbubbles and lethal shock waves were released by 

rupturing adjacent cell membranes (Fig. 4.3).  

4.4.2 Preparation of microbubbles and ultrasound therapy system setup. 

 Two types of microbubbles, either albumin or PLGA shelled, were tested 

for whether lethal shock waves are released during destruction in response to 

ultrasound exposure. Optison microbubbles were purchased (Fig. 4.4) and PLGA 

microbubbles were synthesized using a double emulsion solvent evaporation 

method (Fig. 4.5).(211) 

 To confirm whether microbubbles undergo complete destruction and 

release lethal shock waves in response to low intensity ultrasound, cells in 

suspension (0.5 x 106/mL) containing either 10% Optison microbubbles (v/v) or 

1% PLGA microbubbles (w/v) were prepared using a eppendorf tube and 

immediately exposed to ultrasound for approximately 10 seconds (Fig. 4.6A). A 

same experimental setup was configured for osteochondral explants with the 
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culture medium containing 10% Optison microbubbles (v/v) to investigate 

whether released lethal shock waves affect soft tissue cells (Fig. 4.6B). 

4.4.3 Cytotoxicity of ultrasound mediated Optison microbubble destruction 

 A viability of cells, BCs, hCSCs and B16, in suspension containing 10% Optison 

microbubbles was over 95% without exposure to low intensity ultrasound exposure, and 

remained the same with a 0.5% duty cycle of ultrasound exposure (n=3-9). However, 

viability gradually declined in a manner that was inversely proportional to the pulse duty 

cycle: viability was around 75% at 5% duty cycle (n=3-6), 70% at 10% duty cycle (n=3), 

60% at 30% duty cycle (n=3), 20% at 50% duty cycle (n=3), and 30% when exposed to 

100% duty cycle (n=3-5). There were no statistically significant differences between 

hCSC and BC viability at any of the duty cycles tested (Fig. 4.7 A and B) confirming that 

BCs or any type of cells are an appropriate surrogate for studying UMMD effects since 

there was no difference in sensitivity to UMMD. 

Treatment with 2 mM N-acetylcysteine (NAC), a free radical scavenger, in the 

suspension containing 10% microbubbles had no effect with respect to hCSC death. 

Viability immediately after ultrasound exposure was around 95% at 0% duty cycle (n=9), 

70% at 10% duty cycle (n=3) and 25% at 50% duty cycle (n=3) respectively for both 

hCSC groups with or without NAC treatment (Fig. 4.8A). After 6 hours, overall cell 

viability declined compared to immediately after UMMD. Ultrasound exposure alone, 

without microbubbles and NAC, did not contribute to cell death; the viability was around 

80 to 90% irrespective of all tested duty cycles (n=3). hCSC viability was not affected by 

NAC treatment and UMMD and the viability pattern was similar compared to the 

viability immediately after UMMD; viability was around 80% at 0 (n=3) and 1% duty 
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cycle (n=3), 50% at 10% duty cycle (n=3), around 20% at 30 (n=3), 50 and 100% duty 

cycle (n=3) (Fig. 4.8B). 

4.4.4 Demonstration of Optison microbubble destruction by ultrasound therapy 

The number of microbubbles remaining after ultrasound exposure was evaluated 

using a hematocytometer. The results showed that the number of microbubbles remaining 

was inversely proportional to the ultrasound duty cycle (Fig. 4.9A, B and C). When 

compared to the untreated control group (n=8) (0% duty cycle), 60% of microbubbles 

remained after exposure to a 1% duty cycle (n=9), 40% of microbubbles remained after 

exposure to a 5% duty cycle (n=6), and cell viability gradually declined from 40 to 20% 

between 5 and 100% duty cycle (n=4-10) (Fig. 4.9D). Radiation force balance 

measurements revealed that ultrasound intensity, or power, increased with increased 

pulse duty cycle. Spatially and temporally averaged intensity of ultrasound was 

equivalent to 26.8 mW/cm2 at 10% duty cycle, 144 mW/cm2 at 50 %, and 267 mW/cm2 

at 100% duty cycle (Fig. 4.9E). 

4.4.5 The cytotoxicity of ultrasound mediated Optison microbubble destruction 

on cells in pellet cultures 

In the absence of microbubbles, ultrasound exposure at 100% duty cycle did little 

damage to BCs in pellet cultures (Fig. 4.10B and G) compared to the control group (Fig. 

4.10A and F). Microbubbles alone without ultrasound exposure had no significant effect 

on viability (Fig. 4.10C and H) compared to other groups without microbubbles. 

Ultrasound exposure at 50% duty cycle significantly enhanced cell death (Fig. 4.10D and 

I) and almost all cells were killed after ultrasound exposure at 100% duty cycle (Fig. 

4.10E and J). 
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4.4.6 Histologic similarity of extracellular matrix of chondrosarcoma, bovine 

articular cartilage and bovine chondrocytes in pellet culture 

 Safranin-O histology shows similar proteoglycan densities in the extracellular 

matrix of chondrosarcoma, bovine articular cartilage and bovine chondrocytes in pellet 

culture (Fig. 4.11). 

4.4.7 LDH release in cells in pellet cultures 

The cytotoxicity of ultrasound exposure in combination with or without Optison 

microbubbles was determined by lactate dehydrogenase (LDH) release, which was 

normalized to the DNA content of the pellet cultures. All groups were normalized to the 

control group without Optison microbubbles. Statistical analysis revealed that ultrasound 

exposure significantly increased LDH release from cell pellets in both groups irrespective 

of Optison microbubbles. Control groups, with or without Optison microbubbles, showed 

no difference from each other (Fig. 4.12). 

 4.4.8 The cytotoxicity of ultrasound mediated Optison microbubble destruction 

in articular cartilage 

 Fibroblast-like chondrogenic progenitor cells (CPCs), which respond to cartilage 

injury, were seen on cartilage surfaces after 7 to 10 days post-injury. Immediately after 

UMMD treatments, most of CPCs was disappeared in cartilage (n=2) (Fig. 4.13C and D, 

G and H with higher magnification respectively). Yet, the numbers of CPCs remained 

unchanged in the control group (n=2) (Fig. 4.13A and B, E and F with higher 

magnification respectively). 

To examine the depth-dependent cytotoxicity of UMMD in articular cartilage, 

osteochondral explants were sealed in a non-porous polystyrene plastic bag filled with 
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culture medium containing 10% Optison microbubbles and low intensity continuous 

ultrasound therapy was immediately applied. A sham control group was treated the same 

way but without ultrasound exposure. Confocal microscopy showed abundant dead cells 

in cartilage treated with UMMD (n=2) (Fig. 4.14B) whereas there was very little cell 

death in the control group (n=2) (Fig. 4.14A). Zonal analysis of cell viability revealed 

that cell death was most significant in the superficial zone and diminished through the 

deep zone of cartilage; however, cell viability in the control group remained around 100% 

in superficial and deep zones in cartilage (Fig. 4.14C). 

4.4.9 Ultrasound mediated PLGA microbubble destruction 

 In the absence of 1% (w/v) PLGA microbubbles, no noticeable cell death was 

found in response to ultrasound exposure; cell viability remained around 95% (n=3-5). 

However, cell viability rapidly declined to 40% in the presence of PLGA microbubbles 

after exposure to a 50% duty cycle of ultrasound and further declined to around 2% with 

100% duty cycle. These data confirmed that PLGA microbubbles, similarly to Optison 

microbubbles, also undergo complete destruction by releasing lethal shock waves in 

response to ultrasound exposure.  

4.4.10 Morphology of PLGA microbubbles in response to low intensity 

ultrasound therapy 

 Scanning electron microscopy (SEM) was performed to examine the 

morphology of PLGA microbubbles in response to ultrasound exposure. The 

SEM images showed intact and smooth surfaces in non-treated control PLGA 

microbubble groups, but ultrasound exposure created cracks and holes in the 

surface of PLGA microbubbles (Fig. 4.16).  
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4.4.11 Doxorubicin cytotoxicity test 

 To examine to the cytotoxicity of doxorubicin, a lethal dose at 50% (LD50) 

of doxorubicin with B16 melanoma cancer cells was evaluated. The results 

showed that dose-dependent cytotoxicity of doxorubicin in monolayer cultured 

B16 cells for 24 hours. LD50 was determined as 0.29 µg/mL (Fig. 4.17). 

