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Abstract 

Development of Novel Energy-based Musculoskeletal Therapies 

by 

Devante Aaron Horne 

 

Back pain is the most common musculoskeletal condition, affecting 80% of Americans at 

some point in their lifetimes. Intervertebral disc (IVD) pathologies, such as annular tears and 

herniated discs, are the most common source of low back pain and account for more than 40% of 

cases. Current treatment options, including discectomy and intradiscal injections, involve invasive 

procedures and are limited to short-term symptom relief without repairing damaged IVDs. This 

dissertation explores the stimulatory effects and dose-response relationships of low-intensity 

pulsed ultrasound (LIPUS) and pulsed electromagnetic fields (PEMF), with the goal of advancing 

the development of these energy-based therapies for the noninvasive treatment of low back pain. 

Towards this goal, this dissertation is broken into 4 studies. In the first study, we demonstrate the 

technical feasibility of targeted, noninvasive delivery of acoustic energy to rat-tail IVDs and 

evaluate gene expression changes in injured IVDs in response to LIPUS exposure. We found that 

LIPUS exposure regulates extracellular matrix and inflammatory gene expression in rats with 

increased pro-inflammatory gene expression. In the second study, we design, fabricate, 

characterize, and validate an in-vitro LIPUS exposimetry system for delivering uniform acoustic 

energy to cells while removing potentially confounding factors including beam reflections and 

sample heating. We demonstrate that far-field LIPUS exposure upregulates collagen synthesis in 

annulus fibrosus cells and is equivalent to growth factor treatment. In the third study, we present 

the use and validation of design of experiments (DOE) for LIPUS parameter exploration, response 
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prediction, and optimization. We discovered that pulse repetition frequency is the most significant 

factor for modulating catabolic and pro-inflammatory gene expression while peak intensity is most 

significant for modulating anabolic gene expression, and that both factors interact with treatment 

duration to influence extracellular matrix gene expression in inflammatory annulus fibrosus cells. 

In the last study, we show that magnetic nano-bone substitutes (MNBS) synergize with PEMF to 

stimulate in-vitro osteogenesis. We found that the combination of PEMF and MNBS accelerates 

osteogenesis by stimulating early alkaline phosphatase activity and increasing mineralization over 

time in mesenchymal stem cells. Collectively, the work presented in this dissertation represents 

significant contributions to the development of two novel energy-based therapies for painful spine 

conditions. These findings will motivate the use of noninvasive, biologically active treatments for 

repairing damaged IVDs and alleviating low back pain. 
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1 Introduction 

1.1 Clinical Motivations 

Low back pain (LBP) is one of the most significant non-lethal medical ailments in society, 

affecting 80% of the population at some point in their lifetime [1]. Intervertebral disc (IVD) 

pathologies, including tears in the annulus fibrosus and disc herniation, are the most common 

source of LBP, accounting for more than 40% of cases [2]. Current LBP treatments begin 

conservatively with pain management through physical therapy and medication and may advance 

to invasive interventions including surgical removal of the disc and segmental fusion [3]. For less 

severe herniation cases, the standard treatment is discectomy, or surgical removal of the protruding 

herniation tissue.  Discectomy is an effective therapy for pain relief in patients suffering from 

sciatica due nerve impingement. However, removing a portion of the protruding nucleus pulposus 

leaves behind a hole in the annulus which likely contributes to the high re-herniation rates (up to 

21%) and persisting post-operative LBP [4, 5]. Oftentimes, surgeons opt to leave the annular defect 

to heal on its own; however, the IVD has limited healing capacity related to it being sparsely 

cellularized and having a poor blood supply. Restoration of the damaged annulus fibrosus tissue 

may prevent further progression of disc herniation; however, there is no effective treatment to 

repair annulus fibrosus damage that effectively promotes tissue regeneration and restores IVD 

biomechanics [6]. There is a clinical need for a more effective and noninvasive treatment for 

annulus fibrosus repair. In particular, mechanical stimulation of IVD cells is a potential therapeutic 

modality that could be used to stimulate local extracellular matrix synthesis at the injury site. It is 

well known that IVD cells and tissue respond to mechanical stimulation by increasing 

proteoglycan and collagen synthesis [7-9]. However, a restorative disc therapy would rely on some 

remaining viable disc tissue, and therefore may not be effective in cases of severe IVD 
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degeneration which may ultimately require spinal fusion. The goal of spinal fusion is to stimulate 

the vertebrae to fuse into a rigid, immovable column of bone; however, in some cases the bones 

do not properly fuse, allowing for continued joint motion and causing pain, and require a second 

surgery. Due to high pseudarthrosis rates, there is an increased interest in the development of 

adjuvant therapies to improve the successful fusion rates. Various techniques, including bone 

grafts loaded with osteoinductive proteins or stem cells, have shown some success in increasing 

fusion rates, but with limited efficacy and low efficiency. 

The primary focus of this research is the investigation of the targeting ability and dose-

response metrics for low-intensity pulsed ultrasound for stimulating annulus fibrosus repair.  In 

addition, we evaluate the synergistic effects of pulsed electromagnetic fields and magnetic 

nanoparticles for stimulating spinal fusion. 

1.2 Intervertebral Disc Structure and Function Overview 

The IVD is an articulating, load-bearing structure between the vertebral bodies of the spine. 

In the center of the disc is the nucleus pulposus (NP); this soft, proteoglycan rich tissue imbibes 

water and provides compressive resistance. The NP is surrounded the stiffer annulus fibrosus (AF), 

composed of lamellae of collagen fibers which accounts for its tensile strength. Between the IVD 

and each vertebral body are the cartilage endplates which serve as barriers for nutrient and waste 

exchange between the IVD and vertebrae. While the etiology of LBP is not fully understood, IVD-

related pathologies account for a significant portion of LBP cases [2, 3, 5].  

1.2.1 Tissue Structure and Biomechanics 

The intervertebral disc is a ligamentous tissue, connecting adjacent vertebral bodies, and 

serves to support and dissipate both tensile and compressive loads while concurrently providing 
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flexibility by allowing multiaxial spinal motion. The structure of the three primary regions of the 

IVD are closely related to their biomechanical function.  

In the center of the IVD is the NP, a gel-like structure with an extracellular matrix similar 

to cartilage, containing mostly proteoglycans in addition to randomly organized collagens, and 

radially oriented elastin fibers [10]. The extracellular matrix (ECM) of the NP is rich in 

proteoglycans containing many sulfated glycosaminoglycan chains that are negatively charged, 

causing the NP to imbibe water and create a swelling pressure in the disc and allowing the disc to 

maintain its height and resist compressive loads. The water content of healthy discs is high 

(80 – 88%), helping to resist compression during physiological loading which ranges from 

0.4 – 2.3 MPa [11, 12]. 

Surrounding the NP is the AF, a lamellar structure comprised of layers of collagen fibers 

acting as a vessel wall supporting the radial swelling pressure of the NP. The AF consists of 15 - 25 

concentric lamellae in which collagen fibers are arranged at alternating angles of ± 35° from the 

end plate [13], allowing the disc to withstand tensile loads during bending and twisting of the 

spine. In addition, the inter-lamellae space consists of water-binding proteoglycan aggregates that 

interact with the collagen fibers and aid the AF in resisting circumferential tension when the NP 

expands under axial compressive loading [14]. Regions of the AF differ based on structural and 

cellular variation. The outer layers are composed mostly of highly organized type I collagen fibers, 

making it more fibrous and resistant to tensile loads. In contrast, the inner AF (or transition zone) 

is composed mostly of type II collagen and proteoglycans, making it more fibrocartilaginous and 

resistant to high hydrostatic pressure from the NP. 

Between the IVD and each vertebral body is a thin cartilage end plate (CEP) which serve 

as a barrier through which nutrients and waste are diffused between the vertebral body and the 
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disc. In addition, the CEP, which boarders the NP and the inner AF, serves to constrain the 

pressurized NP superiorly and inferiorly as well as to distribute the hydrostatic pressure from the 

NP into the vertebrae. While the CEP is avascular, its permeability is thought to impact disc cell 

health as diminished permeability can decrease transport between the NP and vertebral capillaries 

[15, 16]. 

1.2.2 Cellular Structure and Function 

The ECM network of the IVD, which provides its mechanical characteristics, is synthesized 

and maintained by a sparse population of cells. The specialized cell types within the disc contribute 

to the structure and function of the tissue. This dissertation primarily focuses on AF cells. 

The AF cell phenotype is fibroblast-like, highlighting the morphology and propensity to 

synthesize type I collagen. AF cells assume a flattened, spindle-shaped (elongated) morphology, 

aligning with collagen fibers [17] forming the AF lamellar structure. The AF-cell morphology and 

phenotype correlates with the structural gradient present in the AF tissue from outer AF to inner 

AF. The average AF-cell density in human discs is 9 x 106 cells/cm3, with lowest density near the 

NP and increasing density towards the outer annulus [18, 19]. Compared to cells of the inner AF, 

outer-AF cells are more elongated with interconnected processes [20], tend to align more with the 

lamellae [19], and are more fibroblastic while inner AF cells are more chondrocyte-like [20]. AF 

cells can be distinguished from NP cells by their higher collagen I: collagen II ratio, higher 

collagen I: proteoglycan ratio, and expression of collagen V [18]. 

The NP cell phenotype is chondrocyte-like, assuming a more spherical shape and greater 

expression of aggrecan than type II collagen. The average NP-cell density in humans is less than 

half that of the AF at 4 x 106 cells/cm3 [21]. 
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CEP cells are similar to articular chondrocytes both in their rounded morphologically as well 

in expression profile for proteoglycans, type II collagen, and type I collagen. The CEP is also 

sparsely cellular, with an average density of 15 x 103 cells/cm3 [22]. 

1.2.3 Molecular Structure and Function 

The IVD extracellular matrix is a highly specialized framework of macromolecules that 

attract and contain water. The major macromolecules of the IVD are type I collagen, type II 

collagen, and proteoglycan [23], and the ratios of their expression vary among the NP, AF, and 

CEP tissues [24]. The fibular collagens align to form the lamellae in the AF and provide tensile 

strength while the proteoglycans accumulate primarily in the NP creating a net negative charge 

that attracts water and provides resistance to compressive loads [25].   

Regulation of the healthy IVD involves a balance of the synthesis and degradation of these 

matrix molecules is vital for the integrity of the IVD [23]. Moreover, repair of damaged IVD is a 

highly regulated process controlled by a variety of molecules including growth factors, cytokines, 

and matrix metalloproteinases (MMPs).  Among various metabolic enzymes present in the IVD, 

matrix metalloproteinase -1 (MMP1) and matrix metalloproteinase -13 (MMP13) are the primary 

enzymes that are capable of cleaving interstitial collagen molecules. Insufficient regulation of 

these enzymes may lead to excess matrix degradation, offsetting the normal balance and leading 

to pathological conditions including the initiation and progression of IVD degeneration. 

1.3 Intervertebral Disc Damage and Degeneration 

Degeneration of the IVD is a cascade of events related to changes in disc cells, the ECM 

regulation, and the biomechanics of the disc. Each of these degenerative changes are related, 

creating a degenerative cycle [26]. Disc degeneration begins in early adulthood and has been 

observed as early as the second decade of life [27]. As degeneration progresses with age, metabolic 
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balance is disrupted, proteoglycan concentration decreases, and with that, disc height is reduced 

due to dehydration. Loss in disc height further exacerbates biomechanical changes related to the 

abnormal loading and depressurization of the NP and increased strain on collagen fibers of the AF, 

leading to AF tears and fissures and ultimately protrusion (i.e. herniation) of the NP [28]. Age-

related degeneration may be accelerated by traumatic failure of the AF due to acute injury caused 

by overloading, provoking herniation. Additionally, damage and over-mineralization of the CEP 

is thought to reduce permeability and disrupt nutrient exchange leading to cell death [15]. 

Moreover, disruptions to the CEP affect loading distributions, further amplifying the magnitude of 

stress concentrations and local instability [29].  Age-related changes within the disc structure 

including decreased availability of nutrients, cell senescence, matrix disorganization, 

accumulation of pro-inflammatory cytokines, and increased catabolism are thought to contribute 

to complex etiology of pathologic degeneration. 

Disc degeneration can be diagnosed via noninvasive imaging methods, with magnetic 

resonance (MR) imaging being the current gold standard diagnostic method. T1 and T2 weighted 

MR imaging can clearly show pathological features including disc bulges, herniation, and nerve 

impingement [30]. In addition, sequences such as T1-𝝆 [31] have been used to detect advanced 

degeneration properties including dehydration, decreased disc height, altered fat content, annular 

defects, Modic changes, and changes in the CEP [32]. Discography is standard diagnostic method 

for identifying discogenic pain and involves injecting contrast agent into the disc during 

radiographic imaging. Discography is a controversial technique due to concerns about the 

sensitivity and subjectivity of the test as well as the possibility of increased degeneration risk due 

to mechanical disruption of the AF with needle puncture [33].  



 7 

1.3.1 Structural and Biomechanical Changes 

Disc related low back pain may be associated with herniation of the NP due to mechanical 

failure of the AF [34, 35], typically occurring due to progressive degeneration or acute injury. In 

the degenerated IVD, mechanical integrity is compromised as proteoglycan content decreases 

while collagen denaturation increases. These degenerative changes lead to abnormal loading and 

eventual tearing of the AF, opening the door for mechanical failure of the IVD. 

Tissue-level changes during disc degeneration include loss of disc height due to desiccation 

of the NP, loss of AF layers, tearing and delamination of the AF, and protrusion and herniation of 

the NP. Loss of disc height is thought to be related to CEP damage and loss of porosity, reducing 

the exchange of nutrients and leading to cell death or senescence [15] and eventually a reduction 

in the production of proteoglycan molecules responsible for attracting water into the disc and 

creating the swelling pressure giving the disc its height [36, 37]. Decreased swelling pressure 

decreases the weight-bearing capacity of the disc and reduces the disc height, forcing the AF to 

bear an abnormal load [38]. 

Along with increased biomechanical stress, changes in ECM metabolism contribute to the 

loss in the number of distinct AF layers as the distribution of collagen fiber bundles become 

irregular, with buckling of fibers [39, 40]. With a dehydrated NP and diminished AF lamellar 

structure, the normal anisotropic characteristics of a healthy disc are reduced, resulting in 

insufficient load-bearing capacity in response to increased axial compression caused by 

depressurization of the NP [41], and leading to abnormal deformation and fiber breaks in the AF. 

The lamellar structure in the healthy AF is an efficient mechanism for arresting crack propagation. 

However, with depressurization of the NP and increased AF shearing, delamination may occur, 

resulting in mechanical failure of the AF. The greatest stresses during loading are observed in the 
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posterolateral region of the disc, and consequently, this is the most common location for the 

development of annular tears, fissures, protrusions, and herniations [20]. 

1.3.2 Cellular and Molecular Changes 

Structural and biomechanical changes in the degenerative disc are likely the result of and 

may also contribute to cellular and molecular changes in the disc. In addition to the gradual loss 

of proteoglycans and water content in the ECM of the NP, there are also significant changes in the 

phenotype of NP cells from a chondrogenic to a more fibrotic phenotype [39]. Degenerated NP 

cells synthesize less proteoglycans and instead synthesize collagens. Moreover, it is type I collagen 

that is upregulated in lieu of type II collagen [39]. The degenerative microenvironment including 

abnormal loading resulting from a CEP damage, depressurization of the NP, and disorganization 

of the collagen network also affects AF cell phenotype and expression profile. 

Changes in cell phenotype in degenerative discs are associated with changes in the disc 

microenvironment including decreased diffusion of nutrient and waste products, reduced cell 

viability, accumulation of apoptosis debris, upregulated catabolic enzyme activity, accumulation 

of degraded matrix macromolecules, mechanical fatigue failure of matrix components, and an 

imbalance of macromolecule ratios and distribution [42].  

The degenerative disc microenvironment is acidic due to lactic acid accumulation. 

Decreased permeability associated with damage to the CEP and other disc tissues may increase 

hypoxia and reduce glucose availability in the disc to 0.5 – 5.0% oxygen and < 5 mmol/L glucose, 

respectively [43]. This subsequently leads to the production of lactic acid due to an increase in 

anaerobic glycolysis in this hypoxic environment [44]. The lactic acid accumulates due to limited 

transport, lowering disc pH to < 6.8 or as low as 5.7 in severe cases [45]. This cyclic response 
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gradually worsens and leads to reduced cell viability, increased matrix degradation, and 

contributes to the development of a pro-inflammatory environment.  

While a comprehensive understanding of the mechanisms underlying chronic low back pain 

remain unclear, many symptoms are attributed to chronic inflammation, supported by several 

inflammatory mediators [46, 47]. Cells from painful and degenerated discs have been shown to 

produce pro-inflammatory cytokines including tumor necrosis factor α (TNFα), Interleukin-1 

(IL1), and Interleukin-6 (IL6), stimulating disc cells to release additional inflammatory and 

catabolic molecules [48]. The accumulation of inflammatory cytokines can increase pain and 

downregulate ECM synthesis slowing, or even inhibiting, regeneration in the disc [23]. In 

particular, IL-1α and IL-1β are thought to play a major role in the recruitment of other 

inflammatory mediators like TNFα and IL6 [49]. These cytokines activate NF-κβ signaling, which 

further promotes IL6 and IL17 expression within the disc [48]. Moreover, this pro-inflammatory 

feedback loop stimulates the catabolic degradation of the collagen matrix via the upregulation of 

proteases including MMP2, MMP13, and A Disintegrin And Metalloproteinase with 

Thrombospondin Motifs (ADAMTs), leading to an imbalance in matrix metabolism towards a 

degenerative phenotype [23, 48]. 

This imbalance in matrix metabolism is a key hallmark of disc degeneration, where 

overexpression of these proteases leads to degradation of the ECM, compromising the mechanical 

integrity of the disc and exacerbating the degeneration cycle. Therefore, it is imperative that matrix 

metabolic balance is restored to stop or slow progressive disc degermation and subsequent 

mechanical failure of the AF which may lead to herniation, or displacement of disc material beyond 

the normal perimeter of the IVD [50]. 
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1.4 Treatment of Damaged Intervertebral Discs 

1.4.1 Surgical Intervention 

The standard treatment for IVD herniation is discectomy, or surgical removal of the 

protruding herniation tissue. Discectomy is an effective therapy for pain relief in patients suffering 

from sciatica due to nerve impingement. However, removing portion of the protruding NP leaves 

behind a hole that is classified as an annular defect, which likely contributes to the high re-

herniation rates (up to 21%) and persisting postoperative LBP [4, 5]. Options for closing AF 

defects include suturing and insertion of tissue engineered scaffolds or an annular prosthesis. These 

therapies are limited in clinical evidence of long-term safety and efficacy [4] and have been 

suggested to further aggravate existing AF damage due to their invasive nature [40].  

Oftentimes, surgeons opt to leave the annular defect to heal on its own; however, the AF 

has limited healing capacity related to it being sparsely cellularized and having a poor blood supply 

[44, 51]. Due to characteristically low cell density and limited exchange, it is difficult for even 

healthy discs to repair damage without intervention. Several animal studies have demonstrated that 

this results in partial healing of annular defects occurring only in the outer annulus, forming a 

granulation tissue plug and promoting neovascularization and nerve ingrowth [4, 34, 52-54]. AF 

healing structure varied dramatically depending on the technique used to induce injury, oftentimes 

resulting in a thin layer of tissue with significantly reduced strength [55].  

Lumbar fusion is indicated in severe cases of degenerative instability where there is no 

pain relief with aggressive conservative treatment [56]. Fusion is usually achieved by the removal 

of disc tissue and the insertion of an autogenous bone graft or other osteoinductive material over 

the decorticated vertebral surfaces [57]. However, fusion procedures are not always effective, with 

pseudarthrosis rates increasing over time (41 - 81%), likely due to poor patient selection [58-62]. 
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Moreover, there are many risks associated with spinal fusion, including the high likelihood of 

upper level degeneration and postoperative instability due to increases in stress on adjacent intact 

segments [63]. 

Many surgical interventions, including discectomy and spinal fusion, address immediate 

symptoms but fall short of solving fundamental causes of degeneration and pain. Currently, there 

is no effective treatment to repair AF damage that effectively promotes tissue regeneration and 

restores IVD biomechanics to provide a clinically significant therapeutic benefit [6]. 

1.4.2 Tissue Engineering 

The primary aim of IVD tissue engineering is to restore the structure and function of the 

disc. Emerging biologic therapies include the delivery of some combination of biomaterials [6, 

64], cells [65], growth factors [66], or other stimuli - including the delivery high frequency 

mechanical stimulus - to replace or regenerate the ECM [67]. Therapies that are condition- and 

patient-specific may produce more favorable outcomes. Discs with mild-to-moderate degeneration 

with a sufficient viable cell density and nutrient flux may be candidates for treatment with 

molecular therapies such as growth factor injections, gene therapy, or stem cell injections [65, 68]. 

On the other hand, more severely degenerated discs may be too damaged to respond to biological 

therapies and may require complete removal and replacement of the disc or fusion of the segment. 

While there have been many recent advances made in biomaterials, growth factors, and gene 

therapy [69], the primary limitation of these therapies are sustainability and biological safety 

concerns associated with ischemic and pro-inflammatory conditions in the IVD [23, 68]. Many of 

these therapeutic mechanisms are based on increasing the metabolic demand of the resident cells, 

which may be insurmountable in a damaged disc with diminished nutrient supply [68]. 
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Specifically, while growth factors have been shown in several studies to upregulate matrix 

synthesis [70-72], nutrient demand is also increased at a rate that cannot be sustained.  

1.4.3 Therapeutic Ultrasound for Stimulating Intervertebral Disc Repair 

Discogenic back pain presents a major public health issue, with current therapeutic 

interventions limited to short term symptom relief without providing regenerative remedies for 

diseased IVDs. Further, many of these interventions, including discectomy and intradiscal 

injections, are invasive and can diminish the biomechanical integrity of the IVD [5, 73]. This has 

created a significant unmet clinical need for a noninvasive and biologically active treatment for 

IVD damage and back pain.  

Recently, the potential of therapeutic ultrasound (US) for stimulating tissue regeneration 

has been evaluated. It is possible to deliver focused ultrasound energy to deep tissues, such as the 

IVD, while sparing skin, fat, and muscle tissues along the way [74]. In particular, low-intensity 

pulsed ultrasound (LIPUS), offers a potential treatment option, where ultrasound mechanical 

energy targeted to a damaged IVD may produce favorable biological response to enhance IVD 

repair and stall or even reverse IVD degeneration in a completely noninvasive manner.  

LIPUS is a low energy, pulsed pressure waveform that primarily delivers mechanical 

energy, rather than thermal energy, to target tissues. LIPUS systems remove the thermal 

component, which is the primary mechanism of high intensity, continuous wave systems 

commonly used in tissue ablation and hyperthermia applications [75]. LIPUS mechanical energy 

in the kilopascal (kPa) range [76, 77] is transmitted into tissues as acoustic pressure waves. The 

mechanical signal is detected by integrin mechanoreceptors on the surface of the resident cells and 

is transduced into a biochemical response, ultimately triggering downstream effects, such as 

alterations in gene and protein expression [121]. Mechanical stimulation of the IVD cells may be 
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a nontoxic alternative that could be used alone or in conjunction with other forms of biochemical 

treatment. It is well known that IVD cells respond to mechanical stimulation by increasing 

proteoglycan and collagen synthesis [7-9]. 

