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CHAPTER 1: INTRODUCTION

1.1 Diabetes
The term Diabetes mellitus describes a cluster of severe medical diseases with a characteristic pathology of abnormally high blood glucose levels 1. According to the World Health Organization, approximately 171 million people had diabetes worldwide in 2000 2. By 2030, the number of people with diabetes is expected to be more than double the 2000 statistic at approximately 366 million people 2. In 2011, the National Institute of Diabetes and Digestive and Kidney Diseases reported that diabetes affected 25.8 million people of all ages or 8.3 percent of the population in the United States 3,4. In addition, diabetes was listed as either the underlying cause or contributing factor for a total of 231,404 deaths and is the seventh leading cause of death for Americans in 2007 3,5. If current trends continue, it is estimated that as many as 33%, or 1 in 3 American adults will have diabetes by 2050 6.
Although there are several categories of diabetes, the most common forms are Type 1 and Type 2 diabetes. Type 1 diabetes is an autoimmune condition in which a person’s body attacks its own pancreatic beta cells that produce the hormone insulin 3,7. Without sufficient amounts of insulin, the body is unable to properly regulate blood glucose levels 3,7. Type 1, or juvenile-onset diabetes, typically affects children and young adults, while Type 2, or adult-onset diabetes develops later in life 3,7,8. Type 2 diabetes is characterized as a condition of insulin-resistance, defined as the body’s inability to absorb glucose from the bloodstream 8. In association with diabetes is another condition known as prediabetes, which describes patients that have higher than normal blood sugar levels, but are not yet considered diabetic 3,7. However, with prediabetes comes an increased risk of developing Type 2 diabetes in the future; in 2010, it was estimated that approximately 79 million Americans aged 20 years or older had prediabetes 3. 
Due to an imbalanced metabolism, the disease leads to symptoms such as weight loss, fatigue, slow healing of cuts and bruises, frequent urination, and extreme hunger and thirst 9. Several complications are also associated with the presence of diabetes. In the United States, diabetes is the leading cause of kidney failure and new cases of blindness in adults aged 20-74 years 5. Cardiovascular complications also account for the deaths of 50% of diabetic patients 10. In addition, around 60% to 70% of diabetic patients have been reported to suffer from mild to severe forms of nervous system damage 5. Moreover, diabetes can lead to a number of debilitating complications of the lower extremities, such as peripheral arterial disease, neuropathy, chronic diabetic ulcers, and other non-healing wounds 11-13.
Diabetes has significant impacts on not only health, but also on economic costs in the United States. From $174 billion in 2007 to $245 billion in 2012, the total estimated costs of diagnosed diabetes increased 41%, with hospital inpatient care and prescription medications representing the largest portion of these costs 14. More than 1 in 5 health care dollars in the United States is spent on the care of patients with diagnosed diabetes. Even further, diabetic patients spend about 2.3 times more in medical expenditures in comparison to those patients without diabetes 14. 
1.2 Diabetic Ulcers
Diabetic patients are twice as likely to suffer from diseases that affect the lower extremities, such as foot ulceration, than non-diabetic patients 15. These diabetic ulcers are defined as any necrosis, gangrene, or full-thickness skin defect distal to the ankle in a diabetic patient 15. Foot ulcers affect approximately 15% of diabetic patients and often result in subsequent infections, amputations, and hospitalizations 16. Diabetic foot ulcers also account for more hospitalizations than any other complication of diabetes 17,18 and 80% of all leg amputations performed in the US are due to diabetic foot ulcers 13. 
There are several different causes of diabetic foot ulceration and chief among them is peripheral neuropathy, a condition caused by poor circulation and vasoconstriction, the narrowing of blood vessels, in the foot or leg due to excessive inflammation 19. This neuropathy often reduces the body’s ability to feel pain and other sensations, which increases the likelihood of foot ulceration seven-fold 20. Repetitive exposure to trauma, edema, calluses, and peripheral vascular disease are other causes of foot ulceration among diabetic patients 21. 
The Wagner ulcer classification system, the most widely accepted of such organizational tools for diabetic ulcers, bases categorization of these ulcers largely on the extent of the ulcer’s penetration into the skin tissue of the foot and the presence of gangrene within the wound 22. The system assigns grades of 0-5 to diagnosed diabetic ulcers. At grade zero, there is no ulcer and the skin is at its normal, healthy stage.  At grade one, there is evidence of a superficial skin ulcer and typical pathogens associated at grade one are gram-positive bacteria. When the ulcer has progressed to grade two, the ulcer can be described as deep and extending through the dermis, with possible exposure of tendon, ligaments, joint capsule, or bone. At grade three, the diabetic ulcer has evidence of polymicrobial infections and there is presence of abscess, osteomyelitis, or joint sepsis around the ulcer.  When localized gangrene occurs at the forefoot or heel, the ulcer is at grade four. Gangrene of the whole foot indicates that the ulcer is grade five and will most likely require amputation 23,24.