4.4.12 Controlled release of doxorubicin in PLGA by low intensity ultrasound 

therapy 

 To determine the relationship between low intensity ultrasound therapy 

and doxorubicin release through PLGA microbubble degradation, the amount of 

doxorubicin released was examined. The results revealed that UMMD treatments 

increased the release rate of doxorubicin showing ultrasound duty cycle-

dependent kinetics (Fig. 4.18).  

4.4.13 In vivo tumor suppressive effects of microbubble mediated low intensity 

ultrasound therapy 

 Melanoma tumors became noticeable in mice approximately 7 days after 

subcutaneous melanoma cancer cells injection. Optison microbubbles were 

intratumorally injected and low intensity ultrasound therapy was immediately 

followed through a coupling gel (Fig. 4.19). The control groups received same 

amount of PBS instead of microbubbles. Tumor volume was measured every day 

using a digital caliper and mice were euthanized when the tumor reached 20 mm 

in width or length and 10 mm in height. In PBS treated control mice showed that 

melanoma tumors become noticeable through the flank in mice at day 7 and the 

tumor started growing exponentially. Lethal shock waves produced by ultrasound 
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mediated Optison microbubble destruction were delivered to the tumor on day 7, 

8, 9, 11 and 13 and the growth of melanoma tumors was significantly suppressed 

until at day 20 (Fig. 4.20). The actual size of the melanoma tumors was 

compared after euthanizing the mice and the results confirmed the measurements 

by a digital caliper (Fig. 4.21).  

4.5 Discussion and conclusions 

Over the past few decades, the use of gas-filled microbubbles has been extended 

from imaging contrast agents in diagnostic ultrasonography to a localized anti-cancer 

drug delivery vehicle for the treatment of in vivo cancer cells or tumors.(212, 213) The 

mechanical behavior of the microbubbles in the field of ultrasound is exceptionally 

dynamic. Under the lower peak negative ultrasound pressure, microbubbles stably 

oscillate, changing in size and shape and possibly producing microstreaming adjacent to 

cells. However, at higher peak negative ultrasound pressures microbubbles oscillate non-

linearly, which can result in their destruction. Fragmented microbubbles are likely to 

contribute to the formation of inertial cavitation that produces mechanical shock waves, 

elevated temperature, and free radical formation.(102, 118, 213) Collapsing microbubbles 

may trigger intracellular signaling, sonoporation, apoptosis or instant cell necrosis.(110, 

214) Therefore, the effects of low intensity ultrasound therapy mediated microbubble 

destruction on the treatment of tumors were investigated regardless of tumor 

vascularization.  

Lejbkowicz et al. demonstrated that malignant cells are more sensitive to 

ultrasonic irradiation than normal cells.(215) For this reason, the sensitivity of normal 

and malignant cells to ultrasonic irradiation was first examined using bovine 
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chondrocytes (BCs) and human chondrosarcoma cells (hCSCs) in suspension containing 

10% Optison microbubbles. However, the results revealed no differences in sensitivity 

between BCs and hCSCs to UMMD with Optison microbubbles. The basis of this 

inconsistency with previous observations remains unclear; however, it may indicate that 

the mechanical shock waves produced by collapsing microbubbles were strong enough to 

physically rupture cell membranes. 

Immediately after the exposure of Optison microbubble mediated low intensity 

ultrasound therapy with 100% duty cycle for 10 seconds, cell viability in suspension was 

around 30%. This was not different to the results after 10 minutes exposure (data not 

shown). This strongly suggests that the destruction of microbubbles takes place 

immediately under the ultrasound field and cellular necrosis also happened within a few 

seconds. Cell viability gradually declined under UMMD when the duty cycle increased 

suggesting that the more lethal mechanical shock waves were produced adjacent to cells 

by increased microbubble destruction in the stronger ultrasound field. This trend is 

somewhat similar to previous findings that cell viability was reduced by increasing 

ultrasound intensity: 100% at 0 W/cm2, 80% at 1 W/cm2, 60% at 2 W/cm2 and 40% at 4 

W/cm2 in the presence of microbubbles. However, in this study we confirmed that even 

lower ultrasound intensity below 50 mW/cm2 also resulted in significant cell.(118) This 

difference might be attributable to different microbubble concentrations, ultrasound setup, 

or duration of ultrasound exposure.  

Analysis of the number of Optison microbubbles remaining after ultrasound 

exposure showed that the amount of microbubble destruction was dependent on duty 

cycle or ultrasound power. Since intensity of ultrasound was evaluated by radiation force 
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balance, specific ultrasonic pressure profiles or a mechanical index are not available. 

However, there was an obvious linear relationship between the duty cycle and ultrasound 

power. The data agree with previous findings that higher intensity ultrasound killed more 

cells in the presence of microbubbles. This suggests that the lethal shock waves produced 

by UMMD play a critical role in ultrasound power-dependent cell death.(118)  

Antioxidants including N-acetylcysteine (NAC), superoxide dismutase and 

vitamin E have been shown to prevent mechanical stress-associated chondrocyte death, 

indicating reactive oxygen species play a role in chondrocyte death.(30, 216, 217) Recent 

evidence also confirms that treatment with NAC prevented oxidative stress can induce 

cellular apoptosis.(30, 218, 219) Thus, cell death pathways were examined weather it was 

through mechanical stress involved apoptosis or direct cell necrosis by adding NAC 

during UMMD treatments, even though it has been previously suggested that cellular 

death is associated with both instant necrosis and apoptosis.(116-118) In this study, no 

NAC effect on cell viability was observed either immediately after or 6 hours after 

UMMD. Although apoptotic activity beyond 6 hours is possible, we presume that in this 

experimental setup necrosis was the principle mechanism of cellular death.  

Previously superficial zone specific chondrogenic progenitor cells (CPCs) have 

been observed in response to cartilage injury.(31) It has been reasoned that UMMD could 

be used to selectively kill cells behaving similarly to CPCs as if migrating metastatic 

cancer cells on the surfaces of tumors. The confocal microscopy results revealed that the 

CPCs disappeared after UMMD, and zonal cell viability analysis confirmed that the 

lethal effect of UMMD diminished rapidly below the cartilage surface. This may indicate 

that the most of the shock wave energy was absorbed by extracellular matrix, resulting in 
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protection of chondrocytes in deeper zone of cartilage. Alternatively, microbubble 

penetration may have been limited to the superficial zone. Given the similarities in matrix 

composition between cartilage and chondrosarcoma these results indicate that a similar 

depth limitation is likely to be encountered when treating tumors. Thus, multiple UMMD 

exposures may be necessary to radically shrink large tumor masses.  

To assess the potential of UMMD for the treatment of tumors in vivo, the 

cytotoxicity of UMMD with 100% Optison suspension on BCs in pellet cultures was 

evaluated. Ultrasound exposure was applied using a contact-type transducer with 

coupling gel into cell pellets. The results revealed that cell death was again duty cycle-

dependent and a 100% duty cycle with microbubbles killed almost all cells. A lactate 

dehydrogenase (LDH) assay was performed to confirm the cytotoxicity of UMMD on BC 

pellets. Analysis of LDH release by cells showed somewhat inconsistent when it was 

compared to confocal microscopy results. Ultrasound alone considerably increased LDH 

release into culture media and the amount released was similar in the presence or absence 

of microbubbles. The reason why ultrasound alone without microbubbles enhanced LDH 

release remains unclear; however, it could be that cavitation produced by ultrasound 

resulted in transient increases in cellular membrane permeability that were not lethal.(220) 

We expected LDH release from cells with ultrasound exposure in the presence of 

microbubbles to be a lot greater than we observed. This may be due to the fact that most 

of the released LDH was flushed out during 10 times ultrasound exposure by replacing 

microbubbles and there were the few cells to release LDH into the culture media as 

almost all cells were dead already. 
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Characteristics of polymer shelled PLGA microbubbles with respect to their 

destruction, degradation and drug releases in response to low intensity ultrasound therapy 

were evaluates. The use of PLGA microbubbles would have more advantages over 

Optison microbubbles as drugs could be securely loaded and its release could be 

controlled by ultrasound exposure. To confirm that PLGA microbubbles undergo 

complete destruction and release lethal shock waves similarly to Optison microbubbles in 

response to low intensity ultrasound therapy, cytotoxicity of ultrasound mediated PLGA 

microbubble destruction on B16 cells in suspension was evaluated. The results showed 

that PLGA microbubbles also underwent complete destruction and released lethal shock 

waves in response to ultrasound exposure leading to B16 cell death. Morphology of 

PLGA microbubbles was examined using a scanning electron microscopy (SEM) and a 

number of cracks and holes in the surface of PLGA microbubbles were found in the 

ultrasound exposed group but not in the control group suggesting that some of the PLGA 

microbubbles underwent complete destruction and the rest of the PLGA microbubbles 

were in the transition to destruction as supporting previous study.(49) Since the PLGA 

microbubbles were imploded and were degraded by ultrasound exposure, it was 

reasonable to hypothesize that the release kinetics of drugs loaded in PLGA microbubbles 

show ultrasound power-dependent. To test this hypothesis, doxorubicin, an anti-cancer 

drug, was loaded in PLGA microbubbles and suspended in PBS. And power-dependent 

ultrasound was exposed and the concentration of doxorubicin in PBS was evaluated. The 

results indicated that the doxorubicin release rate depended on duty cycle suggesting 

stronger ultrasound energy resulted in more doxorubicin release by accelerating PLGA 

microbubbles degradation. It would have great potential for the treatment of tumors if 
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tumors are treated by lethal shock waves, then followed by sustained release of 

doxorubicin. 