There are five primary parameters commonly defined in LIPUS systems: transducer 

operating frequency (MHz), average acoustic intensity (mW/cm2), duty (%), pulse repetition 

frequency (kHz), and treatment duration (min). LIPUS technology typically operates at low 

acoustic intensity values (≤ 100 mW/cm2) and transmits from low-frequency acoustic sources 

(≤ 1.5 MHz) using short duty cycles (≤ 20 %) and a pulse repetition rate around 1 kHz. These 

sonication parameters are significantly different from those applied in thermal therapy 

applications, which rely on acoustic intensities that are 1 - 4 orders of magnitude greater than 

LIPUS. 

The majority of LIPUS studies have focused on bone regeneration [78-81], and have shown 

accelerated healing of bone fractures, including non-union fractures, possibly due to stimulating 

neovascularization at the fracture site and promoting enhanced endochondral ossification [78, 82, 

83]. Interest in LIPUS has expanded in recent years with evidence that LIPUS may also stimulate 

repair of soft tissues.  

LIPUS is a widely used and accepted modality in physiotherapy for the treatment of soft 

tissue injuries, likely stimulating increased perfusion to the injury site [84]. In addition, it is a good 

candidate for IVD tissue repair as it is capable of selectively targeting the human IVD tissue while 

sparing superficial tissues. It has been established that LIPUS stimulates cell proliferation and 

matrix synthesis in various cell types inclusive of human IVD cells [40, 85]. LIPUS has been 

shown to enhance the mechanical properties of acutely injured collagenous tissues including 

tendon, ligament, and cartilage likely due to upregulation of collagen synthesis and enhanced 
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alignment of collagen fibers [86-90]. Several studies provide insight into signaling pathways that 

mediate LIPUS-induced effects in IVD cells. LIPUS mechanical stimulus is detected by integrins 

on the cell surface which cluster to form focal adhesions, and in NP cells, this activates the 

FAK/PI3K/Akt pathway and leads to downstream gene expression of important matrix proteins 

such as aggrecan, and type II collagen [121]. LIPUS exposure stimulates the matrix metabolism 

of AF cells through the upregulate of TGF-β1 and ERK pathways [40]. In addition to promoting 

anabolic expression, downregulation of TNFα and other pro-inflammatory factors demonstrates 

that LIPUS may affect inflammatory pathways as well [91, 92].  

Although LIPUS has been shown to have beneficial therapeutic effects in IVD cells, the 

are several limitations and challenges. Many experimental devices have been developed and used 

to for preclinical assessment of therapeutic US [93-97]. These typically include US transducers 

directed at cells cultured in a polystyrene cell culture plate in the acoustic near-field. This and 

similar configurations exhibit major limitations due to the presence of several acoustic phenomena 

related to the interaction between the acoustic wave and the plastic cell culture plate and lead to 

near field interference, standing wave formation, and uncontrolled temperature elevation [98]. An 

additional limitation is the lack of knowledge about dose-response relationships. Although 

researchers have demonstrated various LIPUS-induced effects, the efficacy of LIPUS is debated 

[99] and the mechanism of LIPUS modification of cell behavior is not well understood. While the 

majority of published work has focused on the established exposure settings for bone healing, there 

is currently no clear understanding of which LIPUS parameters cells are most sensitive to nor 

which parameter combination is most effective for maximizing desirable effects. However, there 

are limited parametric studies that have shown dose dependent LIPUS effects including increased 

proteoglycan synthesis in AF cells treated at higher intensities and for more days [67, 85, 100]. 
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The principal goal of LIPUS therapy is to modulate changes in IVD matrix metabolism 

that in a way that alters the degeneration-synthesis balance in favor of synthesis. Additional 

preclinical investigations are necessary for identifying an optimal dose for patient selection as 

researchers seek to advance this technology into the clinic. However, the advancement of LIPUS 

technology to the clinic has been limited thus far, likely due to the lack of reproducibility in in-

vitro studies, limiting the transferability into in-vivo models. To overcome this challenge, there is 

a need for a reliable in-vitro LIPUS exposimetry system that delivers uniform acoustic energy 

while eliminating standing wave formation and allowing accurate temperature control. In addition, 

a comprehensive exploration of LIPUS parameters is required to identify optimal dosing and 

therapeutic delivery protocols to generate favorable bioactivity within the IVD that can increase 

matrix production, stimulate remodeling, and ultimately stop or reverse the pain cascade.   

It can be expected that the success of a LIPUS therapeutic may depend on the extent of 

degeneration in a particular disc. While mildly degenerated discs that still contain viable cells may 

be salvageable, discs with severely damaged tissues or unhealthy cells may not respond to any 

therapeutic. Ultimately, the most severely degenerated and painful discs may have lost much of 

their basic structure and need to be surgically removed to make way for vertebral fusion.  

1.4.4 Pulsed Electromagnetic Fields for Stimulating Spinal Fusion 

Spinal fusion is recommended for the restoration of mechanical stability in the spine in 

cases of degenerative disease that are associated with severe pain by the removal of disc tissue and 

the formation of a bone bridge in the intervertebral space. The process of spinal fusion is 

mechanistically similar to bone fracture regeneration as it includes an inflammatory stage, callus 

formation stage, and a bone remodeling phase [101]. Bone grafts are widely used to promote 

vertebral fusion, and the gold standard procedure involves the placement of an autogenous bone 
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graft between the vertebrae. However, autogenous grafts are limited by increased surgical time, 

significant donor-site morbidity, and high rates of pseudarthrosis [60]. High rates of pseudarthrosis 

have be addressed by the use of bone graft substitutes including collagen, calcium phosphate, 

tricalcium phosphate, and demineralized bone that are engineered to be highly osteoinductive, 

osteoconductive, and osteogenetic [102, 103]. Other techniques that have shown some success in 

increasing fusion rates include the use of bone grafts loaded with osteoinductive proteins such as 

recombinant human bone morphogenetic protein-2, bone marrow aspirates, mesenchymal stem 

cells, or platelet-rich plasma [104, 105]. Recently, novel technologies such as gene therapy and 

tissue engineered biomaterials have shown promising results in animal studies [106]. While many 

of these methods have shown to accelerate fusion, many are plagued by lack of clinical outcomes 

data, high cost of procedure, and low efficiency [60, 107].  

Pulsed Electromagnetic Field (PEMF) stimulation therapies have shown success in the 

clinic as a noninvasive treatment modality for promoting bone healing [108, 109], including 

increased fusion rates for cervical and lumbar fusions in high-risk patients [110]. PEMF devices 

such as the SpinalSTEMTM device (Orthofix Medical Inc., Lewisville, TX, USA) have shown high 

clinical success rates and is FDA approved for cervical and lumbar spinal fusion.  

PEMF signals are commonly defined by four main parameters: waveform type, frequency, 

intensity, and pulsing scheme. Most PEMF systems produce low frequency a sine or square waves 

in the range of 1 Hz to 10 kHz and relatively low magnetic field intensities on the order of 0.2 – 

0.4 T. For example, the Physio-Stem waveform (Orthofix Medical Inc.) consists of a square wave 

with a 25% duty cycle, 3.85 kHz frequency, 15 Hz burst frequency, and slew rate of 10 T/s [111]. 

Clinical studies utilizing comparable PEMF signals have validated the effectiveness of PEMF 
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devices, showing these signals to be safe and effective in improving fusion rates as an adjective 

treatment [110] as well as promoting fusion in patients with established pseudarthrosis [112].  

Considering the strong evidence for the osteoinductive properties of bone graft substitutes 

such as tricalcium phosphate [113-115] as well as PEMF signals, there is increasing interest in the 

investigation of their potential to synergize to enhance bone healing. 

1.5 Overview of Chapters 

The central objective of this dissertation is to contribute to the development of two novel 

energy-based therapeutic modalities for treating IVD pathologies and alleviating low back pain. 

Towards this goal, the following chapters are broken down as follows:  

While there are promising in-vitro studies demonstrating the effects of LIPUS stimulation 

on cultured IVD cells, there is a lack of published work demonstrating the effects of LIPUS in an 

in-vivo model of IVD degeneration. Chapter 2 demonstrates the technical feasibility of delivering 

targeted LIPUS energy to a rat-tail IVD and evaluates LIPUS-induced effects on gene expression 

in rat-tail IVDs with acute injury. A LIPUS exposimetry system was fabricated and characterized 

to verify the delivery of acoustic energy to the center of the rat-tail IVD. Discs were injured using 

an established stab-incision model for disc degeneration then treated with LIPUS for 20 minutes 

daily for five days. IVDs treated with LIPUS demonstrated significant upregulation of type II 

collagen and downregulation of TNFα gene expression. The results of this study indicate technical 

feasibility of targeted delivery of ultrasound to a rat-tail IVD for studies of LIPUS biological 

effects and also suggest that LIPUS may modulate gene expression of cells in inflammatory 

conditions. 

The results of this in-vivo work lead to increased interest in understanding dose-response 

relationships between LIPUS and IVD cells. In preparation for a comprehensive parametric 
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analysis, we identified a need for a fully characterized and validated in-vitro LIPUS system that 

mitigates the confounding factors often observed in conventional in-vitro LIPUS configurations. 

This need inspired the work presented in Chapter 3, which describes the development and 

validation of a far-field LIPUS exposimetry system for stimulating matrix synthesis in bovine AF 

cells. We designed and fabricated a LIPUS exposimetry system that mitigated previously found 

problems with nonuniform near-field exposure, beam reflections, and temperature elevation within 

target samples. When bovine AF cells were exposed to far-field LIPUS, sample heating was 

minimal and collagen content was increased by 2.6-fold compared to the control and was 

equivalent to BMP-7 growth factor treatment. The results of this study support the gene expression 

results in Chapter 2 and suggest that LIPUS is a potential noninvasive therapeutic for stimulating 

IVD repair. 

Motivated by the LIPUS-induced effects observed in Chapter 2 and following the successful 

development and validation of a relevant preclinical LIPUS system as described in Chapter 3, 

Chapter 4 explores the dose-response relationships between LIPUS and ECM gene expression in 

inflammatory AF cells. In this chapter, we present the use and validation of Design of Experiments 

(DOE) for LIPUS parameter exploration, response prediction, and dose optimization. We modeled 

the effects of LIPUS peak intensity, pulse repetition frequency (PRF), and treatment duration, 

simultaneously, on ECM gene expression in inflammatory AF cells using a screening DOE. We 

found that LIPUS exposure significantly downregulated MMP1, MMP13, and IL6 gene expression 

but did not significantly affect COL1 gene expression, and that PRF was the most significant factor 

for modulating MMP1, MMP13, and IL6 expression, while peak intensity was most significant for 

modulating COL1 expression. Validation experiments demonstrated that DOE-predicted 

responses were 12 - 86% different from actual responses. The results of this study demonstrate 
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LIPUS-induced anti-catabolic and anti-inflammatory activity in AF cells and illustrate the 

capability and benefits of implementing DOE in the context of therapeutic ultrasound optimization. 

Chapters 2 – 4 explore the use of LIPUS for stimulating IVD repair; however, in severe cases 

where IVD degeneration has progressed beyond repair, spinal fusion may be necessary. Due to 

high pseudarthrosis rates, there is increased interest in the development of adjuvant therapies for 

improve the rate of successful bone fusion. Chapter 5 describes a study exploring how magnetic 

nanoparticles synergize with pulsed magnetic fields to stimulate osteogenesis in-vitro. Intrinsically 

magnetic nano-bone substitutes (MNBS) were added to human mesenchymal stem cell culture and 

cell viability, alkaline phosphatase activity, mineralization, and osteogenic gene expression in the 

presence and absence of PEMF were quantified for up to 10 days. MNBS attached to the surface 

of and were internalized by human mesenchymal stem cells without impacting cell viability. 

PEMF combined with MNBS accelerated the induction of osteogenesis demonstrated by an early 

peak in ALP activity compared to all other treatment groups. Moreover, PEMF combined with 

MNBS demonstrated continuously increasing mineralization over time. The results of this study 

demonstrate the synergistic effects of PEMF and MNBS on osteogenesis and highlight a potential 

combination therapy for improving spinal fusion success rates. 

Chapter 6 summarizes the conclusions of this dissertation and suggests areas for future 

work. In particular, this chapter discusses the use of response surface methodology to expand upon 

the DOE models generated in Chapter 4, and also discusses the development of an animal model 

to further explore whether the findings in Chapter 5 translate to an in-vivo model of spinal fusion. 

Chapter 2 is a published conference proceedings article in the Proceedings of SPIE, and 

Chapter 3 is a published research article in Biomedical Physics and Engineering Express. 

Chapter 4 represents a body of work that is currently being expanded upon and will be submitted 
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as a manuscript to Ultrasound in Medicine and Biology in June 2020. Chapter 5 is a manuscript 

that was recently submitted and is currently in review for publication in Tissue Engineering, 

Part A. 
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2 LIPUS Regulates Type II Collagen and TNFα Expression in Injured Rat-tail Discs 

The content of this chapter is published as a conference proceedings article in the Proceedings of 

SPIE with the following citation: Horne D, Jones P, Salgaonkar V, et al (2017) Low Intensity 

Pulsed Ultrasound (LIPUS) for the treatment of intervertebral disc degeneration. SPIE BiOS. 

SPIE, pp 1006609–7. doi: 10.1117/12.2255761 

2.1 Introduction 

Discogenic back pain (DBP) is one of the most significant non-lethal medical ailments in 

society. The American Academy of Orthopaedic Surgeons estimates that more than 6 million 

people are diagnosed with DBP annually, with 80% of the US population experiencing DBP 

sometime in their lives. The treatment costs of lower back pain exceed $27 billion annually, but 

the societal cost of the disease exceeds $86 billion [3, 116-118]. The intervertebral disc (IVD) is 

an articulating, load-bearing structure between the vertebral bodies of the spine. In the center of 

the disc is the nucleus pulposus (NP); this proteoglycan-rich structure imbibes water and provides 

compressive resistance. Surrounding the NP are lamellae of collagen fibers called the annulus 

fibrosis (AF) which accounts for tensile strength. Between the IVD and each vertebral body is the 

cartilage end-plate which serves as a barrier for nutrient and waste exchange between the IVD and 

vertebra. Intervertebral disc degeneration is associated with the loss of extracellular matrix (ECM) 

molecules, resulting in modification in biochemical and biomechanical tissue properties. While 

the etiology of IVD degeneration is unclear, it is suspected that it is the result of metabolic 

imbalance within the tissue [119]. This imbalance may cause a gradual loss of important matrix 

proteins such as aggrecan and type II collagen, which may lead to depressurization of NP and 

breakdown of the AF. Another factor likely related to disc degeneration is cartilage end-plate 

damage which may impair proper nutrient and waste exchange, leading to a loss of cells due to 
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apoptosis. Current therapeutic options for treating discogenic back pain include procedures such 

as discectomy (removing part of most of the disc nucleus) and laminectomy (removing part of the 

bone anatomy), which are largely focused on addressing manifested symptoms (i.e. pain) rather 

than functional causes. The major limitations of these procedures are that they are invasive and 

may actually lead to biomechanical failure and further degeneration. Incidence rates and costs 

associated with biomechanical damage from these interventions are significant, creating a 

significant need for noninvasive alternatives. Recently emerging alternative strategies for treating 

IVD degeneration including cell transplantation, gene therapy, and growth factor injection are 

under investigation. While these options have advantages over invasive surgeries, their primary 

limitations include concerns about sustainability and biological safety. Mechanical stimulation of 

the IVD cells may be a nontoxic alternative that could be used alone or in conjunction with other 

forms of biochemical treatment. 

Low intensity pulsed ultrasound (LIPUS) is a mechanical treatment option that is potentially 

both noninvasive and regenerative. LIPUS is a low energy, pulsed waveform, removing the 

thermal component found at higher intensity, continuous wave systems. LIPUS technology 

typically operates at low acoustic intensity values (30 mW/cm2) and transmits from low-frequency 

acoustic sources (1.5 MHz) using short duty cycles (20%) and a pulse repetition rate around 1 kHz. 

These sonication parameters are significantly different from those applied for heat-induced 

interventions, which rely on acoustic intensities that are 1 – 4 orders of magnitude larger than 

LIPUS. LIPUS has been shown to accelerate healing of cortical and cancellous bone fractures 

[120], including non-union fractures, possibly due to enhanced callus formation and angiogenesis 

near the fracture site [81]. LIPUS is widely used in physiotherapy for the treatment of soft tissue 

injuries, likely stimulating increased perfusion to the injury site [84]. 
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IVD degeneration is known to result from alteration in biosynthesis of proteoglycan (PG) 

and pro-inflammatory cytokines in the disc [119]. It has been established that LIPUS stimulates 

PG and collagen synthesis, and induces an anti-inflammatory and anti-catabolic responses in 

human IVD cells [121]. These LIPUS effects have been shown to be mechanically regulated 

through the FAK/PI3K/Akt pathway [121]. Promoting the synthesis of major ECM proteins and 

reducing inflammatory factors may stall or even reverse the degenerative cascade. While findings 

support the application of LIPUS for repair of IVD damage and degeneration, it is unclear whether 

these LIPUS effects are translatable to an in vivo IVD degeneration model. We hypothesize that 

LIPUS can be applied noninvasively to stimulate favorable biological activity within the acutely 

damaged rat tail IVD. The objective of this research project was to demonstrate the technical 

feasibility of building a LIPUS system that can target the rat tail IVD and apply this setup to a 

model for acute IVD degeneration. 

2.2 Methodology 

2.2.1 Ultrasound exposimetry system 

Ultrasound exposimetry systems were devised and fabricated, following our generalized 

schema (Figure 2.1 a), specific to delivering calibrated and characterized LIPUS to rat tail 

intervertebral discs. Three configurations considered consisted of 2.5 cm diameter PZT4 

transducers (1.0 MHz, f=1; 1.6 MHz, f=3.8; 1.0 MHz planar), mounted water-tight with air-

backing on a 3D-printed assembly, and integrated within a degassed water-filled plastic housing 

with a thin Mylar window marked with central cross-hairs (Figure 2.1 b). The housing is designed 

as an acoustic standoff to place the distal focus, or uniform far-field zone, within the targeted rat 

tail disc and to prevent the influence of transducer heating. The acoustic energy is isolated to a 

single targeted disc and portions of the adjacent vertebral body by selection of a standoff distance 
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which gives an appropriate beam cross-section. Additional isolation was achieved by use of 

peripheral brass reflectors and a custom acoustic absorber placed beyond the target (Figure 2.1 a).   

 

Figure 2.1 Generalized schematic representing the in-vivo LIPUS exposimetry system 
The system was designed for LIPUS delivery with calibrated intensity to rat-tail IVDs (a). LIPUS 
applicators were constructed with various frequencies and focusing (b). 

2.2.2 Acoustic characterizations 

LIPUS applicators were evaluated with comparative beam plot measurements to assess 

whether the systems can deliver LIPUS to the narrow (~1.5 mm x 5 mm) rat tail disc. The planar 

device with a 5 cm standoff provided a more uniform beam of appropriate width (~8 mm) for 

easier alignment and full exposure of the disc (Figure 2.2 a). Partial disc exposure may be 

achievable with focused devices (< 3 mm) (Figure 2.2 b, c). Radiation force observations and 

intensity measurements, with and without insertion of sectioned rat tails ex vivo, were made to 

evaluate whether sufficient intensity could reach the center of the rat tail disc (Figure 2.3). It was 

confirmed that approximately 45% incident energy was delivered to central disc while reducing 
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exposure to significant portions of the adjacent bone and with negligible (< 1°C) temperature 

elevation measured.  

Figure 2.2 Axial beam plots with selected standoff distance marked by vertical line 
Plots are representative of a planar transducer (a) and transducers of different focusing (b and c). 

2.2.3 Rat tail stab model 

A well-characterized and established protocol demonstrates that a single stab incision 

through the rat tail intervertebral disc induces inflammation that mirrors the early stages of IVD 

degeneration [122]. Five three-month-old female Sprague-Dawley rats were used in this study. All 

procedures were approved by the Institutional Animal Care and Use Committee of the University 

of California, San Francisco. Rats were anesthetized and an analgesic (Buprenorphine, 
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0.01 mg/kg) was delivered before stab-incisions were administered. Rat tails were sanitized with 

alcohol wipes and betadine topical antiseptic solution. The 3 most proximal discs were selected; 

two to be stabbed and the remaining disc as a control. Under fluoroscopic guidance, a 20-guage, 

short-bevel needle (Fisher Scientific, Cat. No. 305179) was laterally inserted through the disc and 

stopped just before penetrating the outer annulus on the opposite side. The needle was turned 180° 

before fully retracting the needle. Injury to multiple discs does not result in systemic inflammation 

in rats nor does it affect healthy adjacent discs. Female rats were chosen over male rats since 

previous studies have suggested that male rats are more aggressive and may bite the injury site of 

other rats in the cage, potentially affecting results. Relative disc location was marked with a tissue 

pen and verified daily with fluoroscopy prior to LIPUS treatment. 

  

Figure 2.3 Transverse beam plots of acoustic energy passing through rat-tail disc tissue 
Intensity distributions of a 1.6 MHz, focused transducer; without sectioned tail (a) and with 
sectioned tail in beam path (b). 

2.2.4 LIPUS delivery 

LIPUS was delivered shortly following the completion of stab incisions. Five daily LIPUS 

exposures (ISPTA 60 mW/cm2, 200 µs burst, 1 kHz repetition frequency, 20 min duration) were 

a b
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applied to one disc and compared to stab only and normal controls. Acoustic coupling gel was 

applied between the applicator and tail, and a silicone absorber coupled with gel was mounted on 

tail (Figure 2.4) to best reduce standing waves and reflections off of the dorsal surface. Day 1 

exposure was 30 min after injury, and Day 5 sacrifice was 2-3 hours post-LIPUS. 

 

Figure 2.4 Rodent positioning and LIPUS delivery system during treatment 
Caudal vertebral segment of anesthetized rat positioned over center of aperture (a). Ultrasound gel 
and apical absorber secured prior to treatment (b). Assembly uses a 1.0 MHz planar transducer 
with a 5-cm standoff, delivering an 8-mm diameter beam (i.e. FWHM = 8 mm) to the surface of 
the tail (c).  

2.2.5 Histology 

After day 5 treatment, a cohort of rats was euthanized, and motion segments were 

harvested. Discs and adjacent vertebrae were harvested, fixed in formalin, decalcified in formic 

acid, dehydrated, and embedded in paraffin. Sagittal sections were cut through the motion 

segments, perpendicular to the direction of the stab. Sections were stained with Heidenhain’s stain. 

Disc and vertebral morphology were examined at 2X magnification.  

a

b

c
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2.2.6 Measurement of gene expression 

The remaining cohorts of rats were euthanized following day 5 treatment and complete 

discs were harvested and snap frozen in liquid nitrogen. Disc tissue was homogenized, and total 

RNA was extracted using the using Trizol reagent (Life Technologies, Cat. No. 15596026) and 

the RNeasy mini kit (Qiagen, Cat. No. 74104); cDNA was synthesized using iScript reverse 

transcriptase (BioRad, Cat. No. 1708840). The mRNA expression of matrix related (ACAN, 

Col2a1, Sox9) and pro-inflammatory cytokines (TNFα, IL-1β, IL6) were measured by RT-qPCR 

with TaqMan Fast Advance Master Mix (Life Technologies, Cat. No. 4444557) using the BioRad 

CFX96 RealTime Thermal Cycler. Relative gene expression was calculated using the ∆∆Ct 

method and normalized to B2M and the control group. Results were compared using t-tests. P 

values < 0.05 were considered significant. 