	Grade
	Description
	Associated Symptoms

	0
	At risk
	

	1
	Superficial
	Gram-positive bacterial infection

	2
	Infiltrated dermal layer
	

	3
	Deep with abscess, osteomyelitis, or joint sepsis
	Polymicrobal infection

	4
	Localized gangrene
	Localized necrosis

	5
	Gangrene of entire food
	Systemic necrosis


Figure 1: Wagner Grade Classification System for Diabetic Ulcers. The grades of diabetic ulcers and their descriptions and associated symptoms.
  
Many ulcers in the lower extremities are resistant to treatment and thus require continuous medical care 25-29. The average treatment cost of a single ulcer is roughly $8,000, while an infected ulcer usually costs about $17,000 to treat 30. Generally, treatment costs increase in proportion to ulcer severity 31. In the case of treatment failure, amputations are even more expensive costing approximately $45,000 31.
1.3 Current Treatments
Medical professionals who treat patients afflicted with chronic diabetic ulcers must overcome several obstacles. These difficulties include, but are not limited to: risk of infection, harming healthy endothelial cells, patient discomfort, and a long recovery time 32. However, there are currently a number of experimental treatments that show promise for the improvement of methods of treating chronic diabetic ulcers.
The most common treatment for diabetic ulcers is debridement, the general removal of necrotic tissue from the ulcer 33. Nearly all ulcer treatments begin with this preliminary step in addition to another subsequent treatment 32. The necrotic tissue can harbor pathogens and microorganisms resulting in infection, thus removal of this tissue is essential to long-term healing 33,34. There are several methods to perform debridement for diabetic ulcers: mechanical, hydrosurgical, surgical, biological, enzymatic, and autolytic.
Perhaps the most generic of the debridement treatments is mechanical debridement, a process in which wet gauze is applied to the wound site and then allowed to dry 32. Afterwards, the gauze is removed, removing necrotic tissue along with it 32. This method has the negative consequences of possibly damaging healthy tissue and causing painful discomfort to the patient 32. Another generic treatment, hydrosurgical debridement, involves the application of a jet of sterile water or saline solution to the wound site 35. This method allows for the simultaneous removal and evacuation of the necrotic tissue through a pressure effect 35.
Other more invasive forms of debridement are also used when the wound requires a more aggressive approach. Surgical debridement includes the excision of necrotic tissue or callus tissue until healthy tissue is encountered, thus transforming a chronic ulcer into an acute ulcer and stimulating healing 33. Biological debridement is the application of larva or maggots that secrete enzymes to break down necrotic tissue and dispose of the refuse 36. This method is especially useful, because the treatment process occurs at a faster pace than many other treatments 37. However, neither of these methods show any significant benefit to the recovery time of the ulcer nor any reduction in the bacterial load in the ulcer compared to more generic debridement treatments 33,36,38. Enzymatic and chemical debridement are similar to biological debridement in that enzymes or chemical solutions, respectively, are used to dissolve the necrotic tissue 32. These methods, however, involve the direct application of such enzymes as collagenase or chemical solutions of calcium or sodium hypochlorite to the ulcer rather than using organisms as a delivery mechanism 32.
Autolytic debridement, the process of stimulating healthy cells to break down the necrotic tissue, is achievable using gels and dressings developed to promote this biological activity and is the most commonly used debridement method 32. Specifically, hydrogel or hydrocolloid dressings are used to activate the surrounding cells’ natural ability of phagocytosis to clear the area of necrotic tissue 32. Unfortunately, the disadvantage to this treatment is that the treatment process occurs at a slow pace compared to others listed above 32. On the other hand, an advantage of this method is that it traps moisture and can be used alongside antibiotics, which promote the re-epithelialization of the wound 39.
Other treatments are typically used in conjunction with debridement and are continuously being re-evaluated by researchers. Gene therapy is the manipulation of cellular genetics with the goal of improving wound healing 40. Two such genes have been studied extensively: p53 and the adenovirus-mediated vascular endothelial growth factor (AdCMV VEGF) gene. The p53 gene encodes a tumor suppressor protein that plays a major role in cell cycle control and becomes unregulated in diabetic ulcers. Silencing the p53 gene in the affected region is correlated with a significant increase in VEGF secretion in wounds, an increase in vasculogenic cytokine profile, and an increase in endothelial cell markers 40. Manipulation of the AdCMV VEGF gene can also significantly accelerate wound closure by promoting angiogenesis at the wound site 41.
Growth factor therapy has been applied in studies involving diabetic ulcers and the acidic fibroblast growth factor (aFGF) 42. Studies have shown a significant increase in capillary and fibroblast levels in ulcer tissues after the application of aFGF to the wound site. aFGF causes affected cells to secrete greater amounts of transforming growth factor beta (TGF-β) and proliferating cell nuclear antigen (PCNA) proteins, which may be important in the wound healing process 42.
Cell therapy also shows potential in treating diabetic ulcers. Ulcers that are grade 3 and above can penetrate the bone. Bone marrow positively participates in the normal wound healing process, but requires medical stimulation in the treatment of chronic wounds 43. Shaving the bone, exposing the bone marrow, and then grafting the epidermis reduces the rate of amputation and shortens treatment length 43,44.
Negative pressure wound therapy (NPWT) is one of the most prevalent current treatments for diabetic ulcers. Lauded as one of the most important advancements in medical therapy since antimicrobial treatment, NPWT is now used to treat chronic and acute wounds and help anchor skin grafts 28. Application of NPWT via vacuum creates a decreased amount of tissue pressure at the wound site, resulting in vasodilation, blood flow to the wound site, and perfusion 28. NPWT also helps to decrease bacterial levels and deformation of cells 29. Since NPWT decreases edema and increases vascularity and granulation tissue, it directly helps to shorten the healing process 28. However, possible problems that may arise during NPWT application include difficulty in placing the vacuum system on the wound, an increase in necrotic tissue around edges of the wound, and ischemia following application 28,29.
Even with the presence of these treatments, which can heal diabetic ulcers to an extent, the limits and inconsistencies of these treatments indicate the need for a promising field of research in wound healing using electrical stimulation 45. 