Due to the limited availability of avascular tumor model we evaluated the anti-

cancer effects of UMMD on mice bearing melanoma tumors. In first batch of 

experiments, lethal shock waves were directly delivered into melanoma tumors at day 11 

and the tumor growth was temporarily suppressed for 3 days when it was compared to 

PBS injected control mice. However, the tumor was relapsed back to grow and additional 

lethal shock waves deliveries at day 14 and 16 were no longer effective. This result may 

indicate that the tumor suppressive effect by lethal shock waves was more effective in 

gradual tumor growth phase than exponential phase where cytotoxicity of UMMD was 

not able to overwhelm the tumors in exponential growth phase. For this reason, we tested 

the effect of more intensive UMMD treatment on the tumor growth starting earlier at day 

7 with 2 fold higher concentrated Optison microbubble concentration. Intensive UMMD 

treatment was performed at day 7, 8, 9, 11 and 13 and the results showed that the tumor 

growth was suppressed until day 19 or 20 while PBS injected control group had no effect 

on tumor growth. Mice in each group were euthanized at day 15 and actual melanoma 

tumors were harvested to compare their actual size. The results confirmed that the actual 

melanoma size in the mouse treated with UMMD was strikingly smaller than the one 

treated with PBS. However, the tumors were relapsed back to grow in the end. This may 

indicate that UMMD treatments killed most of cells in tumor but failed to kill all cells 

completely resulting in the tumors relapsing back to grow in the end. Provided that the 

tumors are treated with lethal shock waves followed by sustained release of anti-cancer 

drugs, there might have much stronger tumor suppressive effects.  
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There have been extensive attempts to use UMMD for drug delivery and its 

effect has proven to be promising. However, this method is successful only when tumors 

are vascularized, which are not the case with many avascular tumors, such as 

chondrosarcomas.(112, 113, 115, 221-223) In conclusion, tumors regardless of tumor 

types, vascularization and surgical accessibility can be treated with minimal- or non–

invasive intratumoral lethal shock waves delivery by microbubble mediated low intensity 

ultrasound therapy. 
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Figure 4.1 The shell-type dependent destructive mechanisms of microbubbles 
in response to ultrasound. Lipid shelled microbubbles undergo linear 
oscillation in a lower intensity of ultrasound and complete destruction in a higher 
intensity of ultrasound. However, polymer shelled microbubbles do not undergo 
linear oscillation in a lower intensity of ultrasound but undergo complete 
destruction all of a sudden in a higher ultrasound intensity.(49) 
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Figure 4.2 Enhanced cavitation effects by ultrasound mediated microbubble 
destruction. Microbubble destruction was in close correlation with the duration 
of ultrasound exposure which results in cell death suggesting that fragments as a 
result of microbubble destruction may serve as cavitation nuclei for cavitational 
effects.(117) 
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Figure 4.3 Schematic illustration of lethal shock waves release by ultrasound 
mediated microbubble destruction. The number of pulses in each burst, or duty cycle, 
is linearly proportional to ultrasound power which has close correlation with microbubble 
destruction. The lethal shock waves are released from imploding microbubbles which 
lead to rupture cytoplasmic membrane. 
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Figure 4.4 Commercially available ultrasound contrast agents, Optison. 
Optison microbubbles are diagnostic agents intended for contrast enhancement 
during ultrasonography which made of human albumin with infusion of 
octafluoropropane (C3F8) with molecular weight of 188.02 g/mol. 
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Figure 4.5 Morphology of synthesized PLGA shelled microbubbles. PLGA 
shelled microbubbles were synthesized using a double emulsion solvent 
evaporation method and size dependent separation was performed by rotation 
speed dependent centrifugation. Scanning electron microscopy shows that PLGA 
microbubble has smooth intact surface with distinct size distribution. 
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Figure 4.6 Configuration of ultrasound exposure for in vitro cytotoxicity test 
of UMMD. Versatile function generator is used to produce various duty cycle adjusted 
waveforms either continuous or pulsed waves. Radio frequency power amplifier 
amplifies waves from function generator and ultrasonic transducer converts the electric 
pulses to mechanical ultrasounds. 
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Figure 4.7 The in vitro cytotoxicity of UMMD in suspension. Cell viability of BCs 
and hCSCs in suspension containing 10% Optison microbubbles was dependent on duty 
cycle of ultrasound. Cell viability was declined with increasing duty cycle of ultrasound 
and there was no different effect of UMMD on both BC and hCSC viability (A and B). 
Asterisk represents statistical significance (*p< 0.05, **p<0.01 and ***p<0.001) and 
error bars represent sample variations (n=3-9). 
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Figure 4.8 The effects of NAC treatments on cytotoxicity of UMMD in 
suspension. When applied immediately after UMMD, 2mM NAC had no effect on cell 
viability (n=3-9) (A). Six hours after UMMD, no significant cell viability difference was 
observed between NAC untreated and treated group. Also, ultrasound itself did not 
contribute to cell death (n=3) (B). Statistical significance was set at p < 0.05 
(***p<0.001, ###p<0.001) and error bars represent sample variations. 
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Figure 4.9 The analysis of remaining microbubbles after UMMD. The effect of 
ultrasound on Optison microbubbles was assessed using a hematocytometer. The results 
showed that the number of intact Optison microbubbles declined with increasing duty 
cycle of ultrasound (A, B and C). Normalized percentage of remained Optison 
microbubbles revealed that 60% of Optison microbubbles were left at 1% duty cycle of 
ultrasound and became decreased from 40% to 20% at above 5% duty cycles of 
ultrasound (D). Ultrasound intensity was evaluated and confirmed that linear relationship 
between intensity and percentage of duty cycles (n=4-10) (E). Bars = 100 µm. 
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Figure 4.10 The effects of UMMD on cell death in chondrocyte pellets. Z-axis 
stacked confocal microscopic images showing dead cells (red) and composite images 
with live cells (green) in full thickness of chondrocyte pellets. In the absence of Optison 
microbubbles, a few dead cells were observed after ultrasound exposure; however, most 
of cells were alive for both groups (A and F: without ultrasound, B and G: with 
ultrasound). In the presence of Optison microbubbles, dead cells increased with 50% duty 
cycle and was further enhanced with 100% duty cycle (C and H: without ultrasound, D 
and I: 50% duty cycle, E and J: 100% duty cycle). Bars = 500 µm. 
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Figure 4.11 Histologic similarities between chondrosarcoma, articular cartilage, 
and BCs in pellet cultures. Paraffin sections of a chondrosarcoma (A), bovine articular 
cartilage (B), and bovine chondrocyte pellet culture (C) were stained with safranin-O 
(Red) to reveal matrix proteoglycans. The similar intensity of the stain indicates similar 
proteoglycan density. Bars = 100 µm. 
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Figure 4.12 The effects of UMMD on LDH release in chondrocyte pellets. Released 
LDH was measured in culture media post 24 hours of UMMD. All groups were 
normalized to control (ultrasound in the absence of Optison microbubbles). Optison 
microbubbles alone did not contribute to LDH release; however, ultrasound exposure 
significantly enhanced LDH release in both the presence and absence of Optison 
microbubbles. Statistical significance was set at p < 0.05 (**p<0.01, ***p<0.001) and 
error bars represent sample variations (n=6). 
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Figure 4.13 The effects of UMMD on surface migrating chondrogenic progenitor 
cell death. After 7 to 10 days of cartilage injury, elongated chondrogenic progenitor cells 
were emerged and these cells morphologically differ from bovine chondrocytes which are 
round in shape. In control group, the numbers of elongated, fibroblast-like progenitor 
cells remained same before and after SHAM-operation without ultrasound exposure (A 
and B: before and after, E and F: higher magnification of A and B respectively). However, 
ultrasound exposure treated group with microbubbles, the progenitor cells disappeared 
after UMMD (C and D: before and after, G and H: higher magnification of C and D 
respectively) (n=2). Bars = 300 µm in A, B, C and D. Bars = 100 µm in E, F, G and H. 
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Figure 4.14 The effects of UMMD on chondrocyte death in zonal dependent 
articular cartilage. Z-axis stacked confocal microscopic images showing live cells 
(green) and dead cells (red) in full thickness cartilage defects. No considerable cell death 
was observed in control group without ultrasound exposure (A); however, significantly 
enhanced cell death was observed in cartilage after ultrasound mediated Optison 
microbubble destruction (B). Zonal analysis of cell viability revealed that the cell death 
was the most significant in superficial zone and it became reduced in deeper zone in 
cartilage (n=2) (C). Bars = 300 µm. 
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Figure 4.15 The in vitro cytotoxicity of ultrasound mediated PLGA 
microbubble destruction in suspension. Cell viability was similar to ultrasound 
mediated Optison microbubble destruction that cell death was gradually 
increased when duty cycles are increased. In the absence of PLGA microbubbles 
there were no considerable cell death with or without ultrasound exposure. 
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Figure 4.16 The morphology of PLGA microbubbles after ultrasound 
therapy. (A) Morphology of untreated PLGA microbubbles showing intact and 
smooth surfaces. (C) Higher magnification PLGA microbubbles without 
ultrasound exposure. (B) Morphology of ultrasound exposed PLGA microbubbles 
showing degradation or cracking in the surface. (D) Higher magnification of 
PLGA microbubbles in response to ultrasound exposure. 
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Figure 4.17 The cytotoxicity of doxorubicin after 24 hours in monolayer 
cultured B16 melanoma cells. (A) Standard curve representing observance 
density is linearly correlated with the number of cells. (B) Cell viability was 
gradually reduced with increased doxorubicin concentration and the lethal death 
at 50% was 0.29 µg/mL. 
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Figure 4.18 The accelerated doxorubicin release in PLGA microbubbles in 
response to ultrasound therapy. Doxorubicin release was increased by 
ultrasound exposure and the enhancement showed in kinetics of ultrasound duty 
cycles. 
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Figure 4.19 The in vivo procedures of microbubble mediated ultrasound 
therapy with mice bearing melanoma tumors. (A) After 7 days of B16 
melanoma cancer cell injection, microbubbles were intratumorally injected. (B) 
After microbubbles injection, ultrasound exposure was immediately followed 
through coupling gel. 
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Figure 4.20 The effects of UMMD treatment on in vivo tumor suppression in 
mice bearing melanoma tumors. (A) PBS injected mice show gradually 
increases of melanoma tumor volume until at day 11 and exponential growth 
from at day 12. (B) UMMD treatment revealed that tumor growth was 
significantly suppressed at earlier time point. Arrows indicate the day of 
treatment either PBS or UMMD. 
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Figure 4.21 The actual melanoma tumor size comparison at day 15 in 
untreated control and UMMD treated mice. (A) Melanoma tumor in PBS 
injected control mouse at day 15. (B) Melanoma tumor in ultrasound mediated 
Optison microbubble treated mouse at day 15.  
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