2.3 Results 

2.3.1 Stab-induced Morphological Changes 

All control discs appeared to have a rounded nucleus and well-organized collagen lamellae 

in the annulus (Figure 2.5). Stab incisions resulted in depressurization of the disc and reduced disc 

height (Figure 2.5). Stabbed discs displayed an irregularly shaped nucleus and denatured collagen 

fibers that appear lax in the inner annulus. These are all positive signs of acute disc injury and 

precursors to further degeneration.  
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Figure 2.5 Mid-sagittal histology sections of rat-tail motion segments 
Control discs (a) display a rounded nucleus and lamellae of collagen in the annulus, while stabbed 
discs (b) are depressurized and have lax collagen fibers in the annulus. Note that stab orientation 
was into the page. 

2.3.2 LIPUS Effect on Gene Expression 

Real-time quantitative PCR analysis was performed at 5 days after injury to assess the impact 

of LIPUS stimulation on extracellular matrix and inflammatory gene expression. Previous in vitro 

studies suggest that LIPUS treatment stimulates proteoglycan and collagen synthesis in IVD cells 

while inhibiting pro-inflammatory cytokine expression [67, 85, 121, 123]. Results indicated 

favorable trends but exhibited large variation when gene expression was averaged over all animals 

(n = 5), showing no statistical significance between stab only and stab plus LIPUS groups. 

However, as typically applied with the stab-injury model, when selecting the subset (n = 2) of 

animals that had successful stabs which produced a significant injury response, LIPUS treatment 

had an anti-inflammatory effect and anabolic response (Table 2.1): Col2a1 expression was 

significantly upregulated (p = 0.03) and TNFα expression was significantly downregulated 

a b
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(p = 0.05). Expression of pro-inflammatory cytokines IL–1β and IL6 was not significant affected, 

but results suggest a trend towards downregulation. Unexpectedly, LIPUS appears to downregulate 

Aggrecan and Sox9 gene expression.  

Table 2.1 Gene expression after 5 days of LIPUS treatment 
Data have been normalized by their respective control group. Fold change is reported as an average 
among animals with an injury response (n = 2). 
 

   Fold Change   

Gene Gene Name Description Stab 
Only 

Stab + 
LIPUS 

p - 
value 

IL-1b Interleukin – 1b Pro-inflammatory Cytokine 5.54 1.00 0.25 

IL6 Interleukin – 6 Pro-inflammatory Cytokine 3.57 0.20 0.42 

TNFα  Tumor Necrosis 
Factor – a Pro-inflammatory Cytokine 1.29 0.02 0.05* 

ACAN Aggrecan ECM Protein 2.48 1.61 0.74 

Col2a1 Collagen type 2a1 ECM Protein 1.56 16.31 0.03* 

Sox9 Sox9 Transcription factor for 
Collagen II synthesis 2.61 1.65 0.62 

 

2.4 Conclusions 

This preliminary study demonstrates technical feasibility of delivering LIPUS isolated to a 

targeted rat tail IVD for the study of LIPUS exposure and biological effects. Our analyses indicate 

that previously observed in vitro effects seem to carry over to our in vivo model. While several 

favorable trends were observed, statistical significance was only achieved in two genes of interest, 

likely due to large animal to animal variation. One of the major limitations of the rat tail stab model 

is that minute variations between individual’s stabbing technique may significantly affect the 
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animal’s injury response. Future studies will include additional animals to improve statistical 

power as well as implementation of a refined stab technique to ensure more a consistent injury 

response. Subsequent studies will evaluate a wider variety of genes to determine the healing 

mechanism by which LIPUS most significantly acts (e.g. anti-inflammatory, anti-catabolic, 

anabolic). Additional end points (14 and 28 days) will be included to assess the healing response 

over time. Successful completion of these studies can lead to similar evaluations in larger IVD 

degeneration models (e.g. ovine, bovine), to more closely replicate the dimensions of the human 

IVD and lead to development of delivery strategies for treating discogenic back pain in humans. 
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3 LIPUS Far-field Exposimetry System for Uniform Stimulation of Tissues in-vitro: 

Development and Validation with Bovine Intervertebral Disc Cells 

The content of this chapter is published as a research article in Biomedical Physics and 

Engineering Express with the following citation: Horne DA, Jones PD, Adams MS, et al (2020) 

LIPUS far-field exposimetry system for uniform stimulation of tissues in-vitro: development and 

validation with bovine intervertebral disc cells. Biomed Phys Eng Express 6:035033–13. doi: 

10.1088/2057-1976/ab8b26 

3.1 Introduction 

Ultrasound (US) can deliver mechanical or thermal energy to induce therapeutic effects 

including hyperthermia, ablation, regeneration or remodeling, enhanced local drug delivery, and 

immunotherapy [77, 124-127]. Devices for these purposes can be distinguished by their 

dimensions and position relative to the body, driving frequency and acoustic waveforms, as well 

as spatial-temporal intensity and pressure profiles, all of which largely dictate the distribution of 

the acoustic energy delivered and the effects on tissue. Low-intensity pulsed ultrasound (LIPUS) 

is one therapeutic US approach that is applied in pulsed wave modes with relatively low average 

intensities, thereby generating little to negligible heating and primarily delivering mechanical 

energy [125]. Therapeutic LIPUS has been shown to have significant regenerative capabilities in 

numerous tissue types through stimulation of cellular proliferation and matrix metabolism [78, 82, 

88, 128-135]. Recently, with U.S. Food and Drug Administration approval for bone fracture 

healing, LIPUS has advanced into the clinic as a noninvasive and regenerative therapy.   

Interest in therapeutic LIPUS has expanded in recent years with evidence that LIPUS may 

also stimulate repair of injuries in soft tissues including cartilage, ligament, tendon, and 

intervertebral disc (IVD). Several in-vivo studies have demonstrated LIPUS-induced enhancement 
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of wound healing by stimulating increased collagen synthesis and alignment, tissue integration, 

and improved biomechanical function including enhanced stiffness and failure strength [87, 89, 

136-138]. Additionally, LIPUS has been shown to promote matrix anabolism in IVD cells by 

increasing collagen and glycosaminoglycan synthesis while simultaneously decreasing matrix 

metalloproteinase expression [40]. Yet, there is little known about the mechanism of its effects at 

the cellular level, nor which other cell or tissue types may respond to LIPUS exposure. The 

Exogen® clinical system, and other experimental devices, have been used to evaluate LIPUS 

bioeffects [67, 139-144], with the majority of published work focused on the established exposure 

settings for bone healing (1.5 MHz; 200µs pulse; delivered at 20% duty cycle (1kHz); ISATA 

30 mW/cm2; 20 minutes daily). Investigations of LIPUS bioeffects at other exposure settings, such 

as at frequencies below 1.0 MHz and acoustic intensity profiles representative of far-field (FF) 

delivery, are limited and may be required for acoustic energy to penetrate to deep tissues such as 

the human IVD.  

In-vitro testing systems have been developed for preclinical assessment of therapeutic US 

under controlled experimental conditions. In the most common LIPUS configuration, cells are 

exposed by placing a commercial polystyrene cell culture plate (CCP) containing cellular material 

in the acoustic near-field (NF), directly on top of the US transducer with acoustic coupling gel. 

While a simple and straightforward approach, this configuration is vulnerable to several 

undesirable acoustic artifacts including NF interference, standing wave formation, and 

uncontrolled temperature elevation [98]. These phenomena represent significant confounding 

factors when attempting to establish dose-response relationships [145]. Many groups have studied 

US fields in CCPs [93, 94, 96, 98, 145, 146]. Hensel et al. (2011) investigated the wave propagation 

characteristics of several typical in-vitro configurations. They reported that reproducibility was 
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negatively affected by reflecting surfaces (i.e. allowing standing wave formation), and that small 

differences in system configuration, such as well size, media volume, and alignment with beam 

axis can significantly affect the acoustic field distribution and ultimately the biological response. 

Further, the effect of uncontrolled temperature fluctuations due to direct heating from contact with 

the US transducer as well as absorption of US-energy and heating within the plastic well-bottom 

and sidewalls can be particularly problematic. LIPUS systems have previously been developed to 

address these confounding factors. Fung et al. (2014) varied the acoustic standoff distance of their 

in-vitro LIPUS system and found that osteocytes were sensitive to the axial distance of LIPUS, 

suggesting that FF US exposure could enhance osteogenic activities. In the system developed by 

Marvel et al. (2010), BioFlex CCPs with flexible well-bottoms were used and found to be more 

acoustically transparent than typical polystyrene CCPs. In the 2014 study by Leskinen et al., the 

authors found that there was substantial temperature variation among different wells within a CCP, 

and that this variation correlated with variations in cell behavior. They found that temperature 

elevations were minimal when using a CCP well area larger than the width of the US beam [147]. 

Additionally, several LIPUS studies have implemented the use of an acoustic absorber placed 

above the CCP well to attenuate standing wave formation [94, 96, 98, 148]. These results highlight 

the importance of characterizing parameter- and configuration-specific acoustic field distributions 

and temperature fluctuations during in-vitro LIPUS exposure. 

In consideration of investigating extracorporeal delivery of LIPUS to deep tissue targets such 

as IVDs, lower than typical transducer operating frequencies and focused or uniform FF exposure 

are assumed technical requirements. The objective of this study was to design and characterize an 

in-vitro LIPUS system that mimics attributes of a deep delivery system, and as such delivers 

uniform, FF acoustic energy profiles while minimizing reflections and standing waves within 
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target wells and unwanted temperature elevation within target samples. Further, the system was 

validated by exposing IVD cells and assessing LIPUS-induced biological effects. 

3.2 Methods 

3.2.1 System Design and Characterization 

To meet the primary objective of maximizing FF acoustic dose uniformity at the location 

of the target sample in the in-vitro setup, CCP dimensions, transducer dimensions, and offset 

distance between the transducer surface and the CCP-well were determined. Two CCP setups were 

evaluated, each with an effective cell culture area of 1.91 cm2. One setup included a narrow 24-

well plate (15.6 mm diameter), and the other a wider 6-well plate (34.8 mm diameter) with a 

custom toroidal spacer (15.6 mm inner diameter). This spacer serves to constrain the cells within 

the CCP-well center while limiting exposure to sidewall acoustic reflections and maintaining a 

small volume similar to the 24-well plate. To identify the ideal separation distance from the 

transducer to the CCP-well (acoustic standoff) for specific CCP well coverage, several constraints 

were imposed: (i) the acoustic standoff must place the target sample beyond the heterogeneous 

NF; (ii) the full width at half maximum (FWHM), or 50% contour of beam maximum, must cover 

at least 80% of the effective cell culture area (1.91 cm2); and (iii) the acoustic standoff distance 

and minimum transducer size must be constrained to avoid an excessively divergent field and 

potential well-wall absorption and reflections. 

3.2.1.1 Specification and Characterization of Transducers 

Transducer specifications were identified by investigating a range of transducer diameter 

(20 – 35 mm), frequency (0.5, 1.0, and 1.5 MHz), and acoustic standoff distance within the FF 

(120 – 400 mm) on corresponding US intensity distributions, uniformity, and coverage area based 

upon acoustic field simulations. Full-field acoustic intensity distributions were calculated using 
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the rectangular radiator method [149] for numerical approximation to the Raleigh-Sommerfield 

diffraction integral, applying methods previously described by our group [150], and assuming 

uniform velocity across the transducer surface.  

 Planar disc PZT US transducers of 25 mm diameter (EBL #1, EBL Products, Inc., East 

Hartford, CT, USA), with a resonant frequency of approximately 0.5, 1.0, or 1.5 MHz, were 

selected. Transducer assemblies were fabricated separately with water-tight air-backing on custom 

3D-printed housing fixtures, as designed in Solidworks (Dassault Systemes, Waltham, 

Massachusetts, USA) and printed using the Clear resin material with a Form 2 3D-printer 

(Formlabs Inc., Somerville, MA, USA). Black silicone adhesive sealant (Permatex 81158, Solon, 

OH, USA) was applied along the edge of the transducer to secure it to the fixture and ensure air-

backing. Peak electrical impedance, zero phase cross-over, and resonance frequency for each 

transducer were measured using a Network Analyzer (E5070B ENA RF, Agilent). Acoustic beam 

plots of the intensity patterns for each transducer were acquired in the transverse plane using a 

custom 3D computer-controlled scanning system (Velmex, Bloomfield, NY, USA) with a 

calibrated hydrophone (HNP-0400, Onda Corp, Sunnyvale, CA, USA). Transducers were placed 

in a tank lined with an acoustic absorber to reduce reflections and filled with deionized, degassed 

water. A function generator (HP 33120A, Agilent, Santa Clara, CA, USA) and RF amplifier (ENI 

240L) were used to drive transducers with a power meter (N1914A EPM, Keysight Technologies, 

Inc., Santa Rosa, CA, USA) and power sensor modules (N8482A, Keysight Technologies, Inc., 

Santa Rosa, CA, USA) in-line for monitoring forward and reflected power.  For hydrophone 

measurements, a standard burst mode signal at the primary resonant frequency was used (1kHz 

pulse repetition, 100-200 cycle burst). Hydrophone scanning step sizes were 0.2 mm x 0.5 mm 

across transverse and axial axes, respectively. The peak-to-peak voltage (Vpp) signal from the 
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hydrophone was measured using a digital oscilloscope (DSOX2024A 200 MHz, Keysight 

Technologies, Santa Rosa, CA, USA) and converted to absolute intensity maps.  Beam intensity 

distributions were calculated, normalizing the maximum intensity value to one in each case to 

provide a simplified comparison of distributions.  

3.2.1.2 Assembly of LIPUS in-vitro System 

Informed by the simulations and measurements described above, exposimetry systems 

were devised and fabricated in-house following the schema (Figure 3.1). The LIPUS system 

consists of two independently driven, planar transducers mounted separately and affixed to an 

acrylic base. In order to operate with a single amplifier and function generator, paired transducers 

for each test system were individually impedance matched to a 100Ω load using an LC matching 

network and connected in parallel to achieve 50 Ω resultant impedance. The matching network 

capacitance was adjusted slightly for final matching to equalize peak output intensities as measured 

by needle hydrophone. The CCP-platform was fixed at the identified acoustic standoff for each 

frequency, as described above, and the transducer position was adjusted to direct acoustic energy 

towards the center of two opposing corner wells of the CCP. In order to further reduce well-wall 

reflections and US beam refocusing as observed when using narrow-diameter 24-well plates, a 

wide-diameter 6-well CCP (Costar 3471, Corning Incorporated, NY, USA) was used. An alginate 

disk (34.8 mm diameter; 10 mm height) was formed by mixing equal volumes of 1.2wt% sodium 

alginate (FMC BioPolymer, San Jose, CA) and 102 mM CaCl2 crosslinking solution inside each 

test well. Following 10 min incubation and removal of the crosslinking solution, a 3D-printed 

boring tool (15.6 mm outer diameter) was used to remove the center portion of the disk, creating 

an alginate ring.  The acoustically transparent alginate rings (measured attenuation coefficient = 

0 dB/cm) were used to constrain target samples within the FWHM of the diverging US beam and 
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maintain a sample volume comparable to the 24-well plates without introducing reflective 

surfaces. Two custom silicone absorbers (described in detail below) were positioned apically and 

coupled on the distal surface of the media-filled target wells. During exposures, the entire setup 

was placed in a deionized, degassed, and temperature-controlled water bath, with the water level 

reaching one-half the height of the CCP. 

 
Figure 3.1 Generalized schematic representing the in-vitro LIPUS exposimetry system 
The system was designed to deliver uniform acoustic energy to cells cultured in monolayer or 3D 
scaffolds and to adapt to a frequency range from 0.5 to 1.5 MHz. Two planar, PZT transducers 
were directed toward the center of two opposing corner wells of a standard cell culture plate. Cell 
culture targets were placed at a defined acoustic standoff distance and within an acoustically 
transparent alginate ring spacer to center the cells and reduce exposure to sidewall acoustic 
reflections. Wells were sealed distally with an acoustic absorber coupled to the media. The system 
was placed in a degassed, temperature-controlled water bath during exposures.  

3.2.1.3 Design of Acoustic Absorber 

Acoustic absorbers were designed to be in direct contact with the top surface of the media 

as a means to absorb acoustic energy transmitted through the target and eliminate reflections and 

standing wave formation within the well. Six biocompatible silicone materials were evaluated 

based on measurements of acoustic attenuation and reflection due to acoustic impedance mismatch 
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from water (Table 3.1). Each material was prepared according to manufacturer’s instructions, 

degassed, poured into cylindrical molds (4.2 cm diameter) to create two samples of different 

thicknesses (1.32 ± 0.10 cm and 2.55 ± 0.07 cm), and allowed to cure at room temperature 

overnight. Density was determined by using mass measurements and volume calculations. A 

pulse-echo transmit and receive US transmission system was used to determine the attenuation 

coefficient, reflection amplitude, and speed of sound through each material [151]. The test system 

consisted of an ultrasonic pulser-receiver (500PR, Panametrics, Inc., Waltham, MA, USA), two 

opposed 5 MHz immersion transducers (U8517054, Olympus NDT Instruments, Milwaukie, OR, 

USA) for transmit and receive, respectively, separated by 10 cm. The received amplitude 

waveform was measured using an oscilloscope (AFG3022C, Tektronix, Inc., Beaverton, OR, 

USA). Samples of various thickness were placed on a thin mylar stage between the two transducers 

and positioned perpendicularly to the US beam.  The speed of sound through each sample 𝐶! [m/s] 

was calculated as:  

𝐶" =
#!	%#"

('#,!%'#,"	%	
$"	&$!
'( )

            

where Z1 and Z2 are the respective sample thicknesses [m] of sample 1 and sample 2, ts,1 and ts,2   

are the respective times [s] for the US signal to travel from the emitting transducer to receiving 

transducer, and 𝐶* is the speed of sound [m/s] through water (1484 m/s at 22°C). The attenuation 

coefficient of each sample µ [dB/m] was calculated as:  

µ =
+,-)*,!)*,".

#"	%#!
	             

where Ao,1 and Ao,2, are the respective peak-to-peak voltage amplitudes [V] measured from the 

pulse waveform, and Z1 and Z2 are the respective sample thicknesses [m].  Reflection amplitude 

was assessed by measuring the amplitude of the signal reflected back toward the emitting 
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transducer. For each parameter assessed, measurements were taken four times in various positions 

throughout the sample and are reported as average values (Table 3.1).  

A custom mold was designed to create an absorber with the following characteristics: (i) a 

truncated-cone geometry (35.5 mm diameter x 8 mm depth; 25.4 mm total thickness) to allow 

direct coupling with media as well as air flow and media escape when placed in a media-filled 

well; and (ii) a ridged distal surface to baffle reflected waves, further increase absorption, and 

reduce re-transmission into the media. Mixed and degassed Sylgard 170 silicone (1696157, Dow 

Corning, Midland, MI, USA) was poured into a 3D-printed mold and cured by manufacturer’s 

instruction. Pulse-echo measurements, similar to above, were performed to characterize the 

reflection amplitude of the final absorber design. 

Table 3.1 Candidate absorber materials and associated acoustical properties.  
 

Product Name 
Density  
(g/cm3) 

Speed of 
Sound  
(m/s) 

Attenuation 
Coefficient  
(dB/cm) 

Reflection 
Amplitude  
(mVpp) 

Smooth-On Mold StarTM 15 SLOW 12.36 1425.30 7.50 789.05 

Smooth-On Mold StarTM 30 13.00 1428.60 6.70 859.40 

Smooth-On Dragon SkinTM 6.71  1436.55 7.50 892.60 

Smooth-On EcoflexTM 10.78 1444.38 1.77 1038.95 

Dow Sylgard® 170 8.27 1433.70 18.44 253.90 

MomentiveTM RTV60 8.47 1439.94 16.39 324.23 

 

3.2.1.4 Characterization of US Beam Uniformity at Cell Culture Position 

 US intensity distributions directly inside CCP-wells was characterized for various 

configurations. The full LIPUS assembly was placed in a scan tank and hydrophone measurements 

were performed inside the well at 2 mm above the bottom of the CCP, representing the location of 



 41 

the center of a 3D cell culture material. Six configurations were assessed, representing those 

commonly used for in-vitro LIPUS exposures [67, 85, 93, 96, 98, 100, 146, 152]: in the NF (no 

plate, 24-well CCP, and 6-well CCP) and in the FF (no plate, 24-well CCP, and 6-well CCP + 

alginate ring insert). Scan dimensions in the x-y plane were limited for some configurations due 

to narrow well diameter. As a quantitative measure of acoustic uniformity across the well area, the 

mean gradient magnitude was calculated using the numerical gradient function in the MATLAB 

Image Processing Toolbox (MATLAB Release 2016b, The MathWorks, Inc., Natick, 

Massachusetts, USA). The gradient vector magnitude was computed by the summation of the 

absolute value of the gradient vectors in the x and y dimensions. 

3.2.1.5 Measurement of Temperature Elevation 

Temperature elevation within the well and absorber was evaluated during LIPUS exposure. 

Copper-constantan thermocouples (Size 0.002in, California Fine Wire Company, Grover Beach, 

CA, USA) were fabricated and calibrated in-house and connected to a Data Acquisition/Switch 

Unit and Thermometry Modules (Model HP34970A, Keysight Technologies, Santa Rosa, CA, 

USA) set to one reading per second. Target wells contained a custom alginate ring and 10 alginate 

beads (3D cell culture scaffold material), all submerged in cell culture media (Dulbecco’s modified 

Eagle’s medium, Gibco; Invitrogen Inc., Carlsbad, CA, USA) which formed a liquid column inside 

the well. The acoustic absorber was partially submerged in the well as designed, coupling directly 

with the media while avoiding bubble formation. Multiple thermocouple probes were passed 

through the absorber and positioned parallel to the direction of US propagation in three different 

locations: centered and in contact with the well bottom, inside an alginate bead, and inside (2 mm 

from the bottom surface) the acoustic absorber. The full LIPUS assembly was submerged in a tank 

with water conditioned as described above and maintained at 37°C. The top of the exposure system 
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was covered with plastic sheeting to minimize heat and water vapor escape and to maintain 

temperature uniformity throughout the apparatus. LIPUS sonication was performed using the 

following parameters: 1.5 MHz operating frequency, 200 µs pulse, 1 kHz pulse repetition 

frequency, and ISPTA=120 mW/cm2. After a short baseline measurement, the LIPUS was switched 

on for 20-minute sonication followed by a cooldown back to steady-state. Measurements of 

temperature rise were repeated three times for each setup. 

3.2.2 Biological Validation of LIPUS System 

The FF LIPUS system described above, operating at 1.5 MHz, was used to apply pulsed 

US in-vitro to IVD cells which were then assessed for induced biological response. Bovine IVD 

cells were encapsulated in 3D alginate scaffolds and cultured in 6-well CCPs. Samples were 

randomly assigned to the nontreated control, growth factor treatment (BMP-7) as a positive 

control, or LIPUS treatment group. After 14 days in culture, extracellular matrix accumulation 

within the alginate scaffold was evaluated by hydroxyproline assay for total collagen content. 