CHAPTER 2: LITERATURE REVIEW
2.1 Natural Wound Healing
Scientists traditionally separate natural wound healing into four phases: hemostasis, inflammation, proliferation, and remodeling 46-49. While the process of wound healing is not as linear as these classifications may suggest, the aforementioned phases will be used here as a guide to describe the natural healing of acute wounds.
Hemostasis
Hemostasis is the first step of the healing process and takes place directly after wound formation 47,50. Immediately after the wound forms, endothelial cells at the site vasoconstrict, limiting blood flow to the wound site and thus avoiding excessive blood loss 51. Following vasoconstriction, platelets migrate to the site forming a temporary blockage 50 and also activate the intrinsic coagulation pathway through the use of mediators 51. Platelets then release platelet-derived growth factor (PDGF), which is integral in various healing pathways 48.
Inflammation
Inflammation takes place twenty-four hours after injury until approximately four to six days post-wounding 51. The COX-2 enzyme, a cyclooxygenase found in endothelial cells, is activated and causes the cells to produce prostaglandins. Prostaglandins cause vasodilatation and inflammation at the wound site while also increasing permeability of the vasculature to allow neutrophils, a type of white blood cell, to bind to the endothelial cells 51. When the neutrophils bind to the platelets, they stimulate the release of 12-lipoxygenase enzyme, which produces lipoxin A4 or lipoxin B5 51.  The purpose of these lipoxin molecules is to effectively shut down the inflammatory process so the wound can move on to the next step, proliferation 51. Finally, setting the stage for the next phase, the neutrophils which are bound to platelets release the growth factors PDGF, tumor necrosis factor beta (TNF-β), platelet factor 4 (PF4), leutrokine b4 (LTB4), and interleukin 1 (IL-1), all mediators that will active macrophage migration to the wound 48,49. The inflammation stage primarily exists as a first line of defense to limit blood loss and to set the stage for proliferation by releasing certain mediators and summoning macrophages to the wound site 51.
Proliferation
The proliferation wound healing stage occurs four to fourteen days post-injury 51. Three cell types play a major role in this stage: endothelial cells, macrophages, and fibroblasts.  Endothelial cells release IL-1 to call fibroblasts and macrophages to the wound 51.  In turn, macrophages release the growth factors, PDGF, interleukin 6 (IL-6), keratinocyte growth factor 2 (KGF-2), tumor necrosis factor alpha (TNF-), granulocyte macrophage colony-stimulating factor (GM-CSF), and granulocyte colony-stimulating factor (G-CSF) to further promote the migration of macrophages and fibroblasts to the wound site 51.  Macrophages, a critical part of the immune system, also remove debris and harmful bacteria by phagocytosis 51. In addition, fibroblasts release additional chemical factors, such as interferon gamma (IFN-), which call monocytes to the wound and transform them into macrophages 52.  
Different growth factors have varying effects at the wound site.  IL-1 and TNF- cause nitric oxide (NO) to be released, which prevents the growth of bacteria and causes matrix metalloproteinase (MMP) to be released, which has proteolytic properties 49. IL-1 and KGF-2 promote epithelization and stimulate fibroblasts to make these same growth factors, which call keratinocytes to the wound 51. 
Angiogenesis is one of the most important processes during the proliferation stage 53,54. Angiogenesis helps mitigate hypoxia, aides in nutrient and matrix delivery to the wound site, and causes proliferation of cells 49. Macrophages and fibroblasts use IL-1, TNF-, KGF-2, and TNF- to stimulate keratinocyte production of vascular endothelial growth factor (VEGF) 51, a sulfide-linked dimeric glycoprotein 55,56. VEGF contributes to more than fifty-percent of all angiogenesis in wounds 52 . Keratinocytes and endothelial cells, in turn, produce additional VEGF, which stimulate angiogenesis and proliferation of endothelial cells. VEGF is classified as a mitogen 56, which means it stimulates mitosis and is also an angiogenic factor 57. Its receptors, tyrosine kinases such as Flk-1 and KDF (VEGFR-2) and Flt-1 (VEGFR-1), are found almost exclusively on endothelial cells 49. Hypoxia also induces VEGF production due to the presence of NO. NO also protects the wound from ischemia and reperfusion of injury 51.  
The proliferation phase ends with wound contraction 51. TNF- and PDGF from fibroblasts transform these cells into myofibroblasts, which contract and close the wound 51. 
Remodeling
The final and longest stage is remodeling, which takes place from eight days to up to one year post-injury 51.  In this stage, fibroblasts releases TGF- and PDGF, which stimulate the construction of a firm collagen matrix 49. Fibroblasts also increase presence of tissues inhibitors, decrease presence of MMP, and increase the presence of tissue adhesion proteins 49. 
[image: ]2.2 Chronic Wounds  Figure 2: Depiction of Epithelial Tissue After Injury and the Important Factors Involved in Wound Healing. The epithelial tissue is shown as a layer of cells with purple nuclei. Below the basal lining of the epithelial tissue, endothelial cells are shown migrating to the wound area and contributing to the vascularization beneath the wound bed, represented by the red lines. Other cells are shown releasing important growth factors such as VEGF and bFGF, which then travel towards the wound site. Finally, keratinocytes, another type of cell prominently involved in wound healing, are also shown migrating from the apical side of the epithelial tissue to the wound site. In chronic wounds, these factors are the ones most implicated. The dysfunction or lack of these crucial factors causes the wound to stay in a state of injury instead of healing.