There have been frequent attempts to use low intensity ultrasound to stimulate 

cartilage repair. Studies have proven that ultrasound stimulates cartilage anabolism by 

enhancing the production of matrix molecules, attenuating the progression of cartilage 

degradation and increasing chondrogenesis of mesenchymal stem cells (MSCs). However, 

progress in understanding the mechanism of the benefits has been slow. Elucidation of 

biologically detailed mechanisms is necessary to fully understand and utilize the 

ultrasound as an anabolic stimulator.  

 Previously, it was found that chondrogenic progenitor cells (CPCs) emerge and 

tend to home toward injured sites in response to cartilage injury that may result in faster 

cartilage repair. It has been hypothesized that low intensity ultrasound therapy, a form of 

mechanical energy that can be non-invasively transferred into human body, triggers 

mechanotransductive cell signaling pathways as physically applied mechanical loading 

does. We found that low intensity ultrasound therapy significantly accelerated the homing 

of CPCs toward injured sited in cartilage suggesting that accelerated CPC homing in 

response to ultrasound therapy may speed up the return to normal cellularity in injured 

cartilage resulting in faster cartilage matrix repair. Since dynamic regulation of focal 

adhesions between cells and extracellular matrix (ECM) is critical for cell motility, it was 

hypothesized that low intensity ultrasound therapy triggers integrins associated cell 

migration signaling pathways. Direct focal adhesion associated protein tyrosine kinases 

such as FAK and Src family kinases (SFKs) were examined and further downstream 
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factors, the rho family of GTPases, were investigated. The results demonstrated that low 

intensity ultrasound stimulation increased FAK phosphorylation that is closely involved 

in cell motility signaling pathways. Inhibition of SFKs diminished ultrasound-activated 

CPC motility. The rho family of GTPases, which are known to be associated with actin 

polymerization and directional movement of cells, was also activated by low intensity 

ultrasound therapy in CPCs while normal chondrocytes were less responsive. In 

conclusion, low intensity ultrasound therapy accelerates homing ability of CPCs toward 

injured sites via triggering mechanotransductive cell signaling pathways and this can be 

considered as one of the biologic mechanisms of low intensity ultrasound therapy in 

cartilage repair. 

Low intensity ultrasound therapy has proven to be beneficial for cartilage repair 

by synthesizing ECM molecules in which chondrocytes require sufficient metabolic 

energy such as ATP. However, little has been discovered about the role of low intensity 

ultrasound therapy in chondrocyte energy modulation. Thus, we investigated ATP 

production in response to low intensity ultrasound therapy. Recent findings suggest 

that mechanical loading enhanced ATP synthesis via induced ROS production in 

articular cartilage. For this reason, we hypothesized that ultrasound therapy may 

have a potential to synthesize ATP via modest levels of ROS production as 

mechanical stimulation does. The results revealed that ultrasound therapy enhanced 

ROS production in both injured and intact cartilage without any noticeable chondrocyte 

death. However, there was no considerable correlation between produced ROS and ATP 

synthesis. The effects of enhanced ROS by ultrasound therapy still remain unknown.  
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Over the past few decades, the use of gas-filled microbubbles has been extended 

from ultrasound contrast agents used in diagnostic ultrasonography to facilitating local 

anti-cancer drug delivery for the treatment of cancer cells or tumors. Under the lower 

peak negative ultrasound pressure, microbubbles stably oscillate, changing in size and 

shape and possibly producing microstreaming adjacent to cells. However, at higher peak 

negative ultrasound pressures microbubbles oscillate non-linearly, which can result in 

complete destruction of microbubbles. Fragmented microbubbles are likely to contribute 

to the formation of inertial cavitation that produces mechanical shock waves, elevated 

temperature, and free radical formation. Based on these findings, it was hypothesized that 

ultrasound mediated microbubble destruction could be used for the treatment of tumors 

regardless of vascularization and controlled release of drug delivery. The response of 

albumin shelled Optison microbubbles and polymer shelled PLGA microbubbles to 

ultrasound therapy was evaluated. The results demonstrated that low intensity ultrasound 

therapy imploded both types of microbubbles and lethal shock waves were released 

resulting in rupturing adjacent cell membranes. In vitro cytotoxicity test revealed that 

most of cells were dead via necrosis rather than apoptosis and there was no ultrasound 

sensitivity for both normal and malignant cells. Cell death was proportional to the 

ultrasound power and all of chondrocytes in pellet cultures were also killed. Similarly to 

albumin shelled Optison microbubbles, polymer shelled PLGA microbubbles also 

underwent complete destruction by releasing lethal shock waves that led B16 cell death 

in response to low intensity ultrasound therapy. Morphologic examination using a 

scanning electron microscopy showed that a number of cracks and holes in the surface 

PLGA microbubbles were created in response to low intensity ultrasound therapy. This 
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may indicated that the part of PLGA microbubbles underwent complete destruction and 

the rest of them were in transition of destruction. The release rate of doxorubicin from the 