3.2.2.1 Cell Culture 

 IVDs were harvested from 18 to 24-month old bovine tails (Marin Sun Farms Inc., 

Petaluma, CA, USA) and annulus fibrosus (AF) cells were extracted and expanded as previously 

described [153], then encapsulated in alginate beads. Alginate hydrogels are widely used as an 

encapsulation method in a variety of in-vitro applications, including chondrocyte [154, 155], 

fibroblast [156], and IVD [85, 111, 157-159] cell culture, and have been used in several LIPUS 

studies involving IVD cells [67, 85, 121, 123]. The alginate bead culture system has many 

advantages over other hydrogel systems for IVD cell culture. AF cells cultured in alginate have 

been shown to maintain phenotypic stability [20, 160]. An additional advantage is that unlike many 

other hydrogels, alginate can be rapidly solubilized by calcium-chelating agents, allowing retrieval 
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of viable cells while removing trace elements of the hydrogel material [160, 161]. Further, 

culturing samples in several beads rather than a single disc is advantageous as it facilitates the 

randomization of samples for various outcome assays following treatment. Extracted AF cells were 

suspended in 1.2 wt% sodium alginate (FMC BioPolymer) in D-PBS at a density of 

4x106 cells/mL. Beads of approximately 25 µL in volume were formed by dispensing the solution 

dropwise through a 22-gauge needle into a reservoir of 102 mM CaCl2 crosslinking solution. The 

beads were allowed to crosslink at room temperature for 10 minutes before washing with PBS and 

cell culture media. Twelve alginate beads (one sample) were cultured in two opposing corner wells 

of a CCP with 3 mL of Standard Disc Media (low-glucose DMEM with 5% FBS, 1% 

antibiotic/antimycotic, 1% nonessential amino acids, and 1.5% osmolarity salt solution containing 

5 M NaCl and 0.4 M KCl). To avoid US exposure in neighboring, non-sonicated wells [98], each 

sample was cultured in opposing corner-wells, and control samples were not cultured in the same 

plate. Cells were kept in a 37°C, 5% CO2 incubator and allowed to acclimate for 24-hours before 

initial treatment. 

3.2.2.2 Evaluation of LIPUS Exposure 

Twelve samples were divided among three groups: (1) nontreated control, (2) BMP-7 

treatment, and (3) LIPUS treatment. The BMP-7 treatment group received Standard Disc Media 

supplemented with 200 ng/mL of Human Bone Morphogenetic Protein-7 (BMP-7) (Z02751, 

GenScript, Piscataway, NJ, USA). BMP-7 solution was exchanged on each treatment day. The 

LIPUS group was exposed to an US waveform (1.5 MHz operating frequency, 200 µs pulse, 1kHz 

pulse repetition frequency, ISPTA=120 mW/cm2) for 20 minutes each treatment day. When the CCP 

was placed on its platform, care was taken to remove air bubbles from and allow water to fill the 

crevices in the corners of the plate to allow proper coupling. To simulate environmental conditions 
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without LIPUS, control and BMP-7-treated samples were placed in the LIPUS exposimetry system 

for 20 minutes with the US turned off. All samples were cultured for 14 total days, with LIPUS 

exposure taking place on 8 of the 14 days. Media was changed on each day of treatment or every 

other day. 

3.2.2.3 Quantification of Collagen Concentration 

After 14 days of culture, the alginate beads were dissolved in 55 mM sodium citrate. 

Samples were concentrated by lyophilization for 2 total hours at a minimum of 75°C. Concentrated 

pellets were then dissolved in 40 µL of 6 N HCl for 16 hours at 110°C. The solution was 

centrifuged, and the supernatant was collected and neutralized. Total collagen content was 

quantified using acid hydrolysis followed by addition of p-dimethylaminobenzaldehyde and 

chloramine T (Sigma). DNA content was assayed with the Quant-iT PicoGreen dsDNA Assay Kit 

(P11496, Thermo Fisher, Waltham, MA, USA) and measured on a microplate reader (Spectramax 

M5, Molecular Devices, Sunnyvale, CA, USA) with 488 nm excitation and 525 nm absorption. 

Total collagen levels were normalized by the amount of total DNA to accommodate for differences 

in proliferation among treated and control samples.  

3.2.2.4 Quantification of Glycosaminoglycan Concentration 

After alginate beads were dissolved in 55 mM sodium citrate, the supernatant was digested 

in papain (P3125, Sigma-Aldrich, St. Louis, MO, USA) at 60°C overnight. Sulfated 

glycosaminoglycan (sGAG) content was quantified using the dimethylmethylene blue (DMMB) 

assay, with modifications for measuring alginate encapsulated samples [162], and normalized by 

DNA content as measured by PicoGreen assay. 
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3.2.2.5 Statistical Analysis 

Statistical significance of differences in intensity gradient was evaluated using a one-way 

analysis of variance (ANOVA) test, followed by multiple t-tests with a Tukey HSD correction. 

Statistical significance of differences in collagen concentration was evaluated using the Kruskal-

Wallis ANOVA test, followed by nonparametric comparisons for each pair using the Wilcoxon 

method. P-values < 0.05 were considered significant. 

3.3 Results 

3.3.1 Transducer and Acoustic Field Characterization 

Analysis of acoustic field simulations suggested that 25 mm-diameter transducers would 

provide a practical selection for 0.5, 1.0, and 1.5 MHz operating frequencies. Predicted acoustic 

standoff distances of 125, 250, and 350 mm would yield 107.3%, 97.5%, and 82.9% coverage of 

the effective cell culture area within the FWHM for 0.5, 1.0, and 1.5 MHz operating frequencies, 

respectively (Table 3.2 and Figure 3.2). Hydrophone measurements of the acoustic field 

distributions from fabricated transducers at these standoff distances (Figure 3.2 B, E, H) yielded 

133.23%, 104.7%, and 98.7% coverage, respectively over 1.91 cm2 area, demonstrating the 

feasibility of delivering broad, FF acoustic energy covering greater than 80% of the effective cell 

culture area. 
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Table 3.2 Summary of acoustic field metrics from simulations of various configurations 
FWHM and % Area Covered was calculated for each offset distance. Only configurations that 
covered greater than 80% of a 24-well plate well bottom were considered to meet the design 
criteria; therefore, 25 mm diameter transducers and offset distances of 350, 250, and 125 mm were 
chosen for 1.5, 1.0, and 0.5 MHz frequency configurations, respectively.  a Distance from the 
center of the transducer face to the center of the measurement plane. b Percentage of the surface 
area of a 24-well cell culture plate well bottom covered by the FWHM ultrasound beam (surface 
area of 24-well plate well bottom = 1.91 cm2). 
 

Operating 
Frequency (MHz) 

Transducer 
Diameter a (mm) 

Offset 
Distance (mm) 

FWHM at 
Offset (mm) 

%Area 
Covered b 

1.5 

20 225 14.0 80.5 

25 300 12.2 61.2 

25 350 14.2 82.9 

30 300 10.3 43.6 

35 300 9.3 35.5 

1.0 

20 175 14.0 80.5 

20 200 16.0 105.2 

25 225 14.0 80.5 

25 250 15.4 97.5 

20 300 19.2 75.5 

30 275 15.0 92.5 

30 400 20.0 81.9 

35 375 16.0 105.2 

0.5 
25 120 14.6 87.8 

25 125 16.2 107.3 
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Figure 3.2 Simulated and measured acoustic fields 
Axial simulations (A, D, G) demonstrated a heterogeneous near-field and a more uniform far-field 
region for each frequency as well as an expected reduction in focal depth with reduced frequency. 
Transverse line traces of these simulations (C, F, I) further highlighted differences in intensity 
distribution with depth in the acoustic field. Arrows indicate the location at which each line trace 
was taken within the simulated acoustic field. Multiple peaks were observed in the near-field, a 
uniform but narrow distribution at the focus, and a uniform and broad distribution past the focus. 
The latter was chosen for the LIPUS configuration and cross-sectional intensity measurements (B, 
E, H) were taken at the proposed depth via hydrophone scanning. The region within the dotted line 
is ≥ 50% of the maximum intensity and represents the location where the cellular target was placed. 

3.3.2 Evaluation of Acoustic Absorber  

Sylgard 170, a biocompatible silicone [163], demonstrated the greatest attenuation 

coefficient (18.4 dB/cm) with minimal reflection from the surface at less than 5% (Table 3.1). 

Absorber efficacy, as evaluated by pulse-echo measurements, demonstrated the elimination of 
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reflections back toward the well-bottom, thereby minimizing the generation of standing waves 

within CCP wells. The reflection amplitude was reduced by 99.1% with the absorber in position 

(3.375 Vpp vs 0.031 Vpp). 

3.3.3 US-beam Uniformity at Cell Culture Position 

Surface plots of normalized intensity (Figure 3.3) qualitatively demonstrate the 

heterogeneity of the beam profile in the NF compared to the more uniform profile in the FF. In 

addition, it is apparent that the introduction of a narrow-diameter 24-well CCP in the beam path 

increases the heterogeneity in both the NF and FF configurations. When replaced with a wide-

diameter 6-well CCP, the intensity distribution is less uniform than with no plate, but more uniform 

than with the narrow-diameter 24-well CCP. 

Quantitative measurements of uniformity for the FF configurations, as shown in 

Figure 3.4, demonstrated an 80.3 – 86.4% reduction in mean gradient magnitude and reduced 

standard deviation in gradient magnitude by 78.9 – 93.7% when compared to corresponding NF 

configurations. The FF configuration including an alginate ring placed within a 6-well CCP 

(Figure 3.3F) demonstrated a 60.1% reduction in mean gradient magnitude compared to the 

configuration with a 24-well CCP in at the same position (Figure 3.3E) (0.10 ± 0.06 W/cm2/mm 

vs 0.26 ± 0.16 W/cm2/mm) and is similar to the no-plate configuration (Figure 3.3D) 

(0.08 ± 0.02 W/cm2/mm vs 0.10 ± 0.06 W/cm2/mm). 
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Figure 3.3 Surface plots depicting normalized intensity distributions 
Intensity distributions were measured via hydrophone scanning at the sample location (2 mm 
above the well bottom) in various commonly used in-vitro LIPUS configurations (A-E) and the 
custom configuration (F). Overall, the intensity distribution within the near-field (5 mm offset) (A-
C) was extremely heterogeneous compared to the far-field (350 mm offset) (D-F). For both 
regions, there was more heterogeneity with a narrow-diameter 24-well plate compared to a wide-
diameter 6-well plate. The custom configuration (F), which included an alginate ring inserted in a 
6-well plate, had the most uniform intensity distribution compared to all other configurations that 
included a well-plate. Note that the plot for the far-field, 24-well plate setup has a single narrow 
peak in intensity gradient due to well-wall reflections, increasing the heterogeneity of its 
intensity field. 
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Figure 3.4 Quantification of acoustic field uniformity 
Acoustic field uniformity was quantified by measuring the intensity gradient and normalizing by 
the maximum value for each group. The intensity gradient of the custom in-vitro LIPUS 
configuration (F) was significantly less than all other configurations that included a well-plate (B, 
C, E). The normalized intensity gradient of each group was significantly different from all other 
groups (p < 0.05). Error bars represent standard deviation of the intensity gradient. 

3.3.4 Temperature Measurements 

Temperature elevation measured within the well and absorber material during sonication 

at 1.5 MHz, demonstrated low temperature elevations within alginate beads of 0.81 ± 0.15°C, and 

0.61 ± 0.31°C for the CCP-well bottom. Temperature rise was greatest within the acoustic 

absorber, with a temperature elevation of 2.32 ± 0.27°C. 

3.3.5 Extracellular Matrix Deposition 

LIPUS-induced bioactivity was evaluated and compared to BMP-7 exposure (as a positive 

control) by hydroxyproline assay for quantification of total collagen content and by DMMB assay 

for quantification of sGAG content. Exposure to both treatments had a profound effect on collagen 

concentration compared to nontreated controls (Figure 3.5A), with a 3.3-fold increase in the BMP-

7 group (1.12 ± 0.55 µg/µg DNA vs 0.34 ± 0.07 µg/µg DNA, p = 0.03), and a 2.6-fold increase in 

the LIPUS group (0.89 ± 0.42 µg/µg DNA vs 0.34 ± 0.07 µg/µg DNA, p = 0.03). There was no 
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significant difference in collagen concentration between the BMP-7 and LIPUS treatment groups, 

(p = 0.47). sGAG concentration was increased, but there was no significant difference between the 

BMP-7 and control groups (7.91 ± 4.23 µg/µg DNA vs 5.03 ± 1.26 µg/µg DNA, p = 0.77) nor the 

LIPUS and control groups (8.60 ± 9.41 µg/µg DNA vs 5.03 ± 1.26 µg/µg DNA, p = 0.68) 

(Figure 3.5B). 

 
Figure 3.5 Quantification of extracellular matrix deposition 
LIPUS and BMP-7 growth factor treatment upregulated collagen concentration by a similar 
magnitude and were both significantly greater than the nontreated control group (* p < 0.05) (A). 
sGAG concentration was increased, but not significantly upregulated by LIPUS nor BMP-7 
treatment (B). Both collagen and sGAG concentration were calculated as the sum of total collagen 
or sGAG content normalized by total DNA content in alginate beads. Error bars represent standard 
deviation of the collagen and sGAG concentration. 

3.4 Discussion 

In this study, we investigated design parameters for an in-vitro LIPUS exposimetry system 

to deliver uniform FF acoustic energy to a distal target while mitigating several common acoustic 

artifacts. We identified the proper combination of transducer dimensions, and acoustic standoff 
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distance for various low frequency (0.5 – 1.5 MHz) sources to deliver broad, uniform US energy 

to a target sample area within a CCP well. This configuration, combined with an optimized 

absorber and alginate ring design, enabled delivery of 50% prescribed ISATA across the target region 

within the CCP well. Using the final design, we treated bovine IVD cells over the course of several 

days then measured collagen content and found that FF LIPUS exposure upregulates collagen 

production in IVD cells comparable to BMP-7 growth factor treatment. 

Typically, in-vitro LIPUS systems include cells cultured in polystyrene CCPs placed 

directly above a planar transducer [67, 85]. When comparing intensity distributions at various axial 

distances, we observed extremely heterogeneous intensity fields directly above the transducer and 

a more uniform field at the transducer’s natural focus (i.e. FF transition). However, the intensity 

distribution at this location manifests as a narrow peak with a FWHM intensity of < 8.5 mm for 

each transducer frequency considered. At further distances within the FF, the intensity field 

demonstrated broader peaks, with a 2-fold increase in FWHM intensity. These data suggested that 

uniform, broad exposure can be achieved at positions past the focus, within the diverging FF. 

The presence of standing waves originating at the liquid-air interface of in-vitro US 

exposure systems can increase the pressure amplitude at the cell culture position by up to 2-fold, 

or decrease by up to 50%, which leads to uncertainty in the exposure conditions and could either 

significantly reduce cell viability or considerably reduce the expected therapeutic dose, resulting 

in a less predictable therapeutic effect [94, 164]. By addition of the custom absorber, the formation 

of standing waves within the CCP well would be negligible.  Since the total energy delivered to 

the target can vary widely due to standing waves, eliminating them is essential for the success of 

future parametric studies. 
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Initial acoustic field simulations and hydrophone measurements gave insight into the 

acoustic intensity field devoid of obstruction; however, as previously mentioned, cells are typically 

cultured within the confinement of a CCP well. Therefore, a more relevant analysis requires 

assessing the intensity field just beyond CCP-well bottom where the cells are located. By 

calculating the intensity gradient within this region, we have quantified the uniformity of the 

acoustic intensity field at the cell culture position within various common in-vitro configurations 

and demonstrated that adaptations to these configurations can greatly reduce beam heterogeneity 

in terms of intensity gradient magnitude. We found that the configuration with a 24-well CCP 

placed in the NF had the greatest intensity gradient, suggesting that cells treated using this 

configuration are particularly susceptible to heterogeneous mechanical stimulation and heating 

throughout the sample. Previous studies have suggested that differences in bioeffects may be 

explained by the local heterogeneity in the intensity distribution when exposing cells within the 

transducer’s NF [146]. The FF configuration with an alginate ring inside a 6-well CCP had the 

lowest intensity gradient. This finding aligns with previous literature which hypothesized that the 

use of a well larger than the diameter of the transducer would reduce heterogeneity by minimizing 

reflections from well-walls [94]. The addition of an acoustically transparent alginate ring 

constrains the cells within a region outside the influence of the well-wall reflections believed to 

contribute the heterogeneity in narrow-welled configurations.  

It is well accepted that exposure to US-energy has a therapeutic effect on several 

musculoskeletal tissues; however, the common presence of uncontrolled, US-induced heating of 

the CCP-plastic (by attenuation as well as heat transfer through direct contact with the transducer), 

and subsequently the sample, suggests that the mechanism of these effects may not be exclusively 

due to mechanical effects. Previous studies have shown that temperature elevation greater than 
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3°C is enough to induce bioeffects on cell cultures and can be reached even when delivering low 

intensities (e.g. ISATA = 32 mW/cm2) [98, 145, 165]. US-induced temperature elevation within the 

cell culture media as well as the well-walls and bottom of a CCP has been investigated for 

monolayer cultures [98, 166]; however, those observations may not be relevant for understanding 

heating effects on cells encapsulated in 3D-constructs such as sodium alginate beads. In the LIPUS 

system developed herein, which included a circulating water bath and acoustic absorber, we 

observed negligible average temperature elevations of < 1.0 °C within the alginate beads and CCP-

well bottom, which is appreciably less than the temperature elevations previously reported in 

direct-contact systems [98] and demonstrates the ability to remove confounding temperature 

effects in LIPUS in-vitro studies.  

For validation, bovine AF cells were exposed to LIPUS using the FF exposimetry system. 

Results demonstrated that collagen production was significantly greater than the control group 

when treated with BMP-7 (3.3-fold) or LIPUS (2.6-fold); however, there was no significant 

difference between LIPUS treatment and BMP-7 treatment. The findings demonstrate that 

uniform, FF LIPUS exposure, while eliminating significant temperature elevation and standing 

waves, can promote increased extracellular matrix production in bovine IVD cells in-vitro at a 

magnitude similar to that of growth factor treatment. This increase in collagen content with LIPUS 

treatment aligns with previous studies which have demonstrated a 1.3-fold increase in total 

collagen in human annulus fibrosus cells [40] and fibroblast cells treated with LIPUS in the NF 

[156]. Our preliminary gene expression data suggest that both LIPUS and BMP-7 treatment 

regulate collagen I and II expression in AF cells at similar magnitudes. These results align with 

previous work [40, 167] and suggest that LIPUS may stimulate the production of major fibrillar 

collagens of the IVD, which are important for maintaining its structural integrity. Although this 
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study has not differentiated between ratios of collagen I and collagen II levels for LIPUS and BMP-

7, this could be further investigated in future studies to optimize LIPUS exposure levels by 

immunohistostaining or western blot analysis. 

Overall, the results indicate that uniform, FF acoustic energy fields can be delivered to 3D 

cellular constructs cultured in standard CCP-wells and enclosed by an alginate ring spacer at 

frequencies at and below 1.5 MHz with negligible heating. Additionally, we demonstrate that FF 

LIPUS exposure increases collagen content in IVD cells, suggesting that LIPUS may be a potential 

therapeutic for stimulating repair of tissues deep within the body such as the IVD. Further 

investigations are needed to elucidate the effect of varying LIPUS dose parameters on the cell 

response and to optimize the benefits of LIPUS treatment in an IVD-tissue repair context. 
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4 Design of Experiments Screening of Low-intensity Pulsed Ultrasound Parameters for 

Modulating Matrix Gene Expression in Annulus Fibrosus Cells 

The content of this chapter will be included as part of a research article that will be submitted to 

Ultrasound in Medicine and Biology in June 2020 by the following authors:  

Devante A. Horne, Chris J. Diederich, Jeffrey C. Lotz 

4.1 Introduction 

Damage and tears in the intervertebral disc (IVD) are associated with pain and disability and 

are related to risk of disc herniation and degeneration [168]. Current therapies for stimulating 

healing, such as intradiscal growth factor and stem cell injections are invasive, are invasive and 

have shown limited success rates [65]. New technologies for treating damaged discs are 

increasingly focused on the regeneration and repair of the annulus fibrosus (AF) [40].  

Among the various therapeutic modalities being explored, low-intensity pulsed ultrasound 

(LIPUS) has been shown to stimulate several musculoskeletal cell types to increase proliferation 

and extracellular matrix (ECM) synthesis [169]. LIPUS is well known for its use in stimulating 

bone healing and has shown bioeffects in soft tissues as well, including the nucleus pulposus [121, 

123] and AF [40, 170]. LIPUS has advantages over other potential therapies including the 

capability of delivering acoustic energy extracorporeally to target tissues of interest while sparing 

healthy tissues along the way. Our group has recently shown that LIPUS energy in the far-field 

can significantly upregulate collagen accumulation in AF cell cultures [170]. 

While LIPUS has been established as a promising therapeutic for bone repair, progress has 

been limited for other tissues such as the IVD, likely due to a lack of an established dose-response 

relationships. Many previous studies have focused on established LIPUS parameters: 1.5 MHz 

operating frequency, 1 kHz pulse repetition frequency (PRF), 30 mW/cm2 spatial and temporal 
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averaged intensity, and 20 min treatment duration. These settings have been proven effective for 

bone healing [78, 81, 171]; however, LIPUS parameters have not been fully optimized for soft 

tissues such as the IVD. Limited parametric studies have suggested significant dose-dependent 

LIPUS effects, including increased proteoglycan synthesis in AF cells treated with higher 

intensities and for more days [67, 85, 100, 123], increased calcium accretion in stem cells with 

increasing pulse repetition frequency [93], and increased proteoglycan and collagen synthesis in 

stem cells treated for longer durations [100]. Nonetheless, with the lack of a comprehensive 

evaluation of LIPUS parameters, there is no clear understanding of which parameters are most 

important for stimulating extracellular matrix (ECM) synthesis in AF cells, nor which parameter 

combination is most effective for stimulating a desired therapeutic effect. A better understanding 

of the effect of varying LIPUS parameters on cell phenotypes may allow patient and condition-

specific dosing. 

LIPUS parameter effects have generally been studied in-vitro by varying only one factor at 

a time (OFAT). The comprehensive application of this approach would require the evaluation of 

all possible combinations to achieve an optimal response. However, independent variables do not 

always act in isolation, and interaction effects can significantly influence the response; therefore, 

it can be difficult to make an informed decision on the best factor settings when evaluated OFAT 

as this method is incapable of identifying interactions between factors and moreover, it is very 

costly in terms of time and resources.  

Design of Experiments (DOE) is a statistical technique used to plan experiments and analyze 

data. The DOE method involves the design and use of a controlled set of tests to model and 

examine the relationships between factors and responses and is a tool for optimizing responses in 

a small number of experiments while also identifying any interactions among factors. DOE can 
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significantly improve the efficiency of factor screening and optimization and has been used 

successfully in various industries including biotherapeutics [172-175]. There are many advantages 

of the DOE method over the more traditional OFAT approach to factor exploration and 

optimization. With DOE, experimental factors are varied simultaneously, allowing the 

identification of factors affecting the response with the minimum number of experiments through 

nonlinear multivariate data analysis and prediction modeling. With a significantly reduced 

experimental matrix, factor optimization can be achieved while conserving time and cost.  