In chronic wounds, such as diabetic ulcers, the healing process is severely impaired. The inability of these wounds to heal is due to a combination of over a hundred separate deficiencies, not limited to lack of growth factors, inhibited angiogenesis and bone healing, abnormal macrophages, lack of fibroblast migration and proliferation, and improperly formed collagen matrix 58. These deficiencies manifest in a series of debilitating symptoms starting with neuropathy, or damage to the nerves of the peripheral nervous system 58. This damage leads to an overactive inflammatory response, leaving the wound unable to heal 58. Possible complications of these symptoms include infection, sepsis, and in the worst cases, amputation 58. Previous research has pinpointed one of these important symptoms in the healing process– the excessive inflammatory response 51,59-63. The extension of this phase leads to improper healing; thus many normal processes become accentuated and harmful to the body. 
In a normal wound, the presence of NO aids in MMP production, degrades bacteria, and protects the wound site from ischemia 51,64. In chronic wounds, however, the affected area enters a state of oxidative stress during the prolonged inflammatory period 59. Oxidative stress is when reactive oxygen species (ROS) are rendered inactive due to an imbalance between the production of ROS and the counteracting protection by anti-oxidants 59,65.  Oxidative stress inhibits the endothelial cell enzyme NO synthase, interfering with the production of NO and also producing ROS superoxides, inactivating existing nitric oxide 65. The resulting pathology is infection and ischemia. Oxidative stress also has a negative effect on the oxidative oxygen species.  The excess oxidative species and the lack of protective anti-oxidants can lead to necrosis and apoptosis of cells in the wound site 59. 
In a normal wound, a steady blood supply is essential for delivery of oxygen, nutrients, and healing factors to the wound site as well as proliferation of cells 53,54. In chronic wounds, however, the blood supply is impaired drastically 57.  Diabetic wounds have been known to have abnormally low concentrations of VEGF and TGF-, growth factors that normally induce an angiogenic response 61. Even though some research has shown that in chronic wounds the production of growth factors such as VEGF and TGF- is increased 57,60, both the bioavailability and quantity are greatly decreased 60. Thus, the angiogenic response is interrupted, making it extremely difficult for wound repair to continue. 
In a normal wound, protease activity is controlled, only eliminating proteins that would interfere with the wound healing process 66. In chronic wounds, protease activity is deregulated due to the presence of inactive protease inhibitors, causing detrimental effects on the ability of the wound to heal 48,60. Proteases can breakdown essential growth factors such as VEGF, PDGF, and TGF- and components of the extracellular matrix, which as discussed in normal wound healing, are both integral to the intracellular healing processes 48,60.
Finally, in a normal wound, endothelial cells play an important role in the wound healing process 51. In chronic wounds, endothelial cell dysfunction is quite apparent. More specifically, the endothelial cells have difficulty with vasodilation, proliferation, and migration as well as inhibition of white blood cell activity 67. Due to the severe limitations of the endothelial cells, neovascularization is impaired 58. Without the essential blood supply to carry immune cells and oxygen to the affected site, the wound remains in a chronic, injured state.
2.3 Body’s Natural Bioelectric Field and Wounding
The formation of electrical fields in the human body was first studied over 150 years ago by German physiologist Emil Du-Bois Reymond 68. Individual cells in the body maintain an electric potential across the plasma membrane (Vm) between -70 and -90 mV 69. This potential is the result of the selective activity of sodium and potassium ion channels in the cell’s plasma membrane 69. This selective ion transport results in an accumulation of negative charge inside the cell relative to extracellular space 69. 
[image: ]
Figure 3: Membrane Potential. A typical cell is depicted with an outset of the plasma membrane. The phospholipids in the plasma membrane are shown with their hydrophobic tails on the inside and their hydrophilic heads facing outwards. An ion transport channel is shown as an integral protein in the plasma membrane. The distribution of sodium (orange), potassium (red) ions, chloride (blue) ions are shown with an excess of sodium ions on the outside of the cell and an excess of potassium and chloride ions on the inside of the cell. The outside of the cell is shown as being positively charged, while the inside is shown as being negatively charged. 
Physiologically, changes in concentration of sodium and potassium ions play a key role in the function of excitable cells, such as neurons and muscle cells 70,71. Similarly to excitable cells, cells in the human epithelium and endothelium exhibit selective ion transport across the plasma membrane, which also results in a significant electric potential difference across the skin 72-74. This naturally occurring trans-epithelial potential (TEP) is one of the driving forces responsible for the initiation of wound healing 72. 
When the human epithelial layer is injured, a current leak is created at the wound site, which results in the collapse of the TEP and, subsequently, in the creation of lateral electric fields of 40-200 mV/mm directed toward the center of the wound 72,75 76. These lateral electric fields serve as the predominant signals responsible for the observed directional migration of epithelial cells into the wound center, a process known as galvanotaxis 77-80.
[image: ]
Figure 4: Electrical fields in normal tissue and wounded tissue. A layer of normal epithelial tissue is shown with the trans-epithelial potential on the left. The outer layer of the skin is collectively negatively charged, while the inner layer of the skin is collectively positively charged. When a wound occurs, the TEP is dissolved. A layer of wounded tissue is shown on the right. The red arrow shows the direction of the lateral electric field, which is created after the TEP is dissolved. The lateral electric field is in the direction of the wound and promotes cell migration to the wound site through galvanotaxis. 
A study performed by Song et al. demonstrated that the lateral electric fields that are generated upon injury are also key regulators of the orientation and frequency of epithelial cell division at the wound site and, hence, the rate of wound healing in vivo 81. The same study also showed that the directed cellular migration in the same cell population is interrupted when the electric field polarity is reversed, which emphasizes the importance of the direction of the lateral electric fields in the direction of cellular movement and wound closure in vivo 81. Additional research has shown that directional migration based on polarity of the electric field is dependent on cell type and origin 74. For example, corneal epithelial and metastatic breast cancer cells move towards the cathode of the electric field, or with the flow of electrons, 82,83 while human glioma, human induced pluripotent, and human umbilical vein endothelial cells move towards the anode of the electric field, or against the flow of electrons 84-86. A study on the directionality of endothelial cell migration under the influence of an applied electric field determined that cell morphology and alignment were altered such that migration parallel to the electric field (towards the anode) would be promoted 87. In addition, the study found that while standard 2D in vitro models allowed for the observation of directional migration caused by galvanotaxis, an increase in cell migration velocity was only observed under spatial confinement conditions that mimic those found in physiological migratory channels 87. 