PLGA microbubbles in response to ultrasound exposure revealed that the release kinetics 

were ultrasound duty cycle-dependent suggesting that stronger ultrasound energy resulted 

in more doxorubicin release by accelerating PLGA microbubbles degradation. To 

demonstrate the in vivo anti-cancer effects of lethal shock waves produced during 

ultrasound mediated Optison microbubble destruction, C57BL/6J mice were inoculated 

with B16 melanoma cancer cells. The mice group delivered with intratumoral lethal 

shock waves showed that the growth of tumors was significantly suppressed compared to 

the PBS injected control group. In conclusion, direct delivery of intratumoral lethal shock 

waves have potentials for overcoming current limitations of intravascularly administered 

microbubble mediated ultrasound therapy by reducing potential side effects of high 

concentrations of anti-cancer drugs at the site where the life of microbubbles ends during 

systemic circulation. In addition, intratumoral lethal shock waves delivery followed by 

sustained anti-cancer drug release could have significant clinical value as a non- or 

minimal-invasive tumor treatment method regardless of tumor types, vascularization and 

surgical accessibility. 
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	CHAPTER 1
	INTRODUCTION
	Articular cartilage is a complex soft tissue covering the end of moving bones in joints which provides pressure load distribution over the joint surface and smooth lubrication with little friction for establishing movement. Chondrocytes, the specializ...
	Functional and physiologic restoration of damaged cartilage has long been in demand and some repairing methods are available for patients in clinic such as abrasion arthorplasty, arthroscopic lavage and debridement, subchondral drilling, micro-fractur...
	Hypocellularity caused by cartilage injury may play a role in prevention of cartilage repair. Recent findings demonstrated that superficial zone specific chondrogenic progenitor cells (CPCs) emerged following cartilage injury and they were highly clon...
	Since ultrasound is a form of mechanical waves that can be non-invasively transferred into the human body, there have been frequent attempts to use of ultrasound as an anabolic stimulator for the repair of injured cartilage. It is likely that ultrasou...
	CHAPTER 2
	BACKGROUND
	2.1 Articular cartilage
	Articular cartilage is highly specialized smooth and white connective tissue covering joints at the end of moving bones. The main function of articular cartilage is to allow bones to glide over each other with smooth lubrication in addition to facilit...
	2.1.1 Anatomy of articular cartilage in knee joints
	The major structures of the knee joint are composed of articular cartilage, menisci, ligaments, synovial membranes, muscles and tendons (Fig. 2.1). Articular cartilage, also referred to hyaline cartilage, covers three bones (patella, femur and tibia) ...
	2.1.2 Structures of articular cartilage
	2.1.2.1 Superficial zone
	2.1.2.2 Middle zone
	2.1.2.4 Calcified zone
	2.1.3 Physiologic functions of articular cartilage
	Articular cartilage primarily functions for absorption of compressively applied forces and lubrication for articulating movements in the knee joints. When mechanical load is applied in knee joints, a physiologic and functional role of articular carti...
	2.1.4 Chondrocytes
	Chondrocytes are highly specialized and differentiated cells entrapped by extracellular matrix and are known as a single type of cells in cartilage. Chondrocytes take only a small portion (approximately 1 to 5% of the total volume) in articular carti...
	2.1.5 Cartilage injury
	Cartilage injuries can be characterized by extracellular matrix tear which may result in massive chondrocyte death or hypocellularity in cartilage. The massive chondrocyte death could initiate progressive cartilage degeneration which may lead to seri...
	2.1.6 Osteoarthritis and posttraumatic osteoarthritis
	Osteoarthritis (OA) can be characterized as a degenerative disease of synovial joints as a result of progressive loss of cartilage with symptoms including pain, stiffness and restricted motion (Fig. 2.4). Although the pathogenesis of OA is still uncle...
	Current understanding suggests that massive chondrocyte death caused by joint injuries also plays a role in development of posttraumatic osteoarthritis (PTOA).(1, 5, 30) In traumatized cartilage, chondrocytes produce and release inflammatory signals o...
	2.1.7 Cartilage repair
	Articular cartilage can be degenerated by accidental trauma or fall-associated joint injuries as well as spontaneous degradation as a result of aging or joint overuse. Since articular cartilage has very limited capacity for self-repair due to a lack ...
	2.1.7.1 Microfracture
	Microfracture is a direct surgery technique that creates holes in between cartilage and subchondral bone to make paths for the supply of blood and bone marrow (Fig. 2.5). Fibrin clot fills out cartilage defects and infiltrated bone marrow derived MSC...
	2.1.7.2 Arthroscopic lavage
	Arthroscopic lavage is the procedure for cleaning or debriding out blood, inflammatory mediators or degenerative cartilage debris in joints which could result in pain relief, recovery of restricted motion and suppressed inflammation for patients. Typ...
	2.1.7.3 Cell implantation techniques
	Chondrocyte implantation is also one of the cell-based cartilage repairing methods and the procedure requires three steps. In a first stage, articular cartilage biopsy is taken arthroscopically from a non-injured area from the patients and then the c...
	2.1.7.4 Osteochondral transplantation
	Osteochondral transplantation is a technique that replaces injured cartilage regions in patient joints with healthy cartilage including subchondral bone harvested from donor sites (Fig. 2.7). The source of osteochondral explants is typically from hea...
	2.2 Ultrasound therapy for articular cartilage repair
	In 1880, the effect of piezoelectricity was discovered that high frequency of sound waves, the upper limit of human hearing, can be produced and received. The biophysical effects of ultrasound have started to be unveiled since ultrasound was found to...
	2.2.1 Mechanisms of ultrasound therapy
	Studies have suggested that the underlying mechanisms of ultrasound therapy can be classified into thermal and non-thermal effects. Thermal effects can be achieved by using a continuous mode of ultrasound waves that may result in increased metabolic ...
	2.2.1.1 Thermal effects of ultrasound therapy
	When ultrasound travels into the human body, ultrasound can be absorbed or attenuated depending on types or properties of tissues, and energy conversion takes place from absorbed ultrasonic energy to heat energy.(86) The conversion efficiency of ultr...
	2.2.1.2 Non-thermal effects of ultrasound therapy
	Acoustic cavitation is one of the key mechanisms of the non-thermal effects of ultrasound therapy (Fig. 2.9). A cavitational effect is the formation of tiny air bubbles as a result of pressure fluctuation that produced by positive and negative pressu...
	2.2.2 Acoustic properties of articular cartilage
	The propagation of ultrasound in articular cartilage depends on the compositional properties of cartilage such as maturity and zonal layers. Studies have shown that, in mature cartilage of rat patellae, the speed of ultrasound is approximately 1,690 ...
	2.2.3 Cartilage anabolism in response to ultrasound therapy
	In the past few decades, there have been frequent attempts to use ultrasound as a mechanical stimulator for the repair of articular cartilage. A number of studies have shown that low intensity ultrasound stimulates cartilage anabolism by increasing e...
	2.3 Acoustic behaviors of microbubbles in ultrasound fields
	Microbubbles, as a form of tiny gas- or air- filled bubbles, have become popular in medical ultrasound research fields due to their dynamic behavior in ultrasound fields. Intravenously administered microbubbles as contrast agents systemically circula...
	The behavior of microbubbles in the field of ultrasound is exceptionally dynamic. Under the lower peak negative pressure of ultrasound, approximately less than 0.05 of mechanical index (MI), microbubbles linearly oscillate by changing their shape and...
	2.3.1 Microbubbles as contrast agents
	The first use of microbubbles as ultrasound contrast agents was in 1968.(101) The first generation of contrast agents was the air containing microbubbles in the core; however, the microbubbles were not stable enough in the blood stream because they a...
	2.3.2 Microbubble mediated ultrasound therapy for the cancer treatment
	The use of microbubbles has extended and proven its application from serving as contrast agents to the treatment of tumors. Mechanical shock waves can be produced during ultrasound mediated microbubble destruction, and the shock waves have also prove...
	Figure 2.1 Anatomy of knee joints. The major structures of the knee joints are composed of articular cartilage in both side of femur and tibia, menisci, ligaments, synovial membranes, patella and tendons.(126)