The DOE workflow is typically comprised of multiple phases including identification, 

screening, model validation, and optimization. The initial identification phase involves the 

collation of a list of factors expected to influence the response of interest. The screening phase 

involves experimentation to identify the main effect of the factors on the response as well as 

significant interaction effects of a factor on other factors, with the primary aim of reducing the 

number of factors to a smaller subset of those that have the most significantly impact on the 

response metric. In the screening phase, a DOE matrix is designed that ideally covers the entire 

experimental range by applying each factor at their maximum and minimum levels. DOE screening 

experiments typically use a Full-Factorial design, or Plackett-Burman design to build a first-order 

model of the response [174] and to generate a polynomial prediction formula. The accuracy of 

model predictions is evaluated by comparing model-predicted values to actual experimental 

responses.  Optimal conditions for individual responses are determined by the construction and 

numerical optimization of a desirability function to find a factor settings that maximize 

desirability. When multiple responses are to be optimized, all goals can be combined into an 

overall desirability function.  
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While LIPUS has been shown to stimulate ECM expression in AF cells, the relative 

significance and optimal combination of LIPUS factors on ECM gene expression in AF cells is 

largely unknown. Consequently, we sought to investigate the effects of LIPUS parameters on ECM 

gene expression in AF cells to improve our understanding of the underlying dose-response 

relationships. We hypothesized that the ECM gene expression in AF cells can be regulated by 

varying LIPUS parameter settings. 

4.2 Methods 

4.2.1 DOE Matrix 

An experimental matrix was generated using the DOE Screening Design platform of JMP 

(JMP® Pro 14.3.0). Three factors of interest were identified, including peak intensity (mW), PRF 

(kHz), and treatment duration (min), along with their corresponding value at each level 

(Table 4.1). Four responses were specified, including gene expression of Matrix 

Metalloproteinase-1 (MMP1), Matrix Metalloproteinase-13 (MMP13), Interleukin-6 (IL6), and 

Collagen Type I Alpha I (COL1), along with their corresponding goal (Table 4.2). A 2k full-

factorial experimental design was constructed where all factors were held at one of two discrete 

levels (high or low) during each run of the experiment. The experimental design included all 

possible combinations of factor settings and allowed for modeling all 2-factor interactions with 

only 8 runs for 3 factors identified (Table 4.3). 
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Table 4.1 LIPUS factors and levels for DOE 
The full-factorial design space was defined by 3 LIPUS parameters varied at 2 levels. Samples 
were treated once using a LIPUS system operating at 1.5 MHz. The waveform duty cycle was 
maintained at 20% during application of both low and high PRF levels by adjusting the burst count 
proportionally. 
 

Factors Low  High  

Peak Intensity (mW) 300 1200 

PRF (kHz) 0.1 1.0 

Treatment Duration (min) 5 20 

Operating Frequency (MHz) Fixed at 1.5 

Number of Treatments  Fixed at 1 

 
Table 4.2 Gene expression responses for DOE 
Relative expression levels of 4 ECM genes were assessed for each sample. The desired goal for 
each response was indicated for optimization. 
 
Response (FC Gene Expression) Goal 

MMP1 Minimize 

MMP13 Minimize 

IL6 Minimize 

COL1 Maximize 
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Table 4.3 Experimental matrix for screening design 
The 3-factor, full-factorial design consisted of 8 total experimental conditions with 3 replicates 
each. 
 
LIPUS ID Peak Intensity (mW) PRF (kHz) Duration (min) 

1 1200 1 20 

2 300 1 20 

3 1200 1 5 

4 300 1 5 

5 1200 0.1 20 

6 300 0.1 20 

7 1200 0.1 5 

8 300 0.1 5 
 
4.2.2 Cell Culture 

IVDs were harvested from 18 to 24-month old bovine tails (Marin Sun Farms Inc., 

Petaluma, CA, USA) and AF cells were extracted and expanded as previously described [153]. AF 

cells (passage 3) were seeded in two opposing corner wells of each tissue culture treated 6-well 

microplate (353046, Corning Incorporated, NY, USA) at a density of 0.5x106 cells/well. Cells 

were pre-cultured with 3 mL of standard disc media (low-glucose, phenol-free DMEM with 5% 

FBS, 1% antibiotic/antimycotic, 1% nonessential amino acids, and 1.5% osmolarity salt solution 

containing 5 M NaCl and 0.4 M KCl) in a 37°C, 5% CO2 incubator for 24 hours before treatment. 

4.2.3 LIPUS Exposure 

Samples were divided into 10 groups with 3 replicates each (n = 30): (1) nontreated control, 

(2) IL-1α treatment, and (3 - 10) IL-1α + LIPUS treatment at 8 different parameter settings 

(Table 4.3). At least two hours prior to LIPUS exposure, medium was exchanged for either fresh 

standard disc media or inflammatory media (standard disc media with 10ng/mL of IL-1α (12778, 
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Sigma-Aldrich, St. Louis, MO, USA)) to simulate normal and inflammatory disc environments. 

Samples were placed in a far-field LIPUS exposimetry system (Figure 4.1), as described 

previously [170], and exposed to LIPUS at settings defined by the DOE matrix (Table 4.3). To 

simulate environmental conditions without LIPUS, nontreated control and IL-1α-treated samples 

were placed in the LIPUS exposimetry system with the ultrasound turned off. 

 

 
Figure 4.1 Schematic representing the in-vitro LIPUS far-field exposimetry system 
Two planar transducers operating at 1.5 MHz delivered acoustic energy to cells cultured in 
monolayer at a 350 mm standoff placing samples in the uniform acoustic far-field. Target wells 
were sealed with an acoustic absorber coupled to the cell culture medium. The system was placed 
in a degassed, temperature-controlled water bath during exposure. A representative plot of the 
normalized acoustic intensity field at the cell location (inset) demonstrates uniform intensity 
distribution. 

4.2.4 Gene Expression Analysis 

ECM gene expression was assessed one day after LIPUS exposure. AF cells were lysed 

directly in the cell culture well using 150 µL of PicoPure RNA extraction buffer. Then, total RNA 

was isolated and purified using the PicoPure RNA Isolation Kit (Arcturus, Mountain View, CA, 
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USA) according to manufacturer’s instructions. cDNA was transcribed using the iScriptTM Reverse 

Transcription Supermix (1708841, Bio-Rad Laboratories, Hercules, CA, USA). RT-qPCR was 

performed using TaqMan Universal PCR Master Mix (4444557, Applied Biosystems, Foster City, 

CA, USA) and TaqMan primers and probe sets for MMP1, MMP13, IL6, and COL1. The B2M 

mRNA gene was co-amplified as an internal standard. Relative expression levels were calculated 

using the ∆∆Ct method [176], normalizing first to B2M then to the expression level measured in 

the IL-1α treatment group, and expressed as fold-change (FC) values. The FC data were then 

compiled and recorded in the respective response column of the DOE worksheet for analysis. 

Statistical differences in FC gene expression among the LIPUS conditions was evaluated using a 

one-way analysis of variance (ANOVA) test, followed by multiple t-tests with a Tukey HSD 

correction for differences between conditions. P-values < 0.05 were considered significant. 

4.2.5 DOE Analysis 

4.2.5.1 Two-level Screening and Model Reduction 

DOE screening analysis to investigate the main effects and interactions among LIPUS 

parameters (factors) and FC gene expression (responses) was performed in JMP. Two-level effect 

screening was performed for model reduction and to make inferences about factor effects by 

identifying factors which have the largest effect on each response. The Fit Two-level Screening 

platform in JMP takes the variation across the response values and evaluates the relationship with 

the effects in the factor space. The significance of factor effects, or the difference in the mean 

response between two levels of a factor, were evaluated by an F-test. Statistically significant 

(p < 0.10) factors and interactions were identified for each response, and a final model was 

generated with the exclusion of non-significant factors.  
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4.2.5.2 Fitting and Evaluating Linear Regression Models 

A standard least squares fit was used to construct the final model, with model effects 

designated as first- and second-degree (interaction) effects only. A model was generated for each 

of the 4 responses. Each model was evaluated for goodness-of-fit  by ANOVA, and a Whole Model 

Actual by Predicted Plot was generated.  

 Estimated coefficients of the regression equation were generated for each response, and the 

significance of each model term were evaluated by t-test; p-values < 0.05 were considered 

significant. To reduce collinearity in the model, interaction terms were centered by subtracting the 

mean of each value in the corresponding column of the DOE matrix. Matrices of interaction plots 

were created to visualize the interaction effects in the model of each response. 

4.2.5.3 Validation of DOE-predicted Responses 

Validation experiments were preformed using identical cell-culture and LIPUS-exposure 

methods as those described herein. Inflammatory AF-cell samples (n = 3) were treated once with 

LIPUS at parameter settings previously used by our group: 600 mW peak intensity, 1 kHz PRF, 

and 20 min duration [170]. Gene expression was analyzed by qPCR, and mean FC values were 

computed using the same methods described herein. DOE models were used to predict mean FC 

values and 95% confidence intervals for each response at these factor settings. To test the validity 

of model predictions, DOE-predicted FC values were compared against the actual FC values and 

the percentage difference was calculated. 

4.2.6 Response Optimization 

Optimization was performed in JMP using desirability functions, where desirability was 

defined according to the corresponding goal of each response (Table 4.2). The optimum factor 

settings within the design space and corresponding response value were predicted for each 
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individual response. The overall optimum factor settings (i.e. maximum desirability for all genes) 

were predicted using an overall desirability function, defined as the geometric mean of the 

desirability function of the individual responses [177]. 

4.3 Results 

4.3.1 Gene Expression Analysis 

The effect of LIPUS exposure on AF cells cultured in an inflammatory environment was 

evaluated by measuring the FC expression of catabolic genes (MMP1 and MMP13), a pro-

inflammatory gene (IL6), and an ECM synthesis gene (COL1). The addition of 10 ng/mL IL-1α  

to the cell culture media significantly upregulated MMP1 (p < 0.0001), MMP13 (p < 0.0001), and 

IL6 (p < 0.0001) expression compared to the control (Figure 4.2). However, IL-1α treatment did 

not significantly affect COL1 expression compared to the control (p = 0.9996).  

MMP1 expression was significantly downregulated compared to the IL-1α treatment group 

when exposed to LIPUS ID 1-5 (p < 0.05) but not 6-8 (p = 0.0509, 0.6970, and 0.0878, 

respectively). MMP13 expression was significantly downregulated when exposed to LIPUS ID 1-

6 (p < 0.05) but not 7 nor 8 (p = 0.6654 and 0.5480, respectively). IL6 gene expression was 

significantly downregulated when exposed to LIPUS ID 1-5 and 8 (p < 0.05), but not 6 nor 7 

(p = 0.1258 and 0.5855, respectively). For COL1 expression, there were no significant differences 

among groups (p = 0.9305). 
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Figure 4.2 Gene expression results demonstrate range of responses within design space 
IL-1α treatment upregulated catabolic and pro-inflammatory gene expression (# p < 0.0001). 
LIPUS exposure at several parameter settings downregulated catabolic and pro-inflammatory gene 
expression in cells cultured in inflammatory medium (* p < 0.05). Neither IL-1α nor LIPUS 
exposure significantly regulated COL1 expression. 

4.3.2 Effect Screening 

Two-level screening was used for model reduction by identifying about main effects and 

interaction effects for each response. The effect chart (Figure 4.3) shows the relative effect 

magnitude and direction for each response; effects extending beyond the reference line were 

considered significant (p < 0.10). Three factors significantly affected MMP1 expression: the main 
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effect of PRF (p = 0.0010), and the interaction effects of PRF*Duration (p = 0.0873) and Peak 

Intensity*Duration (p = 0.0917). A single factor significantly affected MMP13 expression: the 

main effect of PRF (p = 0.0020). Two factors significantly affected IL6 expression: the main effect 

of PRF (p = 0.0036), and the interaction effect of Duration*Peak Intensity (p = 0.0761). Peak 

intensity was the only factor that significantly affected COL1 expression (p = 0.0647). 

 
Figure 4.3 Two-level screening effect chart 
Main and interaction effects for each response were identified by two-level screening analysis for 
subsequent model reduction. Effect values were on the same scale as the corresponding response. 
Horizontal bars indicate relative effect, where effects extending beyond the red vertical lines 
indicate a significant effect (p < 0.10). Shaded rows indicate significant factors that were included 
in the final models. 
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4.3.3 Evaluation of Prediction Models 

4.3.3.1 Goodness-of-fit 

Linear least squares regression models were generated for each response, excluding non-

significant factors identified by two-level effect screening (Figure 4.3). Goodness-of-fit  was 

evaluated by ANOVA and visualized by plotting actual experimental results against model 

predicted values for each response (Figure 4.4). The model-predicted values were significantly 

correlated with experimental values for MMP1 (R2 = 0.68, p < 0.0001), MMP13 

(R2 = 0.56, p < 0.0001), and IL6 (R2 = 0.58, p = 0.0001); however, COL1 model-predicted values 

were not significantly correlated with experimental values (R2 = 0.10, p = 0.1309). 
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Figure 4.4 Whole model actual by predicted leverage plots 
Goodness-of-fit for the final model of each response was evaluated to determine significance. 
Shaded region indicates 95% confidence interval. Confidence curves which cross the blue 
horizontal line (mean response) were considered significant. Models for MMP1, MMP13, and IL6 
were significant (p < 0.05). The model of COL1 was not significant. 
 
4.3.3.2 Regression Equations 

 The reduced models were used to generate a regression equation for each response. 

Estimates of term coefficients inform the relative magnitude and direction of term effects 

(Table 4.4). The main effect of PRF was significant, and negatively correlated with MMP1, 

MMP13, and IL6 expression (p < 0.0001), indicating that higher PRF is better for decreasing 

MMP1, MMP13, and IL6 expression compared to lower PRF. The main effect of Peak Intensity 

was positively correlated with COL1 expression but was not significant (p = 0.1309).  
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Table 4.4 Tabulated regression equations 
Significant effects and interactions were included as terms in the final model of each response. 
Estimated regression coefficients indicate the relative effect size and direction. Model terms with 
p-values < 0.05 were considered significant. 
 
Gene Term Coefficient t Ratio Prob>|t| 

MMP1 

Intercept 0.450 15.867   <0.0001* 
PRF -0.238  -5.966   <0.0001* 
(PRF-0.55)*(Duration-12.5) 0.010 1.950     0.0654 
(Peak Intensity-750)*(Duration-12.5) -0.001e-2  -1.911     0.0704 

MMP13 Intercept 0.550 18.20   <0.0001* 
PRF -0.223 -5.24   <0.0001* 

IL6 
Intercept 0.750 27.01   <0.0001* 
PRF -0.191  -4.89   <0.0001* 
(Duration-12.5)*(Peak Intensity-750) -1.13e-5  -2.17     0.0415* 

COL1 Intercept 0.838 3.92     0.0007* 
Peak Intensity 0.038e-2 1.57     0.1309 

 
4.3.3.3 Interactions Between Factors 

However, for MMP1 and IL6, main effects do not fully describe the relationship between 

factor and response due to the presence of factor interactions. Interaction plots (Figure 4.5) show 

the two-factor interaction profiles for MMP1 and IL6 expression, where parallel lines indicate no 

interaction and intersecting lines indicate factor interactions. Two interaction terms were identified 

in the model of MMP1 expression: PRF*Duration and Peak Intensity*Duration. Interaction plots 

indicate that the effect of PRF was sensitive to treatment duration: high PRF with low duration 

demonstrated reduced MMP1 expression compared to the same PRF with high duration. 

Moreover, the steeper slope of the line for low duration suggests that PRF had a greater effect on 

MMP1 expression when duration was low; however, this interaction was not statistically 

significant (p = 0.0654). The effect of peak intensity was also sensitive to treatment duration, 

where high peak intensity with high duration further reduced MMP1 expression compared to the 

same peak intensity with low duration. Additionally, the peak intensity was negatively correlated 

with MMP1 expression when duration was high but was positively correlated when duration was 
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low; however, this interaction was also not statistically significant (p = 0.0704). In the model of 

IL6 expression, duration significantly interacted with peak intensity (p = 0.0415). Low treatment 

duration with high peak intensity demonstrated reduced IL6 expression compared to the same 

duration with low peak intensity. Furthermore, treatment duration was negatively correlated with 

IL6 expression when peak intensity was high but was positively correlated when peak intensity 

was low. 

 
Figure 4.5 Factor interaction profiles 
Interaction plots show the interaction of the row effect with the column effect. Non-parallel lines 
suggest possible interactions, and the slope magnitude of the line segment indicates the effect size 
of the interaction. Interactions with p-values < 0.05 were considered significant in the final model. 
Dashed line segments are alias terms which were not included in the model. 
 
4.3.4 Validation of DOE-predicted Responses 

Validation experiments used LIPUS parameter settings that lay within the design space: 

600 mW peak intensity, 1 kHz PRF, and 20 min duration. Response values from these experiments 

were compared to DOE-predicted responses (Figure 4.6). The DOE-predicted mean and 95% 

confidence limits for MMP1 were 0.259 ± 0.066. The predicted mean was 86% different the actual 

mean FC of 0.647 ± 0.269. The DOE-predicted MMP13 expression was 0.327 ± 0.056, which was 
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66% different from the actual mean FC of 0.647 ± 0.308. The DOE-predicted IL6 expression was 

0.571 ± 0.053, which was 12% different from the actual mean FC of 0.647 ± 0.269. The DOE-

predicted COL1 expression was 1.068 ± 0.240, which was 17% different from the actual mean FC 

of 0. 894 ± 0.438. 

 

 
Figure 4.6 DOE-predicted and actual gene expression responses 
DOE models were used to predict changes in ECM gene expression in response to LIPUS exposure 
at 600 mW peak intensity, 1 kHz PRF, and 20 min duration. To test the validity of DOE 
predictions, they were compared to actual experimental data. Bars represent mean FC and error 
bars represent the 95% confidence interval. 

4.3.5 Response Optimization 

Optimum LIPUS parameters were identified for each response individually (Table 4.5) 

using desirability functions and overall (Table 4.6) by the geometric mean of the individual 

desirability functions. The predicted optimal LIPUS parameter settings for minimizing MMP1 and 

IL6 expression were identical: 300 mW peak intensity, 1 kHz PRF, and 5 min treatment duration. 

The estimated mean reduction in MMP1 and IL6 expression compared to the IL-1α treatment 

group was 86% and 48%, respectively. The optimal setting for minimizing MMP13 expression 

was predicted to include 1 kHz PRF and result in an estimated mean reduction in MMP13 

expression of 67% compared to the IL-1α treatment group. The optimal setting for maximizing 
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COL1 expression was predicted to include 1200 mW peak intensity and result in an estimated 

mean increase in COL1 expression of 30% compared to the IL-1α treatment group. The optimal 

settings for maximizing desirably for all gene expression responses was predicted to be 300 mW 

peak intensity, 1 kHz PRF, and 5 min treatment duration. 

Table 4.5 Predicted optimal factor settings for individual gene expression response 
Predicted optimal settings were determined individually for each response using desirability 
functions. Predicted mean fold-change values and 95% confidence intervals (CI) were determined 
for each response at the corresponding predicted optimal setting. 
 
Gene Peak Intensity 

(mW) 
PRF 

(kHz) 
Duration 

(min) 
Fold 

Change 
Lower 

CI 
Upper 

CI 
MMP1 300 1 5 0.143 0.068 0.218 
MMP13 - 1 - 0.327 0.271 0.383 
IL6 300 1 5 0.520 0.457 0.583 
COL1 1200 - - 1.298 0.975 1.620 
 
Table 4.6 Predicted optimal factor settings for overall gene expression responses 
Predicted overall optimal setting for maximizing desirability for all responses. Corresponding 
predicted mean fold-change values and 95% confidence intervals were determined for each 
response at the predicted optimal setting. 
 
Gene Peak Intensity 

(mW) 
PRF 

(kHz) 
Duration 

(min) 
Fold 

Change 
Lower 

CI 
Upper 

CI 
MMP1 

300 1 5 

0.117 0.035 0.199 
MMP13 0.238 0.159 0.316 
IL6 0.526 0.443 0.608 
COL1 0.850 0.300 1.400 
 
4.4 Discussion 

In this study, we investigated the effects of LIPUS peak intensity, PRF, and treatment 

duration, simultaneously, on ECM gene expression in AF cells using DOE. We exposed AF cells 

under inflammatory conditions to LIPUS at settings defined by a 2k full-factorial DOE matrix. FC 

gene expression responses were assessed by qPCR, significant factors and interactions for each 

gene expression response were identified by effect screening DOE, and significant factors and 

interactions were included in a least-squares regression model of each response. The resulting 
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models were used to further explore main effects and interactions, and to predict LIPUS settings 

for optimizing each response.  We found that LIPUS exposure significantly downregulated MMP1, 

MMP13, and IL6 gene expression in AF cells cultured in inflammatory media but did not 

significantly affect COL1 gene expression. The main effect of PRF was the most significant factor 

for modulating MMP1, MMP13, and IL6 expression, while peak intensity was most significant for 

modulating COL1 expression. Additionally, we found that treatment duration interacted with both 

peak intensity and PRF to regulate MMP1 and with peak intensity to regulate IL6 expression. 

Finally, validation experiments demonstrated that DOE-predicted responses were 12 - 86% 

different from actual responses. 

PRF was a significant factor for MMP1, MMP13, and IL6 expression and was the only 

significant main effect observed. When PRF level was adjusted from its high value to its low value, 

the burst count was increased proportionally such that the duty cycle remained at 20%. 

Nonetheless, applying LIPUS with a low PRF was less effective on average at reducing catabolic 

and pro-inflammatory gene expression compared to high PRF, across the levels of all other factors 

(Figure 4.2). These results suggest ECM gene expression may be sensitive to pulsed waveform 

characteristics. Similar effects have been shown in previous studies by Marvel et al. (2010), which 

demonstrated increased calcium accretion in stem cells with increasing PRF [93]. Miller et al. 

(2017) demonstrated that adherent chondrocytes exposed to an ultrasound field experienced strain 

at the adhesion points, with membrane displacements on the order of 10-100 nm [178]. This 

mechanical deformation is sensed by localized cellular mechanoreceptors such as integrins and 

mechanosensitive ion channels and are transduced into biochemical outputs including downstream 

changes in gene expression. Zhang et al. (2016) showed that in degenerative human IVD cells, 

mechanical stimulation from LIPUS was detected by integrins, leading to focal adhesion formation 
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and ultimately enhanced ECM synthesis [121]. Mechanosensitive ion channels such as Piezo1 and 

Piezo2 may also play a crucial role in the transduction of repetitive mechanical stimuli. Piezo 

channels are thought to function as bandpass filters, preferentially transmitting stimuli in only a 

narrow frequency range. Lewis et al. (2017) found that transduction efficiencies varied by stimulus 

frequency, waveform, and duration [179]. In this context, the long pulse intervals of the low PRF 

groups may be less efficiently transduced by AF-cell piezo channels, resulting in a damped 

response. 

LIPUS has been shown to modulate IVD-cell proteoglycan synthesis and collagen gene 

expression in an intensity-dependent manner [85, 123, 180]. Additionally, proteoglycan and 

collagen synthesis were increased in stem cells treated from longer durations [100]. This does not 

align with our finding that peak intensity and treatment duration were not significant factors for 

modulating ECM gene expression. However, by utilizing a DOE approach for effect screening, we 

found interactions between peak intensity and duration that influenced MMP1 and IL6 gene 

expression, as well as an interaction between PRF and duration that influenced MMP1 expression 

(Figure 4.5). These interactions represent important findings that were quickly established using 

DOE but would not have been observed by utilizing the traditional OFAT approach. 