The precise mechanism by which electrical stimulation induces cell migration is currently under investigation. However, several important mechanistic details have been identified. First of all, it is known that the electric fields induced by the body’s natural wound-healing pathways occur at field strengths that are too low to mechanically push or pull on cells 88. It can therefore safely be said that electrical stimulation does not apply a significant bulk force to cells 88. However, results from a study that focused on the effects of electrical stimulation on keratinocyte migration suggest that applied and endogenous electric fields are strong enough to cause the electrophoretic migration of several cell membrane components 89. 
Cell membranes are composed of a variety of charged biomolecules, such as proteins, lipids and carbohydrates 89. Therefore, in the presence of an extracellular electric field, some rearrangement of the cell membrane is expected 89. Current scientific hypotheses point to the activation of a signaling pathway via a transmembrane protein sensor 88,89. This polarization of membrane components is believed to interact downstream with a major signaling pathway such as the PI3K/AKT pathways 88,89, which has already been shown to regulate cell migration in some strains of human epithelial cells 90. At present, no single membrane component has been identified as being capable of sensing an external electric field 89. However, further mechanistic research that identifies this biomolecule may provide insight on the question of why certain cell types migrate towards electrically charged anodes or cathodes.  
The effect of electrical signals on the rate and direction of wound healing provides evidence for the use of electrical signals to modulate wound healing in patients with chronic injuries 81.
2.4 Physiological Responses to Electrical Stimulation
As previously mentioned, the body’s endogenous electric field has been linked to the directional control of endothelial cell migration, elongation, and alignment 91. Manipulation of this natural electric field, mainly by external electrical stimulus, has been proven to cause many positive cellular changes. Some different types of external electrical stimulation include neural stimulation, which influences overall heart rate, as well as mean arterial pressure (MAP) and functional electrical stimulation (FES), which can lead to improvements in exercise capacity and functional ability 92-96.
Due to the importance of electricity in signaling in neuronal pathways, it follows that electrical stimulation would cause the body to react just as if an action potential had been created. Vagus nerve stimulation (VNS) has long been used to prevent and treat seizures 97. In a study by Henry et al., positron emission tomography (PET) scans during VNS treatment cycles has shown to alter blood flow by increasing activity in the right thalamus, right postcentral gyrus, and bilateral inferior cerebellum, while decreasing blood flow to the amygdala, hippocampus, and posterior cingulate gyrus, all of which are often involved in complex partial seizures 98. In subsequent studies by Ring et al., Van Laere et al., and Vonck et al., single photon emission computed tomography (SPECT) showed contrasting results to those acquired via PET scan 94-96. Where the thalamic activity was found to increase with VNS in the PET studies, activity was seen to decrease in the SPECT studies 94-96. However, as VNS is an invasive treatment and tests cannot be readily performed on healthy individuals, differences in subjects and techniques could be the cause of these discrepancies. Nevertheless, consistent alteration of blood flow to other areas of the brain can be seen in both studies 94-96.  
In another study by Lee et al., FES was applied to stroke patients that experienced paresis in their lower limbs 93. The hemiparetic leg muscles – quadriceps, hamstring, gluteus maximus, and tibialis anterior – were electrically stimulated during assistive ergometer training 93. Results showed significant improvement in exercise capacity and functional ability compared to control groups 93. Other studies involving FES-induced cycling also showed large increases in lower extremity strength and functional ability due to the added electrical stimulation 99.
2.5 Healing Wounds through Electrical Stimulation	
2.5.1 In Vitro
As previously stated, the emergence of endogenous electric fields in wounded areas seems to determine the onset of the process of wound healing in humans 100. In addition to neuronal and muscular activation, researchers have investigated the use of external electrical stimulation-based therapy to treat wounds. This method can be especially helpful for those injuries categorized as non-healing wounds, such as chronic diabetic foot ulcers. Foremost, studies have shown that electrical stimulation promotes directional fibroblast migration 101,102, an essential step in the onset of the normal wound healing process. One study found that directional fibroblast migration occurred upon stimulation with a 100 mV/mm electric field in vitro 101. The electrically stimulated cells moved towards the cathode at a higher rate than non-stimulated cells 101. This study also explored potential mechanisms and determined that the intracellular communicating signal cyclic AMP (cAMP) was responsible for the observed directional migration 101.
Another study showed that the application of an externally applied electric field increases skin fibroblast proliferation, growth factor expression, and cell differentiation 102, all of which are critical steps for the onset of the wound-healing process. This study found that the cell growth rate in stimulated cells increased exponentially. This high cellular proliferation level was not only evident immediately after electrical stimulation, but was additionally maintained 24 and 48 hours post-stimulation. The study also demonstrated an increase in growth factor expression from the electrically stimulated fibroblasts 102. Higher VEGF, aFGF, and basic fibroblast growth factor (bFGF) cellular expression was observed after stimulation, regardless of the strength of the electric field; 50 mV/mm and 200 mV/mm fields showed similar results 102. 
Electrical stimulation, when applied to wounds, can not only increase migration but also the production of vascular endothelial growth factor (VEGF) in the skin tissue surrounding the wound which directly correlates to wound repair 103. It has been found that application of a direct-current electrical field to a wound will induce cell growth and migration of cells towards the wound perimeter 91. This is due to changes in membrane potentials of cells which release VEGF, and in turn cause changes in the cell’s Rho-ROCK and PI3K-Akt signal transduction pathways 91. Wound tissue is electrically polarized compared to surrounding healthy tissue as a result of the buildup of positive potassium ions in the tissue surrounding the wound 91. Activation of these pathways leads to cell reorientation and directional movement of cells towards the damaged tissue and speeds up the rate angiogenesis and wound repair 91. Moreover, it has been shown that electrical stimulation induces the migration of keratinocytes, which contribute to the skin’s first line of defense against pathogens, a key process in wound healing 104-106.