	Figure 2.2 Articular cartilage in knee joints. Articular cartilage, also referred to hyaline cartilage, covers three bones (patella, femur and tibia) in knee joint and enables them to withstand applied load during daily activities.(127)
	Figure 2.3 The structure of articular cartilage. Articular cartilage can be classified into three different zones; superficial, middle and deep zones depending on morphology and cellularity of chondrocytes and the alignment of collagen fibers and prot...
	Figure 2.4 Osteoarthritis (OA). OA can be characterized as a degenerative disease of synovial joints as a result of progressive loss of articular cartilage with symptoms including pain, stiffness and restricted motion.(128)
	Figure 2.5 The microfracture surgery for cartilage repair. Microfracture is a one-step direct surgery technique that creates cracks in between cartilage and subchondral bone to make paths for the blood supply and bone marrow. Fibrin clot fills out car...
	Figure 2.6 Cell transplantation techniques for cartilage repair. Chondrocyte or MCSs implantation as one of the promising cell-based cartilage repairing methods has been considered as one of the promising cartilage repairing methods. This requires thr...
	Figure 2.7 Osteochondral transplantation for cartilage repair. Osteochondral transplantation is a technique that replaces damaged articular cartilage in patient joints with healthy cartilage including subchondral bone harvested from donor sites.(131)
	Figure 2.8 Schematic representations of continuous and pulsed mode of ultrasound waveforms. Continuous mode of ultrasound can be achieved by using continuous waveforms as an input and pulsed mode of ultrasound can be achieved by using pulsed waveforms...
	Figure 2.10 Ultrasound targeted microbubble destruction for drug delivery into tumors. Drugs or genes conjugated microbubbles has the potential for the targeted tumor treatment.(132)
	CHAPTER 3
	MECHANISM INVOLVED BIOPHYSICAL EFFECTS OF ULTRASOUND THERAPY FOR ARTICULAR CARTILAGE REPAIR
	3.1 Background and significance
	Articular cartilage is a soft tissue covering the joint surfaces and serves as a shock absorber allowing joints to withstand daily activity such as walking and running with little friction. Articular cartilage is composed of mostly water (80%), type ...
	It was found that stem cell-like progenitor cells, chondrogenic progenitor cells (CPCs), emerged following a cartilage injury and they exhibit distinctly different characteristics compared to normal chondrocytes. Following 7 to 10 days of post cartil...
	In the past few decades, there have been frequent attempts to use low-intensity ultrasound as an anabolic stimulator for injured cartilage repair. It has been proven that low intensity ultrasound therapy enhanced ECM macromolecule production such as ...
	Reactive oxygen species (ROS) are a group of intermediate molecules or ions containing oxygen by the incomplete electron reduction such as superoxides, peroxides, hydroxyl radical and hypochlorous acid. ROS can be produced exogenously as a result of ...
	For these reasons, low intensity ultrasound was considered as a mechanical stimulator and mechanism involved its biophysical effects in articular cartilage were investigated in this study. First, the effect of low intensity ultrasound therapy on the ...
	3.2 Specific aims and hypotheses
	A number of studies have reported that low intensity ultrasound therapy is beneficial for cartilage repair by stimulating the production of extracellular matrix macromolecules; however, detailed underlying mechanisms have been unveiled only in part. ...
	USpecific Aim 1U: Determine the effect of low intensity ultrasound therapy on CPC homing following a cartilage injury.
	Hypothesis 1: Ultrasound therapy accelerates CPC homing toward injured site in cartilage
	Hypothesis 2: Ultrasound therapy triggers mechanotransductive signaling pathways of CPCs via focal adhesion kinase phosphorylation.
	USpecific Aim 2U: Determine the pre-stimulatory effect of low intensity ultrasound therapy and chondrocytes-extracellular matrix (ECM) adhesions on cell mortality following a cartilage injury.
	Hypothesis 1: Ultrasound therapy induced FAK activation between chondrocytes and ECM results in greater cell mortality following a blunt impact induced cartilage injury.
	Hypothesis 2: Inhibition of chondrocyte-ECM adhesions by chemical inhibitors prevents massive chondrocyte death following a blunt impact induced cartilage injury.
	In the past few decades, a number of studies have shown that low intensity ultrasound stimulates ECM molecule production such as type II collagen and proteoglycan. Chondrocytes are obviously required metabolic energy such as ATP for maintaining carti...
	Thus, the effect of low intensity ultrasound therapy on modulation of chondrocyte energy metabolism by examining ROS induced ATP production was investigated with the following specific aims and hypotheses.
	USpecific Aim 3U: Determine the effect of ultrasound therapy on reactive oxygen species (ROS) production in articular cartilage.
	Hypothesis 1: Low intensity ultrasound therapy suppresses ROS production following a cartilage injury that may prevent oxidative stress associated progressive chondrocyte death.
	Hypothesis 2: Low intensity ultrasound therapy can be used for a mechanical stimulator for increase in sub-lethal levels of ROS in articular cartilage.
	USpecific Aim 4U: Determine the effect of ultrasound therapy on ATP synthesis via induced ROS production in articular cartilage.
	Hypothesis 1: Low intensity ultrasound therapy enhances ATP production in articular cartilage via beneficial ROS production.
	3.3 Materials and methods
	3.3.1 Preparation of osteochondral explants
	Osteochondral explants, 2.5 x 2.5 cmP2P including the central loaded area, were manually prepared by sawing from mature bovine stifle joints obtained from a local abattoir (Bud’s Custom Meats, Riverside, IA). The explants were gently rinsed in Hank’s...
	3.3.2 Articular cartilage defect models.
	After 2 days of pre-equilibration of the osteochondral explants, partial-thickness cartilage defects, approximately 0.5 mm in depth, were aseptically created using a 22 gauge sterilized needle by scratching cartilage surface with X-shapes. To make fu...
	To mimic traumatized joint injuries, osteochondral explants were rigidly fixed in a customized drop-tower device and subjected to a 7 J/cmP2 Psingle blunt impact.
	3.3.3 Confocal microscopic analysis
	Osteochondral explants were stained with 1 µM Calcein-AM, a live cell indicator, and either 1 µM ethidium-homodimer-2, a dead cell indicator, or 5 µM dihydroethidium (DHE), an ROS indicator, (InvitrogenPTMP Life Technologies) for 30 minutes. A confoc...
	3.3.4 Chondrogenic progenitor cell isolation
	Following a blunt impact-induced cartilage injury, the explants were returned to culture. After seven to ten days, cartilage part in the explants was incubated with 0.25% trypsin-EDTA (Invitrogen Life Technologies) for 20 minutes after being gently r...
	3.3.5 Configuration of the ultrasound therapy system
	The versatile sweep function generator (4040B, BK Precision, Yorba Linda, CA, USA) was used to modulate input sinusoidal waveforms, either continuous or pulsed, a burst rate fixed at 1kHz. Input pulses with various duty cycles at 0, 1, 10, 30, 50 and...
	3.3.6 Western blot analysis for phosphor-proteins detection
	3.3.7 Statistical analysis
	3.4 Results
	3.4.1 Configuration and validation of ultrasound therapy system.
	Input waveforms, either continuous or pulsed waves with duty cycle adjustments, were produced using a function generator, and the waveforms were then amplified by a radio frequency power amplifier (Fig. 3.1). Then amplified waveforms were transferred...
	3.4.2 Emergence of CPCs in response to cartilage injury and its isolation
	Seven to ten days following a cartilage injury, a number of chondrogenic progenitor cells (CPCs) were observed in a superficial zone in cartilage. The CPCs were morphologically elongated in shape, in contrast to the normal chondrocytes (NCs) which re...
	3.4.3 Intrinsic CPC homing ability in injured cartilage and its acceleration by ultrasound stimulation
	Fourteen days following a partial thickness cartilage injury, the effect of consecutive low intensity ultrasound stimulation for 20 minutes daily was significant. At day 0, immediately after cartilage defects creation, no CPCs were found in defect sit...
	3.4.4 Ultrasound therapy triggered mechanotransductive pathways in CPCs
	When cells are received extracellular bio- mechanical and chemical changes, integrins cluster each other and proteins underneath the integrins start forming focal adhesion complex. Focal adhesion kinase (FAK) is activated and relay signals to its dow...
	3.4.4.1 FAK phosphorylation in CPCs by ultrasound stimulation
	Phospho-protein analysis by western blot revealed that FAK phosphorylation showed ultrasound parameter dependent activation. FAK activation was compared by adjusting ultrasound parameters; frequencies were set at 1, 3.5 and 5 MHz, intensities were set...