Most of the previous literature investigating LIPUS bioeffects use waveform parameters 

originally established for bone fracture healing including 30 mW/cm2 spatial and temporal 

averaged intensity, 1 kHz PRF, and 20 min treatment durations. While LIPUS exposure at these 

settings has been shown to induce ECM synthesis and anti-catabolic activity in degenerative IVD 

cells, it is unclear whether these are the optimal parameter settings for stimulating this activity in 

AF cells. Here, we used a regression model and desirability functions for MMP1, MMP13, IL6, 

and COL1 gene expression to predict the optimal LIPUS settings for maximizing desirable 
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expression of each gene individually. We found 300 mW peak intensity, 1 kHz PRF, and 5 min 

duration to be the optimal settings for minimizing MMP1 and IL6 gene expression, and 1 kHz PRF 

to minimize MMP13 expression at any peak intensity or treatment duration. We also found 

1200 mW peak intensity to maximize COL1 gene expression at any PRF or treatment duration. 

We then sought to identify the overall optimal LIPUS parameter settings for maximizing desirable 

expression of all 4 genes. However, when optimizing for several responses together there were 

competing criteria. Since the importance, or weight, of each response was set to be equal, the 

overall optimal peak intensity favored the 3 genes which were minimized at 300 mW peak 

intensity, while resulting in a damped effect on COL1 expression (Table 4.6). These findings 

highlight the potential benefit of identifying a LIPUS dose for each desired disease-modifying 

activity as choosing a single dose may result in dampening of some responses. 

When constructing a DOE matrix, it is important to select a factor range that encompasses 

the entire applicable range for each factor, as this defines the design space for factor optimization. 

The factor ranges used in this study were selected based on previous literature and excluded higher 

intensities and treatment durations found to induce significant temperature elevations in our 

preliminary work. It is possible that the factor ranges chosen may not have included the actual 

optimum settings. However, results from this screening DOE inform the direction in which the 

current design space can be moved to approach the space where the optimal conditions can be 

found. We found that the model of COL1 expression was not significant, potentially due to a 

restricted design space. Future studies of COL1 modulation by LIPUS should include an expanded 

intensity range with consideration of potentially confounding thermal effects [145]. Expanding the 

peak intensity range may in turn broaden the effect range, improve the model fit, and ultimately 

increase the reliability of response predictions. 
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Validation experiments demonstrated variation in the accuracy of DOE predictions. While 

DOE predictions for IL6 and COL1 expression were within 17% of the actual values, predictions 

for MMP1 and MMP13 were 86% and 66% different, respectively, from actual values. This 

variation in accuracy suggests that our screening design may not have captured the complexity of 

the MMP1 and MMP13 gene expression response to LIPUS exposure. All 2k factorial DOEs, 

including the screening design utilized in this study, rely on the assumption that the effects of the 

factors on the response are linear within the design space. This assumes there is no curvature and 

may cause the model to miss the effect and incorrectly screen out a factor. It is possible that the 

effect of peak intensity, PRF, or duration reached a peak or plateau between the high and low 

levels. Therefore, in future studies, center points should be included in the factorial DOE to test 

the assumption of linearity and improve the accuracy of response predictions and factor 

optimization.  

While transducer operating frequency, number of treatments, and duty cycle were fixed in 

this study, their potential impact on AF-cell ECM gene expression warrant future study. Lower 

frequencies (0.5-1.0 MHz) are of interest as they are thought to be more relevant for penetrating 

to deep tissues such as the IVD. Moreover, cellular deformation and associated responses are 

thought to be frequency-dependent [178, 181]. Additionally, the number of LIPUS treatments has 

been consistently shown to influence ECM gene and protein expression in multiple cell types [85, 

156, 182, 183]. Finally, exploring the effect of duty cycle may allow the decoupling of pulse 

duration from PRF, which may have been a confounded variable in this study. 

We sought to investigate the effects of LIPUS parameters on ECM gene expression in 

inflammatory AF cells and hypothesized that ECM gene expression can be regulated by varying 

LIPUS exposure parameters. To test this hypothesis, a screening DOE was implemented. Overall, 
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the results suggest that the desired LIPUS modifying activity (i.e. anti-catabolism, anti-

inflammation, or ECM synthesis) can be specified by adjusting LIPUS parameter settings. 

Additionally, we identified PRF as the most influential main effect, and that duration interacted 

with PRF and peak intensity to influence MMP1 and IL6 gene expression, a finding which can be 

attributed to the use of DOE as an alternative to traditional OFAT methods. DOE is a powerful 

tool for factor exploration and optimization in the area of process development and manufacturing; 

however, to our knowledge, DOE has not previously been applied to study the effects of LIPUS 

parameters on IVD cells. This paper illustrates the capability and benefits of implementing DOE 

in the context of therapeutic ultrasound optimization. The results of this study may translate in the 

future to clinically relevant effects in human IVDs and could inform the application of patient- and 

condition-specific dosing to directly correct the metabolic imbalance that is often the driver of 

progressive IVD degeneration. 
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5 Magnetic nanoparticles synergize with pulsed magnetic fields to stimulate osteogenesis 

in-vitro 

The content of this chapter has been submitted as a research article to Tissue Engineering: Part A 

and is currently in review. The authors are as follows: Mohamed Habib*, Devante Horne*, Khalid 

Hussein, Dezba Coughlin,  Erik Waldorff, Nianli Zhang, James Ryaby, Jeffrey Lotz 

(*Equal Contribution) 

5.1 Impact Statement 

Novel approaches for stimulating new bone growth are necessary to overcome the challenge 

of delayed bone healing. In this study, we cultured mesenchymal stem cells with an iron-ion doped 

tri-calcium phosphate bone substitute (Fe-TCP) and exposed them to a pulsed electromagnetic 

field (PEMF) signal to investigate their effects on osteogenesis. We revealed the synergistic effects 

of Fe-TCP and PEMF and demonstrated that the combination of these technologies could provide 

a promising method for accelerating bone healing in a clinical setting. 

5.2 Introduction 

Delayed bone healing is a major challenge in orthopedic clinical practice, especially when 

treating patients with critical-size bone defects. For such indications, there is a need for 

technologies to overcome ineffective cell growth and osteogenic differentiation at the defect site 

[184, 185]. Recent strategies for enhanced bone healing include the development and application 

of new biomaterials [48, 153, 186, 187]. A novel aspect of new biomaterials is to utilize 

nanotechnology to incorporate trace elements within the construct [186]. Additionally, successful 

use of biomaterials for bone healing typically requires other technologies for construct stabilization 

and mechanical stimulation for optimal results [48, 153, 187, 188]. One such technical 

augmentation is the use of external magnetic fields [189, 190]. Beneficial synergism between 
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magnetic fields and biomaterials can occur by incorporating magnetic nanoparticles so as to 

modify the local stress environment, and thereby influence cellular activities, including 

proliferation and differentiation, by attaching to specific ion channels present on cellular 

membrane. Cells can thus be mechanically conditioned by remote magnetic actuation [190-192]. 

The most commonly used magnetic particles for biological applications are iron-ion based 

[193]. Iron oxide (Fe3O4) particles are known to be non-toxic and are eventually degraded in-vivo 

and incorporated into hemoglobin [194]. The mechanism of clinical effect is considered to be 

bone-cell adhesion, proliferation, and activation of mechano-transduction pathways [185, 190, 

191]. There have been several attempts to incorporate magnetic properties and evaluate their effect 

on bone regeneration under external static magnetic field stimulation (Table 5.1). In most of these 

studies, magnetite was used with hydroxyapatite (HA) [189, 190, 195, 196]. Alternative strategies 

include ion-doping of osteoconductive bioceramics [193, 197, 198], to develop magnetic nano-

bone substitutes (MNBS) that are intrinsically magnetic. Among different MNBS, hydroxyapatite 

(HA) is most frequently ion-doped with iron [193, 195], which has been shown to be non-toxic 

while enhancing cellular proliferation when combined with static external magnetic fields [199]. 
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Table 5.1 Summary of studies combining MNBS with external magnetic fields 

Ref. Composition Form Production 
Method Intrinsicality  Ms 

(emu/g) 
 External Mag. 
Field 

[195] Magnetite/HA Scaffold Infiltration No 0.94-0.24  Helmholtz coil 10 Oe / 
50 Hz 

[199] Magnetite/HA Scaffold Ball mixing/Foaming No 34-53  MagnetoFACTOR-24 
plate 320 mT  

[196] Fe-HA Powder Ion doped Yes 4.0-4.2  MagnetoFACTOR-24 
plate 320 mT  

[190] Magnetite/Collagen/HA Scaffold Infiltration/Nucleation No 15-23 NdFeB magnet 1.2T 

[189] Magnetite/HA/PLA Scaffold Electrospinning No 0.049 NdFeB magnet 5-10T  

While this combination of MNBS with external magnetic fields may be useful for bone 

regeneration, there are challenges with the translation of this strategy into routine clinical practice. 

These include determining the optimal combination of a controllable external magnetic field with 

the properly designed MNBS. Most of the previous studies have used static magnetic fields in-

vitro [199, 200]. However, a dynamic, pulsed magnetic field has been shown to be superior for 

bone healing [187]. Consequently, we sought to  investigate the synergistic effects of an FDA-

approved Pulsed Electromagnetic Field (PEMF) signal with an Fe-ion doped tri-calcium phosphate 

bone substitute (Fe-TCP). We hypothesized that the osteogenic activity of standalone PEMF or 

MNBS will be significantly enhanced through their combined use.  

5.3 Methods 

5.3.1 Synthesis of Magnetic Nano Bone Substitute (MNBS) 

Intrinsically magnetic Fe-ion doped tri-calcium phosphate (MNBS) were obtained by 

substituting Ca2+ with Fe3+ cations, while maintaining the Ca + Fe / P molar ratio equal to 1.5 via 

the wet chemical process. Calcium nitrate tetrahydrate [Ca(NO3)2 • 4H2O] (Sigma Aldrich, 
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Germany), Di-ammonium hydrogen orthophosphate [(NH4)2HPO4] (Sigma Aldrich, India) and 

Iron (III)-chloride [FeCl3] (Sigma Aldrich, India) were used as a source of calcium, phosphorus, 

and iron ions, respectively. The pH of the solution was maintained at 9.5-10 by adding Ammonium 

hydroxide [NH4OH, ≤ 33% w/w] (EDWIC, Egypt) during the stirring of the reactant’s mixture. 

After the precipitation process, the solution was filtered, aged overnight, dried at 60°C for 24 

hours, and finally calcined at 800°C for 2 hours. The MNBS were sterilized with 25kGy gamma 

irradiation. 

5.3.2 Characterization of MNBS 

Phase composition of the MNBS were determined by X-ray diffraction (XRD) using AXS-

D8 Advance system (Bruker, Germany) equipped with a metal ceramic tube (Cu K-alpha 

wavelength = 1.5405981 Å at 1600 W, 40 kV, 40 mA). The samples were scanned at diffraction 

angles (2θ) between 20º and 60º with a step size of 0.02º 2θ per second.  

Functional groups of the MNBS were identified by Fourier transform infrared (FTIR) 

spectroscopy (FT-IR spectrometer 6100, JASCO, Japan), using KBr pellet technique in the range 

4000–400 cm−1, with a resolution of 8 cm−1). The powder sample was mixed with KBr salt at a 

concentration from 0.2% to 1%. The mixture was ground and then pressed into a small IR 

transparent pellet.  

The morphology of MNBS was studied by transmission electron microscopy (TEM) 

(JEOL 1010, Japan) operated at 80 kV accelerating voltage. Powder samples were suspended in 

ethanol at a concentration of 0.1 g/mL and ultrasonicated for 30 minutes to yield a homogeneous 

suspension. Carbon coated grids were dipped in the suspension and dried prior to their placement 

in a single tilt holder for TEM imaging. 
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Magnetic properties were evaluated using a vibrating sample magnetometer (VSM7410, 

Lakeshore, USA) with field from 0 to 25000 G (0 to 2.5 T) at room temperature to estimate the 

magnetic parameters of the material including remanent magnetization, coercitive force, and 

saturation magnetization. 

5.3.3 Cell Culture 

Human mesenchymal stem cells (hMSCs) (MSC-003, RoosterBio, Frederick, MD) were 

obtained from a single donor and expanded up to passage 2 using RoosterNourish™-MSC 

bioprocess media (KT-001, RoosterBio, Frederick, MD), which included RoosterBasal™-MSC 

media supplemented with 2% RoosterBooster™-MSC. Following expansion, hMSCs were 

cultured in MSC growth media (low-glucose, phenol-free DMEM with 10% FBS and 100U/mL 

Penicillin/Streptomycin). Medium was changed 3 times per week. Cells in all experimental groups 

were plated in monolayer at a seeding density of 2 x 104 cells/cm2 in standard 12-well cell culture 

plates and cultured in a cell culture incubator (37°C, 5% CO2). Cells were incubated for 24 hours 

to allow attachment before adding MNBS to respective wells. A MNBS solution was prepared by 

mixing MNBS with MSC growth media at a concentration of 0.2 mg/mL and sonicating to 

disaggregate particles before adding 2 mL of the solution to each well with adherent cells. Samples 

were then incubated for 24 hours to allow cells to interact with MNBS before PEMF treatment. 

5.3.4 Cell-MNBS Interaction 

Attachment and internalization of MNBS by hMSCs was assessed by both scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). For SEM, cells were 

seeded at a density of 2 x 104 cells/cm2 on silicon wafer substrates (16008, TED Pella, Inc., 

Redding, CA, USA) placed in a 6-well cell culture plate well. For TEM, cells were seeded at a 

density of 2 x 104 cells/cm2 on 35 mm glass-bottom dishes (P35G-1.5-14-C, MatTek Corp., 
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Ashland, MA, USA). Cells were incubated for 24 hours to allow attachment before adding the 

MNBS solution as described above. Cell-MNBS samples were fixed on day 4 of culture. All 

samples were rinsed with media, then fixed in 2.5% glutaraldehyde/2.5% PFA in 0.1 M sodium 

cacodylate buffer at pH 7.4 (15949, EMS, Hatfield, PA, USA) and incubated at room temp for at 

least 30 minutes. Samples prepared for SEM were imaged using the Hitachi S-5000 Scanning 

Electron Microscope System. Samples prepared for TEM were imaged using the Tecnai 12 

Transmission Electron Microscope. 

5.3.5 PEMF Treatment 

The PhysioStim® PEMF signal (Orthofix Medical Inc., Lewisville, TX) was used in this 

study. The signal consisted of a square wave with a 25% duty cycle, 3.85kHz pulse frequency, 

15Hz burst frequency, and a slew rate of 10 T/s. The in-vitro PEMF exposure system was powered 

by a 16V direct current power source and consists of a coil surrounding a multi-level stage that 

was placed inside an incubator. Cell culture plates were placed on this stage and exposed to PEMF 

waveform for 4 hours daily. Non-treated control samples were also placed on the PEMF stage with 

the power turned off. 

5.3.6 Cell Viability 

Cell viability was evaluated using the LIVE/DEAD® Viability/Cytotoxicity Kit (L3224, 

Molecular Probes, Eugene, OR, USA) and was qualitatively assessed by manufacturer’s 

instructions. Briefly, adherent cells were cultured with or without MNBS or PEMF treatment for 

up to 7 days. Cells were gently washed with PBS then stained with LIVE/DEAD reagent solution 

consisting of 2 µM Calcein-AM and 4µM EthD-1 in PBS. Samples were wrapped in aluminum 

foil and incubated at room temperature for 30 minutes. Following incubation, the glass slide with 

stained, adherent cells, was inverted and mounted on a microscope slide with 10 µL of 



 85 

LIVE/DEAD reagent and sealed with fingernail polish. Labeled cells were imaged under a 

fluorescent microscope (DMi8, Leica, Germany). For quantitative analysis, fluorescence of control 

and experimental samples was measured using a microplate reader (Spectramax M5, Molecular 

Devices, Sunnyvale, CA, USA). The percentage of dead cells was calculated from the fluorescence 

readings as: /(012)!34567%/(012)489
/(012)43:%;(012)489

	𝑥	100%, where F(645)sample is the fluorescence reading at 

645 nm in each experimental sample, F(645)min is the fluorescence reading at 645 nm in a sample 

where all the cells are dead and labeled with Calcein only, and F(645)max is the fluorescence reading 

at 645 nm in a sample where all the cells are dead and labeled with EthD-1 only. 

5.3.7 DNA and Alkaline Phosphatase Quantification 

Total ALP, including intracellular (cell lysate) and extracellular ALP (medium 

supernatant) was measured daily for 10 consecutive days with three biological replicates. Medium 

supernatant samples of 1 mL volume were collected at the time of harvest and with each medium 

change. Cells were harvested by incubating with 0.5% trypsin and subsequent scraping as needed 

to remove adhered cells from the culture plate. Cell samples were resuspended in FBS-containing 

medium and divided in half for either DNA or ALP-activity quantification. Alkaline phosphatase 

(ALP) activity was quantified using the ALP assay kit (ab83369, Abcam, Burlingame, CA, USA) 

according to the manufacturer's protocol. Briefly, cells were washed with PBS, resuspended in 

50µL of assay buffer, then homogenized for one minute at 2.4 m/s using a Bead Ruptor 24 Bead 

Mill Homogenizer (19040E, Omni International, Kennesaw, GA, USA). Media and cell samples 

were plated in a clear, 96-well microwell plate and absorbance was measured on a microplate 

reader (Spectramax M5) at OD 405 nm. ALP activity was quantified by referencing a standard 

curve and normalized by DNA content. DNA content was quantified using the Quant-iT PicoGreen 
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dsDNA Assay Kit (P11496, Thermo Fisher, Waltham, MA, USA) and measured on a microplate 

reader (Spectramax M5) with 480 nm absorption and 520 nm excitation. 

5.3.8 Alizarin Red Staining and Quantification 

Medium was aspirated and the cells were fixed with 10% formalin for 10 minutes followed 

by washing with D-PBS twice. Calcium deposit was stained using 2% Alizarin Red S Staining Kit 

(0223, ScienCell Research Lab., Carlsbad, CA, USA). Dye was added to each sample and 

incubated at room temperature for 30 minutes before washing with D-PBS. Stained samples were 

visualized via brightfield microscope (Nikon Eclipse E800). 

For quantification of Alizarin Red S (ARS) dye incorporation, the dye was extracted from 

the stained monolayer using cetylpyridinium the chloride (CPC) extraction method [201]. Briefly, 

350 mg of CPC (6004-24-66, Sigma) were dissolved in 10 mL of ddH2O to obtain a working 

solution, and 1 mL of the working solution was added to each well and incubated for 2 hours at 

37°C before aspiration. The aspirated samples were transferred to a 96-well plate and absorbance 

was measured on a microplate reader at OD 405 nm. ARS content was calculated using an ARS 

standard curve. 

5.3.9 Gene Expression Analysis 

 Gene expression levels of osteogenic markers were assessed on days 1, 4, and 7. To extract 

total RNA, cells were digested in TRIzol (15596018, Life Technologies, South San Francisco, 

USA) and homogenized using the Bead Ruptor as described above. RNA was isolated with two 

steps of chloroform extraction and purified with a RNeasy Mini Kit (74104, Qiagen, Redwood 

City, USA). cDNA was transcribed using the iScript cDNA Synthesis Kit (1708890, Bio-Rad, 

USA). RT-qPCR was performed using TaqMan Universal PCR Master Mix (4444557, Applied 

Biosystems, Foster City, CA, USA) and TaqMan primers and probe sets for osteopontin (SPP1), 
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bone morphogenetic protein-2 (BMP2), Alkaline Phosphatase (ALP), and osteocalcin (BGLAP). 

The B2M mRNA gene was co-amplified as an internal standard. Relative expression levels were 

calculated using the ∆∆Ct method [202], normalizing first to B2M then to the expression level 

measured in the MSC - PEMF group at day 1. 

5.3.10 Statistical Analysis 

 Statistical differences in ALP activity, ARS concentration, and relative gene expression 

were compared using one-way analysis of variance (ANOVA) among treatment groups, followed 

by Tukey HSD test for multiple comparisons. All analyses were performed using JMP® Pro, 

Version 13 (SAS Institute Inc, Cary, NC, USA). Data are depicted as mean ± standard deviation. 

P-values less than 0.05 were considered significant. 

5.4 Results 

5.4.1 MNBS Characteristics  

The synthesized MNBS has the crystal structure of the calcium iron hydro-phosphate 

Ca9FeH(PO4)7 with 85 nm average crystal size which exhibits good coherence with its respective 

JCPDS card no 89-0513 and small content of magnetite Fe3O4 (Figure 5.1 A). The FTIR spectra 

demonstrates that the vibrational modes of iron-doped MNBS, are similar to the characteristic 

vibrations of pure β-TCP and are apparently determined at 553, 602, 625, 940, 996, 1041, 1091 

and 1142 cm−1, with the obvious iron-doping effect by generating a new band at 871 cm-1 

(Figure 5.1 B). MNBS are predominantly agglomerated, with some isolated particles showing 

spheroidal and elongated shapes (nanoworms) and ranging in size from 100 to 150 nm 

(Figure 5.1 C). Magnetic properties of the MNBS were evaluated using VSM. The hysteresis 

curve displays ferromagnetic behavior with saturation magnetization (Ms) of 0.42515 emu/g and 

remanent magnetization (Mr) of 0.012805 emu/g (Figure 5.1 D). 
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Figure 5.1 Characterization of MNBS 
XRD pattern of the MNBS indicates the presence of Ca9FeH(PO4) primary phase (A), which is 
confirmed by FTIR spectra with the obvious iron-doping effect by generating a band at 871 cm-1 
(B). TEM image that shows the morphology of the MNBS; scale bar = 100 nm (C) and the 
magnetization curve in a function of the applied magnetic field up to 25 KG (D). 

5.4.2 MNBS - MSC Interaction 

 MNBS appeared to preferentially attach to and become internalized by the MSCs after two 

days of culture (Figure 5.2). Additionally, various morphologies of MNBS can be seen in high 

magnification SEM images, including particles ranging from 100 nm to 1 µm as well as single 

nanoparticles, nanoworms, and larger aggregates on the order of several µm. 
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Figure 5.2 Cell-MNBS interaction 
Representative images demonstrate the interaction between MSCs and MNBS. SEM images (A) 
highlight MNBS cell-surface attachment and internalization just below the cell surface (empty 
arrowhead) as single nanoparticles or nanoworms (solid arrowhead). TEM images (B) confirm 
MNBS internalization as both single nanoparticles (empty arrow) and nanoworm morphologies 
(solid arrow). While single MNBS are 100+ nm, smaller glycogenic particles (approx. 20 nm) are 
also apparent in TEM images (dashed circle). 