In addition to the significance of endothelial cells in wounds, previous literature has determined that an external electrical field can affect the behavior of endothelial cells.  In a study by Bai, Forrester, and Zhao involving human umbilical vein endothelial cells (HUVEC), applied direct current electrical stimulation resulted in an up-regulation of VEGF and interleukin 8 (IL-8), two potent angiogenic factors 107. In addition, pre-angiogenic responses were observed, including directional migration, elongation, and perpendicular orientation to the EF, while control cells that were not stimulated were randomly oriented 107,108.  In another study by Li and Kolega, the migration of bovine aortic endothelial cells (BAEC) was tested in the presence of an electric field 109. An electric field between 1 V/cm and 2 V/cm affected the direction of cell migration without affecting the overall motor activity 108. This observation supports the idea that since the natural wound healing process creates a negatively charged electrode in the center of the wound, the endothelial cells are drawn to migrate toward the center of the wound, promoting healing 110,111. 
2.5.2 In vivo
Similarly to the previously mentioned in vitro studies, there is a record for the use of electrical stimulation in vivo. Human trials show the greatest potential of the use of an electrical stimulation-based therapy to treat chronic wounds. Studies have shown that electrical stimulation increases perfusion, or blood flow, to the wound site. Increased perfusion is correlated with elevated oxygen levels, increased angiogenesis, and increased levels of VEGF 112. In another study, it was found that the use of electrical stimulation up-regulated angiogenesis by increasing VEGF expression, down-regulated inflammation, increased expression of regulatory T-lymphocytes, and improved overall wound healing in human subjects 113. This series of studies show that electrical stimulation has the potential of not only improving wound healing parameters in vitro, but that it also has the ability to mimic the same results in human patients. 
2.5.3 Diabetic Ulcers
Electrical stimulation also provides a viable therapy specifically for the treatment of chronic diabetic foot ulcers 77,114. A series of clinical studies have found that the healing rate of wounds in diabetic patients, including foot ulcers, increases when the patient receives electrical stimulation. 
In exploratory studies, medical researchers applied electrical stimulation therapy after warming of wounded patient tissue 115,116. One study warmed the tissue by using a heat lamp before and immediately after stimulation and another study performed the whole stimulation in a warm room. Both trials saw increased blood flow to the wounded area and an overall increase in healing rates 115,116. The use of heat in during the trials, however, did not cause more overall healing after stimulation therapy 115,116. The trials found that the localized heat helped to dilate blood vessels in the wounded area so that the healing of the wounds would occur in a shorter time lapse 115,116. Additional clinical trials have examined the effects of electrode type to stimulate non-healing wounds in patients with diabetes 117. Studies like these have shown that electrical stimulation penetrates deep into the wounded tissue and induces the onset of healing. These studies, however, have not examined the mechanisms by which electrical stimulation acts in the tissue nor have they measured the expression of angiogenic growth factors and other proteins, which are associated with healing. In addition, various electrode conformations have not been studied.
2.6 Investigation of Electrical Stimulation Techniques
Studies that involve an external electrical stimulus have also investigated the effects of various types of electrical stimulation on wound healing, specifically experimental changes in current. Current is the flow rate of electrons in an electrical circuit and is measured in amperes (A). Voltage is the potential difference between a negatively charged material (anode) and a positively charged material (cathode). If there is a potential difference, then current will flow between the cathode and anode. Voltage is measured in volts (V). Resistance, another related term, is a property of a material that resists the flow of electrons and is measured in ohms ().
Direct current (DC) describes electrons continuously flowing in one direction, from one anode to one cathode, as opposed to alternating current where the position of the anode and cathode and the direction of electron flow continuously switch. Voltage can be applied continuously or in pulses. Even further, pulsed current may be split into monophasic and biphasic types. Monophasic currents are unidirectional, but have periods where there is no current flow. Pulsed biphasic current, unlike monophasic currents, have multiple phases; the positions of the anode and cathode switch, and electron flow is reversed. Figure 5 shows the different kinds of currents that can be applied. 
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Figure 5: Different Types of Electrical Current (from Left to Right: Direct, Alternating, Pulsed Monophasic, Pulsed Biphasic).  Graphical representations of the different types of current show differences in the time applied (continuous or non-continuous) and the direction of current. Direct current is applied continuously and in one direction. Alternating current, while applied continually, switches the direction of the current repeatedly. Pulsed monophasic current is non-continuous; the current is applied in a single direction at repeated intervals. Pulsed biphasic current is also non-continuous; current switches between two directions at repeated intervals. 
Application of continuous microamperage DC is a plausible method of treatment for wound repair due to the endogenous potential difference between a wound and the surrounding tissue. External electrical stimulation devices delivering the current typically have an anodal and cathodal side. One study conducted tested to see which was more appropriate for wound repair: anodal or cathodal microamperage DC electrical stimulation. The distinction between anodal or cathodal electrical stimulation lies in which electrode is place on or near the wound site. In anodal electrical stimulation, the anode is placed on or near the wound site, whereas the opposite is true for cathodal electrical stimulation. This study concluded that the use of an anode rather than a cathode in delivering microamperage DC was more effective in healing skin wounds, because use of an anode decreased the wound surface area faster than use of a cathode 100. 
Another experiment by Zhao et al. used DC, specifically, low DC voltage current, and applied it to endothelial cell cultures to investigate the effects on wound healing. The experiment found that the cells migrated towards the anode. Cells also became increasingly elongated with the application of an electric field. After testing for other factors involved in wound healing, Zhao et al. concluded that the application of a low DC electric field would help facilitate wound healing, because of its effect on VEGF, migration, and other proteins 107.	 
Pulsed current studies have also shown promise in the field of applied electrical stimulation for wound healing. High voltage pulsed current, in particular, is useful for the prevention of limb amputation that may occur as a result of diabetic ulcers of the lower extremity 118. Kloth et al. conducted a study on patients with diabetic ulcers who had been unsuccessfully treated with other medical methods. A high voltage pulsed monophasic electrical signal was applied to the wound for 45 minutes a day, 5 days a week for periods of 4, 5 or 16 weeks.  They found that electrical stimulation dramatically increased the wound healing rate and decreased the surface area of diabetic ulcers, resulting in the healing of all ulcers in the study. The control group had no significant healing: ulcers either increased in area, though not significantly, or remained the same 119.
In addition, a pulsed electrical signal has been shown to increase the release of bFGF and decrease wound healing time. Pulsed electrical signals can also increase cell proliferation and impede diabetic wound necrosis 120. 