	3.4.4.2 Time course of FAK activation in response to ultrasound therapy and its combined effect with chemoattractants.
	Time course of FAK activation was examined at post 0, 5 and 30 minutes following ultrasound stimulation. The results indicate that FAK phosphorylation increased a little immediately after ultrasound stimulation and this became apparent at post 5 minut...
	3.4.4.3 Downstream factors of FAK and ultrasound therapy triggered mechanotransductive pathways in NCs and CPCs
	Activation of Rho family of GTPases was targeted as downstream factors of FAK since this protein family is often likely to be activated with integrins associated FAK signaling pathway. The results indicated that ultrasound stimulation activated Rho p...
	3.4.5 Suppression of CPC motility by focal adhesion inhibition
	Western blot results showed that Src family kinases (SFKs) inhibitors reduced FAK phosphorylation at Tyr 576/577 in a dose dependent manner (Fig. 3.9 A). To examine the effect of CPC motility in response to FAK blockage by SFK inhibitor treatment, a m...
	3.4.6 The effects of focal adhesion activation or inhibition on chondrocyte mortality following an impact induced cartilage injury.
	3.4.7 Kinetics of FAK and SFK inhibition
	3.4.8 The effects of ultrasound therapy on ROS production in articular cartilage
	3.4.8.1 The enhancement of ROS production by LIPUS following an impact induced cartilage injury.
	3.4.8.2 LIPUS duration dependent ROS production following an impact induced cartilage injury
	3.4.8.3 Cytotoxicity of produced ROS by LIPUS stimulation following an impact induced cartilage injury
	Cell viability was examined after 24 hours in both center and edge of impact sites following an impact induced cartilage injury. The results indicated that there was no considerable cell viability difference between impact-control and impact with LIP...
	3.4.8.4 Source of ROS enhancement by LIPUS stimulation in injured cartilage
	To understand the role of increased ROS by LIPUS stimulation in chondrocytes, the source of ROS was examined by discriminating either intracellular or extracellular in chondrocytes by counting ROS that are overlapped with chondrocytes that stained wi...
	3.4.8.5 Enhanced ROS production by LIUS stimulation following an impact induced cartilage injury
	3.4.8.6 Induced ROS production by ultrasound therapy in intact cartilage
	Since no ROS production was found in intact cartilage by low intensity pulsed and continuous ultrasound stimulation, the effects of higher ranges of ultrasound intensities up to 10W/cmP2P on ROS production with respect to the intensity of DHE stain w...
	3.4.8.7 Suppression of ROS production by ultrasound therapy by anti-oxidant treatment
	To confirm that the enhancement of intracellular ROS intensity was as a result of oxidants production, cartilage was treated with 20µM or 2mM of N-acetylcysteine (NAC) during ultrasound therapy. The results showed that NAC treatment significantly sup...
	3.4.9 The effects of ultrasound therapy induced ROS production on ATP synthesis
	Since ultrasound therapy induced ROS production did not lead to chondrocyte death in cartilage, the relationship between ultrasound induced ROS production and ATP synthesis was investigated. First, relatively higher intensity of ultrasound, 2.5 or 10...
	Articular cartilage origin-dependent ATP production in response to ultrasound therapy was investigated to see if there was the sensitivity of ultrasound therapy depending on physical location of articular cartilage. The results showed no significant ...
	To verify the sensitivity of ATP production in response to ultrasound stimulation in cartilage, PG contents in cartilage originated from the lateral or medial tibia plateau were compared. The results showed similar patterns to ATP synthesis was found...
	3.5 Discussion and conclusions
	There have been frequent attempts to use low intensity ultrasound therapy to stimulate cartilage repair and studies have shown that ultrasound stimulates cartilage anabolism by enhancing the production of matrix molecules including proteoglycan and c...
	Previous studies have demonstrated that chondrogenic progenitor cells (CPCs) are emerged following a cartilage injury and they are highly clonogenic, motile and chemotactic. In response to cartilage injury CPCs tend to migrate toward the injured site...
	Dynamically regulated adhesion between cells and ECM is critical for cell motility as well as proliferation, differentiation and survival.(139, 140) The formation and turnover of integrin-associated focal adhesion complexes is regulated not only by c...
	In this study, CPCs were harvested from injured cartilage and the effect of FAK activation on their motility was investigated in response to low intensity ultrasound stimulation. Among the tested combinations of intensity and frequency, ultrasound de...
	Figure 3.1 Configuration of ultrasound therapy system. (A) Versatile sweep function generator produces either continuous or pulsed waveforms. (B) Generated signal waves are amplified by a radio frequency power amplifier. (C) Various sizes, types and f...
	Figure 3.2. Ultrasound power measurement by a radiation force balance. An acoustic absorber placed on the balance absorbs almost 100% of ultrasound waves and the balance measures the weight caused by ultrasound power. 38TUhttp://www.npl.co.uk/U38T
	Figure. 3.5 Integrins triggered intracellular signaling regulation.(159) Integrin clustering by extracellular matrix changes activates downstream signaling factors such as foal adhesion kinase (FAK), growth facto receptor bound proteins 2 (GBR2), SRC,...
	Figure 3.7. FAK phosphorylation in CPCs in response to ultrasound stimulation and chemo-attractants. (A) FAK phosphorylation was examined immediately after ultrasound stimulation showing that the difference of FAK activation became apparent after 5 mi...
	Figure 3.8 Ultrasound stimulation triggered cellular mechanotransductive signaling pathway. The effects of ultrasound stimulation on focal adhesion associated protein activation on NCs and CPCs was examined. CPCs were more sensitive to ultrasound stim...
	Figure 3.13 The effects of LIPUS stimulation on immediate ROS production following an impact induced cartilage injury. Confocal microscopy taken after LIPUS stimulation showing that live chondrocytes (green) and superoxide (red). Without impact-induce...
	Figure 3.21 The effects of 2.5 and 10 W/cmP2P of ultrasound intensity on the production of ATP by chondrocytes in cartilage. ATP synthesis was normalized by wet weight of cartilage. Two tested ultrasound intensities, 2.5 and 10 W/cmP2P, had no effect ...
	Figure 3.22 The effects of parameter dependent ultrasound stimulation on ATP production in cartilage. ATP synthesis was examined in response to the effect of lower intensity of ultrasound, below 1 W/cmP2P, and ultrasound parameters such as duty cycle,...
	Figure 3.23 Cartilage properties dependent ATP synthesis in response to ultrasound stimulation. No considerable changes of ATP synthesis in lateral cartilage was observed, while ultrasound stimulation enhanced ATP synthesis in medial cartilage. Howeve...
	Figure 3.24 Analysis of PG contents in lateral and medial cartilage in response to ultrasound stimulation. No considerable difference was found in cartilage from lateral tibia plateau, while PG contents were slightly higher in cartilage from medial ti...
	CHAPTER 4
	MICROBUBBLE-MEDIATED ULTRASOUND THERAPY FOR CANCER TREATMENT
	4.1 Background and significance
	The biophysical effects of low intensity ultrasound therapy can be classified into thermal and non-thermal effects.(45, 90, 191) Thermal effects can be caused by the conversion of attenuated ultrasound energy into heat in biological tissues. Cavitatio...
	Ultrasound contrast agents in the form of gas-filled microbubbles have become popular in medical ultrasound imaging fields since they increase ultrasonic reflection as a result of acoustic impedance mismatches.(193, 194) Typically microbubbles are mad...
	Optison, a sterile non-pyrogenic suspension of microspheres of human serum albumin with perfluoropropane (CR3RFR8R), is one of the commercially available ultrasound contrast agents typically used for ultrasonography. Since Optison contains plenty of m...
	In low pressure ultrasound fields, microbubbles linearly oscillate, changing shape and size in a manner that is inversely proportional to the ultrasound pressure amplitude; however, microbubbles oscillate non-linearly in high pressure ultrasound field...
	The induction of microbubble destruction by ultrasound is of interest therapeutically since the fragmented microbubbles serve as cavitation nuclei (Fig. 4.2), which can be used to induce tumor cell death via apoptosis and necrosis.(116, 118, 197) Mech...
	Chondrosarcoma, as a well-known type of avascular tumors, can be formed by cells producing cartilage which could be derived from abnormal transformation of mesenchymal stem cells. Primary chondrosarcoma arises de novo whereas secondary chondrosarcoma ...