5.4.3 Cell Viability 

 Viability of hMSCs was not greatly impacted by PEMF or MNBS exposure for up to 7 

days (Figure 5.3). Quantitative assessment of cell viability indicated < 1% dead cells present in 

MSCs cultured with MNBS with or without PEMF treatment for 7 days. Quantification of cell 

viability herein only includes % dead cells, as we found that the Calcein-AM dye binds to the 

MNBS, creating an artifactual signal and giving greater than 100% live cells when normalized by 

cells-only.  
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Figure 5.3 Effect of PEMF and MNBS treatment on cell viability 
Representative images from LIVE/DEAD staining of hMSCs after 7 days of culture and treatment 
(green: live, red: dead); scale bar = 100 µm. (A) MSCs only without PEMF treatment; (B) MSCs 
only with PEMF treatment (C) MSCs cultured with MNBS without PEMF treatment; (D) MSCs 
cultured with MNBS with PEMF treatment. Cell viability was quantified by relative fluorescence 
readings at 645 nm. Values in red represent the percentage of dead cells. Neither PEMF nor MNBS 
treatment significantly affected cell viability. 

5.4.4 ALP Activity 

The total ALP activity of the PEMF-treated groups was significantly greater than 

corresponding samples that did not receive PEMF treatment at days 2, 3, 4, 5, and 9 (p < 0.01), 
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with an average increase of 2.47-fold (0.08 ± 0.04 U/ng DNA vs 0.21 ± 0.12 U/ng DNA) 

(Figure 5.4). The increase in total ALP appears to be largely driven by an increase in extracellular 

ALP activity, which was increased by 3.79-fold (0.04 ± 0.02 U/ng DNA vs 0.15 ± 0.09 U/ng DNA) 

(Figure 5.5). Note that the reduction in both the intracellular and extracellular ALP activity at days 

4 and 7 (Figure 5.4) is likely an artifact of medium changes which occurred on these days, as 

medium change may disrupt normal ALP activity. 

In addition to an increase in ALP activity with PEMF treatment, there is a notable shift in 

the day at which peak ALP activity is observed. While peak ALP activity in untreated MSCs is 

expected around day 14 [203], MSCs treated with PEMF demonstrated peak ALP activity at day 

5 and MSCs treated with both MNBS and PEMF demonstrated a greater shift to day 3, with total 

ALP significantly greater than all other groups at day 3 (p < 0.01) (Figures 5.4 and 5.5).  

 
Figure 5.4 Effect of PEMF and MNBS treatment on total ALP activity 
Total ALP activity remained low in samples without PEMF treatment. On day 2, 3, 4, 5, and 9, 
total ALP activity was increased with PEMF treatment alone, and was significantly greater than 
samples without PEMF treatment (* p< 0.01). On day 3, total ALP activity was significantly 
greater than all other groups (# p< 0.01). 
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Figure 5.5 Effect of PEMF and MNBS treatment on intra- and extracellular ALP activity 
Both intracellular and extracellular ALP activity remained low in samples without PEMF 
treatment. While intracellular ALP remained relatively low in all groups, PEMF treatment alone 
significantly increased extracellular ALP activity, and the combination of PEMF and MNBS 
further increased ALP Extracellular ALP activity and shifted peak ALP activity to day 3. 
Extracellular ALP activity was significantly greater in the PEMF + MNBS group at all time points 
starting at day 2 (p< 0.01). 

5.4.5 Mineralization 

ARS staining was present in all treatment groups, with the most staining visible in the 
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day 7, ARS concentration was greatest in the MNBS + PEMF group, which had increased by 1.30-

fold compared to day 4 (0.05  ±  0.002  mM  vs  0.06  ±  0.001  mM). 

Change in ARS concentration over time was quantified as the difference in ARS 

concentration from day 1 (Figure 5.6 B) to account for potential staining of residual MNBS in 

each sample. There was a continuous increase in ARS concentration over time in both of the 

PEMF-treated groups through day 7, with the MNBS + PEMF group demonstrating a significantly 

greater change in ARS concentration at 4 and 7 days compared to all other groups (p < 0.01). 

While the ARS concentration in the MSCs - PEMF group did not change from 1 to 4 days, it 

increased sharply at 7 days. The ARS concentration in the MNBS - PEMF group remained stable 

at 1 and 4 days and decreased at 7 days, likely due to removal of residual MNBS during media 

changes. 
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Figure 5.6 Representative images of Alizarin Red S staining for calcium deposits 
Images at 1 and 7 days of culture and treatment demonstrate differences in calcium deposition with 
treatment condition and duration (A). Change in Alizarin Red S concentration was quantified as 
the difference from the corresponding day 1 concentration for each group (B). MNBS + PEMF 
samples demonstrated continuously increasing concentration over time, with significantly greater 
change in Alizarin Red S concentration compared to all other groups at day 4 and day 7 
(* p < 0.01). 
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the MNBS + PEMF group was significantly greater than both the MSC - PEMF and MSC + PEMF 

groups (p < 0.0001), but similar to the MNBS - PEMF group.  

All groups exhibited continuously decreasing ALP expression at 1, 4, and 7 days 

(Figure 5.7). At 1 day, ALP gene expression for both of the MNBS - PEMF and MNBS + PEMF 

groups were significantly lower than MSC + PEMF group and the MNBS - PEMF group was 

significantly lower than the MSC - PEMF group (p < 0.05). On day 4 and 7, ALP expression in 

both the MNBS - PEMF and MNBS + PEMF groups were significantly lower than the 

MSC - PEMF and MSC + PEMF groups (p < 0.0001).  

All groups exhibited an overall increase in BGLAP expression at each timepoint, with only 

the MSC - PEMF group exhibiting a decrease in expression at 4 days (Figure 5.7). On day 1, 

BGLAP expression in the MNBS - PEMF group was significantly lower than the MSC - PEMF 

group (p < 0.05). On day 4, BGLAP expression in the MNBS + PEMF group was significantly 

greater than MSC - PEMF (p < 0.05). On day 7, BGLAP expression in the MNBS + PEMF group 

was significantly greater than all other groups (p < 0.05) and MNBS - PEMF was significantly 

greater than MSC + PEMF (p < 0.001).  

Both the MSC - PEMF and MSC + PEMF groups exhibited relatively low SPP1 gene 

expression at 1, 4, and 7 days (Figure 5.7). At 1, 4, and 7 days, SPP1 gene expression was 

significantly higher in both the MNBS - PEMF and MNBS + PEMF groups compared to 

MSC - PEMF and MSC + PEMF (p < 0.0001) and SPP1 expression in the MSC - PEMF group 

was significantly higher than MSC + PEMF on day 1 (p < 0.05), but not different at 4 and 7 days. 

Additionally, MNBS + PEMF SPP1 expression is significantly greater than all groups at 7 days (p 

< 0.001). 
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Figure 5.7 Osteogenic gene expression after 1, 4, and 7 days of treatment 
ALP expression was significantly reduced with MNBS + PEMF treatment at all time points, while 
BMP-2 expression was significantly increased at days 1 and 7. BGLAP expression was 
significantly greater at days 4 and 7, and SPP1 expression was significantly increased at all time 
points (* p < 0.05). 
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than PEMF alone, with 2.1-fold average increase in total ALP activity and 2.3-fold average 

increase in mineralization compared to the untreated control group. 

The main advantage of the ionic modification of β-TCP in this study is the addition of an 

intrinsic magnetization quality. We substituted the Ca2+ ions with Fe3+ ions to produce an intrinsic 

MNBS (Fe-TCP).  Both the XRD and FTIR specify the accommodation of iron ions as 

Ca9FeH(PO4) suggesting the substitution of two Fe3+ for three Ca2+ cations in the β-TCP lattice.  

Other MNBS formulations have been used in-vitro, including cobalt-based MNBS which 

have shown to have a dramatic inhibitive effect on cell proliferation even when the administered 

concentration was as low as 0.02 mg/mL [204].  However, the iron-based MNBS concentration of 

0.2 mg/mL in this study did not show a detrimental effect on the MSC viability (Figure 5.3). Due 

to the potential adverse effects and cytotoxic risk, magnetic materials such as cobalt are less 

favorable for biological research compared to iron-based materials [193]. Moreover, iron-based 

MNBS exhibit excellent properties for applications in bone regeneration including increased 

hydrophilicity, accelerated resorption, and apatite-forming ability. It has also been demonstrated 

that iron-based MNBS can stimulate osteogenesis in-vitro and demonstrates tissue 

biocompatibility and bone regenerative ability in-vivo [200, 205, 206]. 

The interaction between MNBS and MSCs likely occurred in two distinct steps: First, 

MNBS, in either a spherical or elongated “nanoworm” form (Figure 5.2), are initially attached to 

cell surface receptors, and second, MNBS are internalized by the cell (Figure 5.2). Nanoworm 

structures are believed to bind more cell surface receptors compared to the single, spherical NP, 

and facilitate their internalization [207]. 

Our observations of PEMF-only treatment are consistent with prior reports showing 

osteogenic differentiation. PEMF has been shown to affect various cellular responses, including 
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cell proliferation, differentiation, and maturation [48, 153, 187]. Its effects are mostly well-known 

among musculoskeletal research, where PEMF has been shown to induce osteogenesis and bone 

tissue mineralization [187]. 

5.5.1 PEMF + MNBS stimulates early ALP activity, an initial marker for osteogenic 

activity  

While several groups have reported intracellular ALP activity in human mesenchymal stem 

cells over time [208, 209], to our knowledge we are the first group to report total ALP activity by 

assessing all cells, media, and media changes daily throughout 10 days of culture. 

ALP is a well-known marker for osteogenic activity and bone-cell differentiation and is 

essential to supply phosphate for bone mineral, as lack of ALP leads to under-mineralization of 

bone [210]. Successful osteogenesis is commonly indicated by high ALP levels, which 

mineralization of the bone matrix ensues. Therefore, we assessed ALP expression enzymatically, 

histochemically, and at the mRNA level over time to investigate the synergistic effect of PEMF 

and MNBS on in-vitro osteogenesis.  

In an earlier study, the combined treatment of BMP-2 and PEMF showed an increase in 

ALP gene expression during the differentiation phase of rat primary osteoblasts cells with 

maximum ALP activity at day 14 [211]. Our data indicates a shift in peak ALP activity to day 3 

with PEMF + MNBS treatment (Figure 5.4). This is notably earlier than PEMF treatment alone, 

which also induced earlier-than-nominal peak ALP activity at day 5. Moreover, we did not observe 

a significant change in ALP activity over time in the non-treated control group. This finding aligns 

well with findings of others, which has shown that nominal peak in-vitro ALP activity occurs at 

the end of the cell differentiation and proliferation stage from days 5 to 14 with decreasing ALP 

levels thereafter [203], suggesting that PEMF treatment alone may stimulate early ALP activity 
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that is further shifted when additional receptions for the transduction of the PEMF energy by the 

cell are presented by the attachment and internalization of MNBS. This shift to earlier peak ALP 

activity can be accounted for by an increase in extracellular ALP activity in MNBS + PEMF 

samples (Figure 5.5). In addition, gene expression results showed high ALP expression initially, 

followed by decreasing expression over time for all treatment groups (Figure 5.7). This trend in 

ALP expression was in parallel with an increase in osteocalcin (BGLAP) expression for all groups 

and an increase in osteopontin (SPP1) expression for the PEMF + MNBS group over time. Our 

results are consistent with those of others which shows a decrease in ALP activity over time as 

mineralization increases [208, 212]. 

5.5.2 PEMF + MNBS stimulates stable increase in calcium deposition, an indicator of 

osteogenic maturation 

Our data indicate a stable increase in calcium deposition through 7 days of treatment with 

PEMF + MNBS at levels significantly greater than PEMF treatment alone, as demonstrated by 

ARS staining and quantification (Figure 5.6). This contrasted with the non-treated control group, 

which had a low concentration of calcium deposits through day 4 followed by a peak at day 7. In 

addition, this trend in calcium deposition was in parallel with gene expression results indicating a 

gradual and significant increase in osteocalcin (BGLAP) and osteopontin (SPP1) expression over 

time. 

Our study is limited by potential artifactual trends throughout our time course experiments 

due to medium changes. We observed a dip in extracellular ALP activity on the days where media 

were changed, which may be due to disruption of the signaling cascade driven by secreted factors 

in the media. However, to our knowledge, this is the first in-vitro study of ALP activity to include 

intracellular and extracellular ALP and is strengthened by the fact that all ALP activity was 
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evaluated through a 10-day time course, allowing us to capture this change in activity 

corresponding with media changes.  Another limitation is the potential staining of MNBS by ARS, 

causing artifactual signal in the quantification of calcium deposition. While samples were 

thoroughly washed to remove excess MNBS, particles adhered to or internalized by MSCs 

remained present and may have been stained. Specifically, ARS signal was observed in samples 

with MNBS on day 1 of culture, before the expected initiation of osteogenesis. Fan et al., 

demonstrated that alizarin red can be removed from an aqueous environment by magnetic chitosan 

or polypyrrole nanoparticles [213], which could explain the results seen at day 1. However, after 

7 days, there was a significant increase in ARS signal due to the synergistic effect of MNBS 

combined with PEMF treatment that is large enough to overcome the noise of the MNBS-staining 

artifact, while PEMF-treatment alone did not significantly increase mineralization at any time 

point. Moreover, our ARS results align with our gene expression results for BGLAP and SPP1, 

which are not susceptible to artifactual signals from the MNBS. 

Despite these limitations, we demonstrate statistically significant effects in-vitro that may 

translate in the future to clinically relevant effects in humans. Potential clinical indications would 

include accelerated bone regeneration for large bone defects where bone healing takes several 

months and may also benefit patients with osteoporosis to counter decreasing bone density. 

Additionally, the PEMF + MNBS system may also be applied to other cell types such as cartilage, 

and intervertebral disc cells. There is an additional safety benefit to utilizing this combination 

therapy in that it allows localized treatment delivery to the injury site. Other therapies for 

stimulating bone growth, such as growth factor injections, cause excess bone growth [214] 

potentially cause aberrant effects (e.g. spinal stenosis). 
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In summary, we observed that PEMF treatment combined with MNBS synergistically 

stimulated early peak ALP expression and significantly upregulated calcium deposition over time 

in hMSCs. By demonstrating this synergistic effect of PEMF and MNBS on osteogenesis, these 

findings support that this combination therapy may provide a method for accelerated bone healing. 
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6 Conclusions and Future Work 

6.1 Summary and Main Conclusions 

The experiments performed in this dissertation represent significant contributions to the 

development of two novel energy-based therapies for painful spine conditions. This work 

demonstrates the design and application of pre-clinical systems for therapeutic ultrasound and 

magnetic-field exposure, along with the thorough assessment of responses at tissue, cellular, and 

molecular levels. The findings described in this dissertation are a pivotal pre-clinical step towards 

the advancement of energy-based therapeutics to clinical use. In Chapter 2, we demonstrate the 

technical feasibility of targeted, noninvasive delivery of acoustic energy to rat-tail intervertebral 

discs (IVD) and assessment of biological responses to Low-intensity Pulsed Ultrasound (LIPUS) 

exposure. We found that LIPUS exposure regulates extracellular matrix (ECM) and inflammatory 

gene expression in rat-tail IVDs with increased pro-inflammatory gene expression. Chapter 3 

describes the design, fabrication, characterization, and validation of an in-vitro LIPUS 

exposimetry system for delivering uniform acoustic energy to distal targets with negligible heating. 

We found that far-field LIPUS exposure upregulates total collagen content in annulus fibrosus 

cells with a magnitude similar to growth factor treatment. Chapter 4 presents the use and validation 

of Design of Experiments (DOE) for LIPUS parameter exploration, response prediction, and 

optimization. The LIPUS system described in Chapter 3 was used, and we found that Pulse 

Repetition Frequency (PRF) was the most significant factor for modulating catabolic and pro-

inflammatory gene expression while peak intensity was most significant for modulating anabolic 

gene expression, and that both factors interacted with treatment duration to influence ECM gene 

expression in inflammatory annulus fibrosus cells. Lastly, in Chapter 5 we show that magnetic 

nanoparticles (MNBS) synergize with pulsed electromagnetic fields (PEMF) to accelerate the 
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induction of osteogenesis by stimulating early peak alkaline phosphatase (ALP) activity and 

upregulating calcium deposition over time in mesenchymal stem cells (MSCs). Taken together, 

these studies support the following main conclusions: 

(1) LIPUS energy can be delivered noninvasively to damaged IVDs in-vivo to stimulate 

anabolic and anti-inflammatory gene expression; 

(2) Annulus fibrosus cells exposed to far-field LIPUS demonstrate increased total collagen 

synthesis at a magnitude similar to growth factor treatment; 

(3) Metabolic activity in annulus fibrosus cells is influenced by LIPUS pulse repetition 

frequency, peak intensity, and treatment duration settings, and; 

(4) Combining magnetic nanoparticles with PEMF accelerates peak ALP activity and 

mineralization rate in MSCs.  

6.2 Interpretation of Key Findings 

In Chapter 2 we demonstrated the technical feasibility of targeted delivery of LIPUS energy 

to rat-tail IVDs and assessment of tissue response via gene expression analysis. While several 

previously published studies have demonstrated anabolic and anti-catabolic activity in IVD cells 

with LIPUS exposure, to our knowledge, this was the first published in-vivo study of LIPUS 

bioeffects in IVDs with acute injury. We found that LIPUS increases type II collagen gene 

expression and reduces TNFα gene expression in inflammatory discs, suggesting that previously 

observed in-vitro LIPUS effects may translate in-vivo. These findings motivated the development 

of the robust in-vitro system that was used to the parametric studies described in Chapters 3 and 

4, respectively. The findings in Chapter 2 where supported by results in Chapter 3 and 4, which 

also showed LIPUS-induced matrix synthesis and anti-inflammatory activity. Specifically, in 

Chapter 2 we observed anabolic and anti-inflammatory effects only in rats with high expression of 
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IL6 after injury, a finding was supported by results in Chapter 4. In Chapter 3, we fabricated, 

characterized, and validated a pre-clinical, in-vitro model for delivering uniform LIPUS energy to 

cell cultures which included an acoustic standoff for low frequency sources to place target samples 

within the uniform acoustic far-field. We show that by exposing IVD cells to far-field LIPUS 

energy, collagen synthesis was increased with a magnitude similar to that of growth factor 

treatment. While intradiscal growth factor injections have shown some promise, this technique 

suffers from long-term safety and efficacy concerns, likely due to the potential depressurization 

and reduction in mechanical integrity of the disc. However, our results indicate the potential to 

noninvasively stimulate the repair of damaged IVD tissues. Moreover, compared to typical near-

field LIPUS systems described in literature, our far-field system is more clinically relevant for 

extracorporeal stimulation of deep tissues such as the IVD. We also introduced the novel use of 

gradient analysis to evaluate the uniformity of acoustic intensity fields and demonstrated that 

typical systems may be more susceptible to acoustic artifacts that my result in inaccurate or 

inconsistent dosing. By mitigating these acoustic artifacts, and thereby removing potentially 

confounding factors, we could successfully use this LIPUS system in parametric studies. In 

Chapter 4, we evaluated LIPUS dosing parameters using DOE and found PRF to be the most 

influential factor for stimulating anti-catabolic and anti-inflammatory activity in inflammatory 

annulus fibrosus cells. When PRF was varied, total energy was held constant, suggesting that the 

cells may be sensing and responding to pulsing characteristics such as pulse duration and 

frequency. One possibility is that the long pulse intervals of the low PRF group are less efficiently 

transduced by mechanosensitive cell receptors, resulting in a damped response. While type I 

collagen gene expression was not increased with LIPUS exposure, there was a significant 

reduction in the expression of matrix metalloproteinase 1 and 13, which are the primary enzymes 
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capable of cleaving interstitial collagen molecules. The reduction in catabolic gene expression 

observed in Chapter 4 may explain the increase in collagen content observed in Chapter 3. Chapter 

4 illustrates the capability and benefits of implementing DOE for exploring dose-response 

relationships in energy-based therapeutics and motivates expanding the use of DOE to other 

modalities such as PEMF. Chapter 5, we evaluated interactions between MNBS and PEMF and 

found synergistic effects on ALP activity and mineralization in MSCs. By demonstrating an 

acceleration of the onset of osteogenesis as well as an increase in mineralization over time, these 

findings support the use of PEMF and MNBS as a combination therapy for accelerating bone 

healing. These results also suggest that by introducing MNBS to enhancing the effects of PEMF 

alone, it may be possible to reduce the overall dose of PEMF without sacrificing efficacy, and in 

turn reduce the potential for off target effects. 

This dissertation presents novel contributions to the development of two energy-based 

therapeutics that could potentially translate to improved patient outcomes in the clinical 

management of low back pain. Overall, we found dose-response relationships between LIPUS and 

annulus fibrosus cells, which may inform patient-specific dosing, and we identified synergistic 

effects from the combination of PEMF and MNBS, which may be used to improve success rates 

in spinal fusion cases. Notably, our results demonstrate consistent anabolic and anti-inflammatory 

activity in inflammatory disc cells exposed to LIPUS both in-vitro and in-vivo and show that these 

effects may be influenced by LIPUS parameter settings. Taken together, this suggest that future 

clinical use could benefit from patient-specific dosing. However, LIPUS may not be effective in 

cases of severe IVD degeneration which may ultimately require spinal fusion. The synergistic 

effects observed in our study of PEMF and MNBS motivates its potential in rescuing unsuccessful 

fusions by accelerating the onset of osteogenesis and increasing mineralization rates.  
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6.3 Future Work 

In Chapter 4 we demonstrated the successful use of screening DOE to identify factors and 

interactions that influence ECM gene expression and to predict gene expression responses with 

reasonable accuracy. These will inform expanded parameter ranges to be used in more complex 

(i.e. non-linear) modeling of responses via Response Surface Methodology. Data from this study 

may expand effect ranges, improve model fit, and ultimately increase the reliability of response 

predictions. The in-vitro experiments presented in Chapter 5 could be expanded upon in future 

studies to investigate whether our findings translate to an in-vivo model of spinal fusion. These 

studies will require the development of an in-vivo nanoparticle carrier and delivery method which 

could include the injection or implantation of a hydrogel or 3D-printed scaffold.   

Collectively, the work presented in this dissertation is of great importance for the 

advancement of energy-based therapeutics for IVD injuries. These findings will motivate the novel 

use of noninvasive, energy-based therapeutics to improve clinical outcomes for patients 

experiencing low back pain. 
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Appendix A: Annulus Fibrosus Cell Viability Time Course in Alginate Bead Culture 

Introduction 

Cell viability time course experiments were performed to evaluate potential cell death during 

multi-day annulus fibrosus (AF) cell culture. The objectives of this study were (1) to assess the 

viability of cells encapsulated in alginate beads at high cell concentration and (2) to determine the 

limit of cell culture duration (i.e. when cell numbers were significantly decreased). 

Methods 

Cell Culture 

Bovine AF cells were encapsulated in alginate beads at a density of 4x106 cells/mL and 

cultured in standard disc media as described previously (Section 3.2.2.1). Four alginate beads (one 

sample) were cultured for 1, 3, 5, 8, 10, 14, or 16 days in triplicate (n = 21).  Media was changed 

every other day. 

DNA Quantification 

After the designated culture duration, alginate beads were dissolved in 55 mM sodium citrate 

and frozen at -20°C. After day 16 samples were harvested, samples were thawed and digested in 

10 µL papain (P3125, Sigma-Aldrich, St. Louis, MO, USA) at 60°C overnight, then frozen at -

20°C again before DNA quantification assay. DNA content was assayed with the Quant-iT 

PicoGreen dsDNA Assay Kit (P11496, Thermo Fisher, Waltham, MA, USA) and measured on a 

microplate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA, USA) with 488 nm 

excitation and 525 nm absorption. 