CHAPTER 3: EXPERIMENTAL QUESTIONS
This study aimed to postulate a chief cause of diabetic ulcer persistence and subsequently evaluate electrical stimulation as a potential treatment for diabetic ulcers.
Angiogenesis, or vascular tissue formation, is a crucial process in tissue repair and wound healing 58. The angiogenic response is stimulated by an endogenous electric field that develops across tissue layers and triggers cellular pathways associated with wound healing 121. These pathways initiate both the production of intracellular growth factors, such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), and cell migration towards the wound site 62,122. In a diabetic ulcer, the increased inflammatory response increases proteolytic activity, or the degradation of proteins 48,60. This degradation inhibits the target angiogenic pathways and thereby reduces the production of intracellular growth factors including VEGF and bFGF 123. We proposed the concept that the inflammation of damaged tissue is a major factor suppressing angiogenesis in diabetic ulcers, thus delaying the wound healing process 47,113,124.
Our experiment used an external electrical stimulus to supplement the endogenous electrical field and trigger the implicated cellular pathways associated with tissue repair. These pathways, which are inhibited by excessive inflammation, would consequently be activated and promote the rapid healing of the ulcer. We believed that electrical stimulation would activate these cellular healing pathways, because previous studies have shown that applied current enhances ion transport through the wound and increases directed cell migration through galvanotaxis 125. Other studies have also shown that sensory electrical stimulation is able to release more VEGF in skin, which improved the healing pathways in diabetic ulcers 126. 	
	Based upon these findings and our extensive literature review, we hypothesized that the application of an electrical stimulus would alleviate the effects of the inflammatory tissue response in wounds, and thus increase angiogenesis and reduce the healing time of chronic diabetic ulcers. Specifically, we proposed and investigated the following two hypotheses and their associated experimental questions:
1) Growth factors that promote the proliferation of endothelial cells are highly correlated with angiogenesis 62,122. The directed migration of these endothelial cells is of key importance 107. Does the application of a unidirectional and homogenous applied electric field increase endothelial cell proliferation, VEGF and bFGF gene expression, and cell migration in an in vitro migration model?
2) The intensity and direction of the applied electric field has been shown to change levels of angiogenesis and wound healing 126. In contrast to a unidirectional and homogenous applied electric field, an electric field with a radial geometry would result in non-constant electric field intensities in different regions of the area of interest. The electric field gradient would align with the oxygen concentration gradient in the wound bed, applying more electrical stimulus to the center of the wound where oxygen concentration is lowest 119. Does the application of a radial electric field increase endothelial cell proliferation, VEGF and bFGF gene expression, and cell migration in an in vitro migration model? Even further, does the variable intensity field produce significantly larger differences in cell proliferation, VEGF and bFGF gene expression, and cell migration compared to a constant intensity field?