	Therefore, it was hypothesized that UMMD has the potential to treat tumors regardless of vascularization by the direct intratumoral delivery of lethal shock waves with or without sustained anti-cancer drug release. Due to the limited availability of a...
	4.2 Specific aims and hypotheses
	Developing non-surgical or minimally invasive methods to ablate or shrink surgically inaccessible tumor tissue would have great value for patients. A number of studies have shown that microbubble mediated ultrasound therapy has the potential to suppr...
	Specific Aim 1: Determine the effects of low intensity ultrasound mediated Optison microbubble destruction on a suppression of tumor growth.
	Hypothesis 1: Ultrasound mediated Optison microbubble destruction produces shock waves that are lethal by rupturing adjacent cell membrane.
	Hypothesis 2: Intratumoral delivery of lethal shock waves by Optison microbubble mediated ultrasound therapy has a potential for an in vivo tumor suppressive effect.
	Specific Aim 2: Determine the effects of low intensity ultrasound mediated PLGA microbubble destruction on controlled drugs or lethal shock waves release.
	Hypothesis 1: Ultrasound mediated PLGA microbubble destruction produces shock waves that are lethal by rupturing adjacent cell membrane.
	Hypothesis 2: Release of doxorubicin loaded in PLGA microbubbles can be controlled by low intensity ultrasound therapy.
	4.3 Material and methods
	4.3.1 Cells, cells in pellets cultures and osteochondral explants preparation
	Osteochondral explants, 2.5 x 2.5 cmP2P, were prepared from mature bovine stifle joints including the central loaded area from the tibial plateau and gently rinsed using Hank’s balanced salt solution (HBSS) (Invitrogen Life Technologies, Carlsbad, CA...
	Bovine chondrocytes (BCs) were isolated from cartilage tissues harvested from femoral condyle joints by treatment with 0.4% protease and 0.25% collagenase (Sigma-Aldrich, Rochester, NY, USA) dissolved in culture medium. Grade II human chondrosarcoma ...
	4.3.2 Microbubbles preparation
	Albumin-shelled commercially available ultrasound contrast agents were purchased (OptisonP®P, GE healthcare, Princeton, NJ, USA) and polymer-shelled poly(lactic-co-glycolic acid) (PLGA) microbubbles were prepared using the double emulsion solvent eva...
	4.3.3 Low intensity ultrasound therapy system
	Versatile sweep function generator (BK Precision, Yorba Linda, CA, USA) was used to modulate sinusoidal continuous and pulsed (burst rate: 1 kHz) waveforms. Input pulses with various duty cycles at 0, 1, 10, 30, 50 and 100% were tested by adjusting n...
	4.3.4 Cytotoxicity test of microbubble mediated ultrasound therapy
	Cell suspension, either BCs, hCSCs or B16, was prepared in culture medium (0.2 x 10P6P cells/mL) containing 10% (v/v) Optison microbubbles or 1% (w/v) PLGA microbubbles and was exposed to low intensity ultrasound for 10 seconds (Fig. 4.6A). Osteochon...
	4.3.5 Cell viability evaluation
	After UMMD treatments BCs, hCSCs or B16 were stained with 1µM Calcein-AM, a live cell indicator, and 1µM ethidium homodimer-2 (EthD-2), a dead cell indicator (Invitrogen Life Technologies), and living and dead cells were counted using a hematocytomet...
	Tissues were processed for paraffin histology and were sectioned at 5µm. Sections were stained with safranin-O/ hematoxylin (to reveal matrix proteoglycans and chondrocytes respectively) as previously described.(210)
	4.3.7 Confirmation of microbubble destruction by low intensity ultrasound therapy
	4.3.9 Statistical analysis
	4.4 Results
	4.4.1 The mechanisms of ultrasound mediated microbubble destruction
	Ultrasound power was evaluated using a radiation force balance technique. As expected the duty cycle was correlated with output ultrasound power. The number of imploded Optison microbubbles in the ultrasound field was significantly enhanced by increa...
	4.4.2 Preparation of microbubbles and ultrasound therapy system setup.
	Two types of microbubbles, either albumin or PLGA shelled, were tested for whether lethal shock waves are released during destruction in response to ultrasound exposure. Optison microbubbles were purchased (Fig. 4.4) and PLGA microbubbles were synthe...
	To confirm whether microbubbles undergo complete destruction and release lethal shock waves in response to low intensity ultrasound, cells in suspension (0.5 x 10P6P/mL) containing either 10% Optison microbubbles (v/v) or 1% PLGA microbubbles (w/v) w...
	4.4.3 Cytotoxicity of ultrasound mediated Optison microbubble destruction
	A viability of cells, BCs, hCSCs and B16, in suspension containing 10% Optison microbubbles was over 95% without exposure to low intensity ultrasound exposure, and remained the same with a 0.5% duty cycle of ultrasound exposure (n=3-9). However, viab...
	4.4.4 Demonstration of Optison microbubble destruction by ultrasound therapy
	4.4.5 The cytotoxicity of ultrasound mediated Optison microbubble destruction on cells in pellet cultures
	4.4.6 Histologic similarity of extracellular matrix of chondrosarcoma, bovine articular cartilage and bovine chondrocytes in pellet culture
	Safranin-O histology shows similar proteoglycan densities in the extracellular matrix of chondrosarcoma, bovine articular cartilage and bovine chondrocytes in pellet culture (Fig. 4.11).
	4.4.7 LDH release in cells in pellet cultures
	4.4.8 The cytotoxicity of ultrasound mediated Optison microbubble destruction in articular cartilage
	Fibroblast-like chondrogenic progenitor cells (CPCs), which respond to cartilage injury, were seen on cartilage surfaces after 7 to 10 days post-injury. Immediately after UMMD treatments, most of CPCs was disappeared in cartilage (n=2) (Fig. 4.13C an...
	4.4.9 Ultrasound mediated PLGA microbubble destruction
	In the absence of 1% (w/v) PLGA microbubbles, no noticeable cell death was found in response to ultrasound exposure; cell viability remained around 95% (n=3-5). However, cell viability rapidly declined to 40% in the presence of PLGA microbubbles afte...
	4.4.10 Morphology of PLGA microbubbles in response to low intensity ultrasound therapy
	Scanning electron microscopy (SEM) was performed to examine the morphology of PLGA microbubbles in response to ultrasound exposure. The SEM images showed intact and smooth surfaces in non-treated control PLGA microbubble groups, but ultrasound exposu...
	4.4.11 Doxorubicin cytotoxicity test
	To examine to the cytotoxicity of doxorubicin, a lethal dose at 50% (LDR50R) of doxorubicin with B16 melanoma cancer cells was evaluated. The results showed that dose-dependent cytotoxicity of doxorubicin in monolayer cultured B16 cells for 24 hours....
	4.4.12 Controlled release of doxorubicin in PLGA by low intensity ultrasound therapy
	To determine the relationship between low intensity ultrasound therapy and doxorubicin release through PLGA microbubble degradation, the amount of doxorubicin released was examined. The results revealed that UMMD treatments increased the release rate...
	4.4.13 In vivo tumor suppressive effects of microbubble mediated low intensity ultrasound therapy
	Melanoma tumors became noticeable in mice approximately 7 days after subcutaneous melanoma cancer cells injection. Optison microbubbles were intratumorally injected and low intensity ultrasound therapy was immediately followed through a coupling gel ...
	4.5 Discussion and conclusions
	Figure 4.1 The shell-type dependent destructive mechanisms of microbubbles in response to ultrasound. Lipid shelled microbubbles undergo linear oscillation in a lower intensity of ultrasound and complete destruction in a higher intensity of ultrasound...
	Figure 4.2 Enhanced cavitation effects by ultrasound mediated microbubble destruction. Microbubble destruction was in close correlation with the duration of ultrasound exposure which results in cell death suggesting that fragments as a result of micro...
	Figure 4.3 Schematic illustration of lethal shock waves release by ultrasound mediated microbubble destruction. The number of pulses in each burst, or duty cycle, is linearly proportional to ultrasound power which has close correlation with microbubbl...
	Figure 4.4 Commercially available ultrasound contrast agents, Optison. Optison microbubbles are diagnostic agents intended for contrast enhancement during ultrasonography which made of human albumin with infusion of octafluoropropane (CR3RFR8R) with m...
	Figure 4.5 Morphology of synthesized PLGA shelled microbubbles. PLGA shelled microbubbles were synthesized using a double emulsion solvent evaporation method and size dependent separation was performed by rotation speed dependent centrifugation. Scann...
	Figure 4.6 Configuration of ultrasound exposure for in vitro cytotoxicity test of UMMD. Versatile function generator is used to produce various duty cycle adjusted waveforms either continuous or pulsed waves. Radio frequency power amplifier amplifies ...
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