Statistical Analysis 

Statistical differences in DNA concentration were compared using one-way analysis of 

variance (ANOVA) among treatment groups, followed by Tukey HSD test for multiple 
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comparisons. Data are depicted as mean ± standard deviation. P-values less than 0.05 were 

considered significant. 

Results and Discussion 

DNA concentration did not significantly decrease until 8 days of culture. Compared to 

samples cultured for 1 day, DNA concentration in day 8, day 14, and day 16 samples was decreased 

by 28%, 32%, and 38%, respectively. After 8 days of culture, the decrease in DNA concentration 

appears to reach a baseline.  These results suggest that in future studies of cellular stimuli, such as 

low-intensity pulsed ultrasound (LIPUS) exposure or growth factor treatment, cells cultured in 

alginate beads should undergo a longer pre-culture duration to allow cells to acclimate to alginate 

environment. This aligns with several other groups studying LIPUS bioeffects who have reported 

applying pre-cultures from 3-14 days [1-3]. In this experiment, change in dsDNA concentration 

was used to approximate cell number and extrapolated to estimate changes in cell viability. We 

assume that DNA from dead cells will degrade and not be detected by PicoGreen Assay, however 

it is possible that we have quantified dead cells before DNA fragmentation and therefore have 

overestimated the cell numbers. It may take several days for DNA to fully degrade, which may 

explain why DNA concentration doesn’t approach equilibrium until day 8. 
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Figure A.1 DNA concentration decreases with duration of culture in alginate beads 
Double stranded DNA concentration was significantly lower after 8, 14, and 16 days of culture 
compared to 1 day of culture. * p < 0.05, ** p < 0.01 
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Appendix B: LIVE/DEAD Cell Imaging in Alginate Beads 

Introduction 

Experiments were performed to assess the effect of low-intensity pulsed ultrasound (LIPUS) 

exposure on the viability of annulus fibrosus (AF) cells cultured in alginate beads. Moreover, these 

experiments aimed to develop an effective method for imaging whole sections of stained beads. 

This would allow visualization of local variations in cell viability potentially related to diffusion 

limitations [1]. Specifically, we were interested in whether dead cells were disproportionately 

located in the center of the bead. 

Methods 

Cell Culture and Treatment 

Bovine AF cells were encapsulated in alginate beads at a density of 2x106 cells/mL and 

cultured in standard disc media, as described previously (Section 3.2.2.1), with daily media 

changes. Single beads were divided into 4 treatment groups: (1) untreated control, (2) BMP-7 

growth factor treatment (200 ng/mL in standard disc media), (3) LIPUS-Low (600 mW peak 

Intensity, 20% duty), and (4) LIPUS-High (1000 mW peak intensity, 12% duty). All groups were 

placed in the LIPUS exposimetry system for 20 minutes per day for 7 consecutive days. LIPUS 

was turned off for samples in the untreated control and BMP-7 treatment groups. 

Protocol for LIVE/DEAD Cell Staining and Imaging in Alginate Beads 

Sample Preparation 

• Place bead into 1.5 mL tube

• Wash 3x with 1 mL D-PBS without calcium or magnesium

• Place a glass microscope slide inside a petri dish

• Carefully remove bead from 1.5 mL tube and onto the glass slide (Figure B.1)
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• Using a sharp scalpel blade, cut the bead in half (approximately 1.5 mm thickness) 

o Take care to create surfaces that are as flat as possible 

• Position bead sections on the glass slide such that a flat surface is facing up 

 
 

Figure B.1 Positioning sectioned alginate beads  
The sectioned alginate beads were placed on the glass slide with the flat surface facing up. 
Petroleum jelly was placed on the glass slide to create a square chamber to confine the bead and 
liquid reagent. LIVE/DEAD reagent was applied, filling the chamber and covering the bead-
section.  L indicates the LIPUS-Low sample; H indicates the LIPUS-High sample. 
 
LIVE/DEAD Staining 

• Prepare LIVE/DEAD reagent solution in 15 mL tube 

o 2 mL D-PBS + 2 µL Calcein-AM + 8 µL ethidium homodimer-1  

• Cover the bead sections with LIVE/DEAD reagent solution (approximately 100 µL) 

• Incubate for 20 minutes at 37°C 

Imaging 

• Imaging was performed using a Nikon AZ100M “Macro Confocal” with a 5x objective and Z 

stack range of 500 µm. 
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Results and Discussion 

The purpose of this experiment was to assess the effect of LIPUS exposure on cell viability 

when varying peak intensity, with total energy held constant by adjusting the duty factor. 

LIVE/DEAD imaging visually demonstrated that the majority of cells were live (green) with dead 

cells evenly disbursed throughout the samples (red) (Figure B.2). The ability to image across the 

whole sample allows the identification of regional differences. In this experiment, there were no 

apparent regional differences in cell viability. These staining and imaging methods can be 

expanded in the future for use in immunostaining for extracellular matrix proteins or pro-

inflammatory factors and give insight into whether LIPUS induced effects vary with distance from 

the surface of the alginate bead. 

Figure B.2 Effect of LIPUS exposure on cell viability in alginate beads 
Cell viability assessed by LIVE/DEAD stain demonstrates no apparent reduction in cell viability 
with 7 days of growth factor or LIPUS treatment compared to nontreated controls. Green: live, 
Red: dead. Scale bars = 1 mm. 

Control BMP-7

LIPUS Low LIPUS High
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Appendix C: LIPUS upregulates sGAG but not Collagen Content in Annulus Fibrosus Cells 

Cultured in Hyaluronic Acid Beads 

Introduction 

LIPUS-induced cellular deformation and response are thought to be dependent on the 

mechanical properties of the surrounding medium [1]. Moreover, cells feel and respond to the 

stiffness of their substrate [2]. To investigate the effect of scaffold stiffness on LIPUS-induced 

extracellular matrix (ECM) synthesis in annulus fibrosus (AF) cells, we identified a hyaluronic 

acid (HyA) hydrogel with tunable stiffness and containing an Arg-Gly-Asp (AGD) amino acid 

sequence for cell adhesion [3]. The aims of this proof-of-concept study were: (1) to develop a 

method for forming HyA hydrogels with a bead geometry, and (2) evaluate changes in collagen 

and sulfated glycosaminoglycan (sGAG) content in AF cells cultured in HyA beads with LIPUS 

exposure. 

Methods 

Hydrogel Formation 

Bovine AF cells were encapsulated in HyA gels at a density of 4x106 cells/mL as described 

previously [3] with the following adaptations. AF-cells were suspended in the HyA macromer 

solution (acHyA and bsp-RGD/acHyA), then this HyA-cell solution was mixed with an MMP-

cleavable crosslinker [3]. Immediately following their mixture, the solution was dispensed 

dropwise through a 22-gauge needle onto a glass slide coated with a hydrophobic material (12-50, 

Tekdon, Inc., Myakka City, FL, USA) and then incubated for 45 minutes at 37°C  to allow gelation 

to occur. After gelation, standard disc media (Section 3.2.2.1) was added and exchanged every 

other day. 
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LIPUS Exposure 

HyA beads were divided into 3 groups and treated as described previously (Section 3.2.2.2) 

with the following adaptations. Each sample (9 HyA beads) was cultured for 10 total days and 

treated for 5 consecutive days starting on the 6th day of culture. 

Quantification of Collagen and sGAG Concentration 

After 10 days of culture, HyA beads were dissolved by adding 100 U/mL hyaluronidase 

(H3631-15KU, Sigma) and incubating on a rocker at 37°C for 6 hours. Supernatants were collected 

and assayed of total collagen, sGAG, and dsDNA content as described previously (Sections 3.2.2.3 

and 3.2.2.4). Collagen and sGAG concentrations were determined by normalizing total collagen 

and sGAG content by the dsDNA concentration of each sample. 

Statistical Analysis 

Statistical differences in collagen and sGAG concentrations were compared using one-way 

analysis of variance (ANOVA) among treatment groups, followed by Tukey HSD test for multiple 

comparisons. Data are depicted as mean ± standard deviation. P-values less than 0.05 were 

considered significant. 

Results and Discussion 

HyA beads were successfully formed by dispensing the HyA solution through a needle onto 

a slide with a hydrophobic coating (Figure C.1). These beads resemble the alginate beads used in 

previous studies (Chapter 3) in shape and size. 

 
Figure C.1 Hyaluronic acid beads after gelation on glass slide with hydrophobic coating 
Beads with high contact angles were formed by dispensing the HyA-cell solution onto coated 
microscope slides. 
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While neither BMP-7 nor LIPUS treatment affected collagen synthesis when cells were 

cultured in HyA beads, sGAG concentration was significantly greater than controls with both 

BMP-7 (2.3-fold) and LIPUS (3.8-fold) treatment, with LIPUS significantly outperforming BMP-

7 treatment (Figure C.2). The opposite matrix synthesis effect was observed in AF-cells cultured 

in alginate beads (Chapter 3), indicating that cellular scaffold material properties may be an 

important factor affecting cell response to LIPUS stimulus, suggesting that tissue properties may 

be important considerations in future in-vivo application. Future work will evaluate the effect of 

varying scaffold stiffness on AF-cell matrix synthesis response. 

 
Figure C.2 LIPUS-induced matrix synthesis in hyaluronic acid beads 
Collagen concentration was not affected by BMP-7 nor LIPUS treatment. Both BMP-7 and LIPUS 
treatment groups demonstrated significantly greater sGAG concentration compared to the control 
group, with LIPUS significantly outperforming BMP-7. * p < 0.05 
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Appendix D: Effects of LIPUS Pulse Repetition Frequency on Matrix Gene Expression in 

AF cells Cultured in Alginate Beads 

Introduction 

Preliminary experiments were performed to demonstrate the technical feasibility of 

evaluating the effects of in-vitro LIPUS exposure on gene expression using qPCR. Specifically, 

we aimed to explore the effects of LIPUS pulse repletion frequency (PRF) and number of 

treatments on extracellular matrix gene expression in AF cells cultured in alginate beads. A 

secondary aim was to determine whether cells were responsive to BMP-7 treatment by evaluating 

ID-1 gene expression [1], to validate its use as a positive control. 

Methods 

Cell Culture and Treatment  

Bovine AF cells were encapsulated in alginate beads at a density of 4x106 cells/mL and 

cultured in standard disc media, as described previously (Section 3.2.2.1), with daily media 

changes. Samples of up to 10 beads were divided into 12 treatment groups with 4 replicates each 

(n = 48) (Table D.1). Samples were cultured for up to 4 total days, including 1 day of pre-culture 

to allow cells to acclimate to alginate-bead culture. All groups were placed in the LIPUS 

exposimetry system for 20 minutes per day for 3 consecutive days. LIPUS was turned off for 

samples in the untreated control and BMP-7 treatment groups. 

Table D.1 Sample grouping in preliminary LIPUS PRF study 
Samples were divided into 12 treatment groups including LIPUS High, LIPUS Low, BMP-7, and 
Control repeated for 1, 2, or 3 treatments. 
 
Treatment PRF (Hz) Burst Count Peak Intensity (mW) 
LIPUS High 1000 300 600 
LIPUS Low 100 3000 600 
BMP-7 (200 ng/mL) -  -  - 
Control - - - 
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Gene Expression Analysis 

Twenty-four hours following the last treatment, alginate beads were dissolved in 55 mM 

sodium citrate, and cell pellets were isolated by centrifugation. AF cells were lysed using PicoPure 

RNA extraction buffer, according to manufacturer’s instructions, and stored at -80°C until all 

samples were collected. Total RNA was isolated and purified, cDNA was synthesized, and qPCR 

was performed as described previously (Section 4.2.4).  

Statistical Analysis 

Statistical differences in relative gene expression among treatment groups were compared 

using one-way analysis of variance (ANOVA), followed by Tukey HSD test for multiple 

comparisons. Data are depicted as mean ± standard deviation. P-values less than 0.05 were 

considered significant. 

Results and Discussion 

When cells were exposed to a LIPUS waveform at 100Hz PRF for 20 minutes a day for 3 

consecutive days, MMP1 – a gene which encodes proteases involved in the breakdown of 

extracellular matrix proteins including collagens type I and II – expression was significantly 

downregulated compared to nontreated controls (0.71-fold decrease)  and was significantly 

reduced compared to identical LIPUS exposure at 1000 Hz PRF. Additionally, we observed 

significant increases in COL1A1, COL2A1, TIMP1, and MMP1 expression with 3 LIPUS High 

treatments compared to the same amount of LIPUS low treatments. During this preliminary study, 

we found that the expression of various matrix-related genes was dependent on PRF, a LIPUS 

waveform parameter. Overall, we found that several matrix-related genes were regulated by 

LIPUS PRF including COL1A1, COL2A1, TIMP1, and MMP1.  
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Our results do not align with previous studies demonstrating that BMP-7 growth factor 

treatment stimulates matrix synthesis in intervertebral disc cells [2-4]. Moreover, BMP-7 did not 

upregulate ID1, which mediates many of the downstream effects of BMP signaling [1]. This 

suggests that BMP signaling is being inhibited. 

In this study, we confirmed the ability to use qPCR to evaluate changes in matrix gene 

expression in response to LIPUS exposure and found that PRF was a significant factor for 

modulating matrix gene expression. We also found that BMP-7 does not regulate matrix gene 

expression in AF cells cultured in alginate and does not upregulate ID1 signaling. 

Figure D.1 Relative gene expression for select genes relevant to matrix metabolism 
Relative gene expression was calculated as fold-change relative to control expression in samples 
cultured for 2 days. n = 4 per group. # p < 0.05  
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Appendix E: BMP-7 Upregulates Type I Collagen Gene Expression in Annulus Fibrosus 

Cells Cultured in Monolayer 

Introduction 

Preliminary experiments were performed to establish BMP-7 growth factor as a positive 

control for stimulating extracellular matrix (ECM) metabolism in annulus fibrosus (AF) cells. 

Although BMP-7 is known to stimulate ECM metabolism in intervertebral disc cells [1], this was 

not observed in previous studies of AF cells cultured in alginate beads (Appendix D). This could 

be related to insufficient diffusion of BMP-7-supplemented media into the alginate matrix [2]. The 

objective of this study was to evaluate whether BMP-7 upregulates matrix synthesis in AF cells 

cultured in monolayer and whether there is a dose-response relationship with ID1, a mediator of 

downstream effects of BMP signaling, and type I collagen. 

Methods 

Cell Culture and Treatment  

Bovine AF cells were seeded in monolayer at 2x105 cells/well in a 24-well cell culture plate. 

Samples were divided into groups including 1, 2, or 3 treatments with BMP-7 at 0, 50, 100, or 

200 ng/mL. All samples were cultured for 4 total days, including 1 day for acclimation before 

initial treatment, and treated for 1, 2, or 3 of those days. To determine whether BMP-7 has an 

effect with a short culture duration, two additional treatment groups included a single BMP-7 

treatment (200 ng/mL) and harvesting after one day.  

Gene Expression Analysis 

After 4 days of culture, samples were processed for qPCR, and gene expression was analyzed 

as described previously (Section 4.2.4), including the analysis of ID1 and type I collagen gene 
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expression. Relative expression was calculated as fold-change relative to the respective untreated 

control group for the groups cultured for 4 days and 1 day. 

Statistical Analysis 

Statistical differences in relative gene expression among treatment groups were compared 

using one-way analysis of variance (ANOVA), followed by Tukey HSD test for multiple 

comparisons. Data are depicted as mean ± standard deviation. P-values less than 0.05 were 

considered significant. 

Results and Discussion 

BMP-7 treatment upregulated ID1 expression in all groups compared to the untreated control 

(Figure E.1). Notably, this effect was demonstrated with the lowest dose: 1 treatment at 50 ng/mL. 

ID1 expression appeared to have a positive correlation with BMP-7 concentration, indicating a 

dose-response relationship. BMP-7 also upregulated type I collagen expression; however, with a 

weaker positive correlation. Again, 50 ng/mL BMP-7 appears to be sufficient for stimulating 

matrix metabolism, with a 2.9-fold increase in type 1 collagen expression compared to the control. 
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Figure E.1 BMP-7 stimulates ID1 and COL1 gene expression in AF cell monolayers  
All BMP-7 treatment conditions demonstrated significantly upregulated ID1 and type I collagen 
gene expression (p < 0.05) except where indicated (ns). 

Overall, these results indicate that AF cells cultured in monolayer are stimulated by BMP-7 

treatment to upregulate matrix anabolism. Results also demonstrate a dose-response relationship 

between BMP-7 and expression of ID1 and type I collagen, suggesting that there may be an optimal 

dose. Previous experiments have utilized a dose of 200 ng/mL BMP-7 (Chapter 3, Appendix C 

and D); however, these results also indicate that a lower dose (1 treatment at 50 ng/mL) may be 

sufficient for stimulating type I collagen gene expression. 
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Appendix F: Preliminary Study of LIPUS Effects on Annulus Fibrosus Cells Cultured in 

Inflammatory Media 

Introduction 

LIPUS has been shown to stimulate matrix metabolism in degenerative intervertebral disc 

(IVD) cells [1], and IL-1α  is known to induce an inflammatory response in IVD cells [2]. The 

objective of this study was to investigate the effects of LIPUS exposure on AF-cell gene expression 

in a simulated pro-inflammatory in-vitro environment. 

Methods 

Cell Culture and Treatment  

Bovine AF cells were seeded in monolayer at 5x105 cells/well in the center of two opposing 

corner wells of  6-well cell culture plates and cultured in standard disc media, as described 

previously (Section 3.2.2.1), with daily media changes. Samples were divided into 6 treatment 

groups to be treated 1, 3, or 5 times with 50 ng/mL BMP-7, 10 ng/mL IL-1a, or 20 min of LIPUS 

(with parameters described in Section 3.2.2.2) individually or in combination (Table F.1). IL-1α 

treatment occurred at least two hours before LIPUS exposure or BMP-7 to stimulate an 

inflammatory environment. All groups were placed in the LIPUS exposimetry system for 20 

minutes per day for 1, 3, or 5 consecutive days. LIPUS was turned off for samples in the untreated 

control, IL-1α, and  BMP-7 treatment groups. 

Table F.1 Parameters for BMP-7, Il-1α, and LIPUS treatment   
Samples were treated with the with BMP-7, Il-1α, or LIPUS individually or in combination. 

Description Treatment Parameters 
Control No Treatment 
BMP-7 50 ng/mL BMP-7 
IL-1α  10 ng/mL IL-1α 
IL-1α  + BMP-7 10 ng/mL IL-1α + 50 ng/mL BMP-7 
IL-1α  + LIPUS 10 ng/mL IL-1α + 20 min LIPUS 
LIPUS 20 min LIPUS 
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Gene Expression Analysis 

After 1, 3, or 5 days of culture, samples were processed for qPCR, and matrix and 

inflammatory gene expression was analyzed as described previously (Section 4.2.4). Relative 

expression was calculated as fold-change relative to the untreated control group on day 1. 

Statistical Analysis 

Statistical differences in relative gene expression among treatment groups were compared 

using one-way analysis of variance (ANOVA), followed by Tukey HSD test for multiple 

comparisons. Data are depicted as mean ± standard deviation. P-values less than 0.05 were 

considered significant. 

Results and Discussion 

Samples treated 1, 3, or 5 times with IL-1α demonstrated significantly increased MMP1, 

MMP13, and IL6 gene expression compared to the untreated control. IL-1α treatment had no effect 

on COL1 expression. One BMP-7 treatment significantly reduced expression of MMP1 and 

MMP13, but not IL6 in inflammatory cells. Three BMP-7 treatments reduced, but not significantly, 

MMP1 and MMP13 expression in inflammatory cells. Five BMP-7 treatments reduced, but not 

significantly, MMP1 and MMP13 expression while increasing, but not significantly, COL1 

expression in inflammatory cells. One LIPUS treatment reduced, but not significantly, MMP1, 

MMP13, and IL6 expression in inflammatory cells. Three LIPUS treatments did not affect MMP1, 

MMP13, or IL6 expression but demonstrated an insignificant increase in COL1 expression in 

inflammatory cells. Five LIPUS treatments reduced, but not significantly, MMP1, MMP13, and 

IL6 expression while increasing, but not significantly, COL1 expression in inflammatory cells. 

Overall, we demonstrate that IL-1α treatment consistently induces catabolic and pro-

inflammatory gene expression in AF cells, but does not significantly affect type I collagen gene 
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expression. LIPUS appears to have an anti-catabolic effect on inflammatory AF cells that is most 

prominent with one treatment. Although there were not significant differences with LIPUS 

treatment in normal or pro-inflammatory conditions, there were trends that are promising and 

motivate dose optimization. 
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Figure F.1 Relative gene expression for select genes relevant to matrix metabolism Relative 
gene expression was calculated as fold-change relative the control sample of the in 1-
treatment group. n = 3 per group. 
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Appendix G: Additional Contributions 

This appendix includes the abstract of a manuscript that did not directly relate to my dissertation 

for which I was a co-author and contributed intellectually. My specific contributions are described 

below. 

 

A Mouse Model of Delayed Rotator Cuff Repair Results in Persistent Muscle Atrophy and 

Fatty Infiltration 

Zili Wang, Xuhui Liu, Michael R. Davies, Devante Horne, Hubert Kim, Brian Feeley 

Published in The American Journal of Sports Medicine (2018) 

doi: 10.1177/0363546518793403 

 

Abstract 

Background: Rotator cuff (RC) tears are common tendon injuries seen in orthopaedic patients. 

Successful repair of large and massive RC tears remains a challenge due to our limited 

understanding of the pathophysiological features of this injury. Clinically relevant small animal 

models that can be used to study the pathophysiological response to repair are limited by the lack 

of chronic repair models.  

Purpose: To develop a highly clinically relevant mouse model of delayed RC repair.  

Study Design: Controlled laboratory study.  

Methods: Three-month-old C57BL/6J mice underwent unilateral supraspinatus (SS) and 

infraspinatus (IS) tendon tear with immediate, 2-week delayed, or 6-week delayed tendon repair. 

Animals with no repair or sham surgery served as controls. Gait analysis was conducted to measure 

shoulder function at 2 weeks and 6 weeks after surgery. Animals were sacrificed 6 weeks after the 



 163 

last surgery. Shoulder joint, SS, and IS muscles were harvested and analyzed histologically. Ex 

vivo mechanical testing of intact and repaired SS and IS tendons was conducted. Reverse-

transcriptase polymerase chain reaction was performed on SS and IS muscles to quantify atrophy, 

fibrosis, and fatty infiltration–related gene expression.  

Results: Histological and tendon mechanical testing showed that torn tendons could be 

successfully repaired as late as 6 weeks after transection. However, significant atrophy and fatty 

infiltration of muscle, with impaired shoulder function, were persistent in the 6-week delayed 

repair group. Shoulder function correlated with the severity of RC muscle weight loss and fatty 

infiltration.  

Conclusion: We successfully developed a clinically relevant mouse model of delayed RC repair. 

Six-week delayed RC repair resulted in persistent muscle atrophy and fatty infiltration with inferior 

shoulder function compared with acute repair.  

Clinical Relevance: Our novel mouse model could serve as a powerful tool to understand the 

pathophysiological and cellular/ molecular mechanisms of RC muscle and tendon degeneration, 

eventually improving our strategies for treating and repairing RC tears. 

 

My contributions to this study included the design of custom fixtures for biomechanical testing, 

development of mechanical testing protocol, conducting all biomechanical tests, helping with data 

analysis for mechanical tests, and writing a portion of the manuscript. 
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