CHAPTER 4: METHODOLOGY
4.1 Device Design
4.1.1 Linear Conformation
In order to apply a linear and constant electric field to a cell population, a biocompatible parallel plate electrode device was constructed. Parallel plate electrodes were created by coating two microscopes slides with approximately 2,000 Å of conducting metal using a traditional electron-beam deposition set-up 127. 99.99% pure titanium was chosen as the conducting metal, because of its frequent use as a component of medical devices and its biocompatibility 128. The two electrodes were glued to a third microscope slide to stabilize the device and to ensure that the plates were uniformly 1.5 cm apart in all experiments as shown in Figure 6.
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Figure 6: Linear Field Device. The two electrodes are placed 1.5 cm apart. The two electrodes were stabilized in the correct position by a microscope slide. The wires extended from each of the electrodes and were connected to a waveform generator.


4.1.2 Radial Conformation
In order to apply a radial and variable electric field to a cell population, a second biocompatible device was constructed. Unlike the previously created linear device, the radial device required two separate electrodes: an inner electrode and an outer electrode. The inner electrode was designed to be a solid circle placed inside an annulus acting as the outer electrode. The inner electrode was comprised of a solid titanium cylinder with a diameter of 0.3175 cm. The outer electrode was comprised of a hollow glass cylinder with a diameter of 3 cm and coated with titanium on the inner surface. The distance between the outer electrode and inner electrode was 1.5 cm and was equal to the distance between the electrodes in the linear field device for ease of comparison. 
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Figure 7: Radial Field Device. The outer electrode was a titanium-coated hollow cylinder while the inner electrode was a sold titanium cylinder. The two electrodes were stabilized in the correct position by a microscope slide. The wires extended from each of the electrodes and were connected to a waveform generator.
In order to coat the inner surface of the outer electrode with conducting metal, a custom thermal evaporation set-up was constructed in a vacuum chamber. A bar of pure titanium was suspended inside the glass cylinder. A high current was then applied to the metal bar, raising its temperature to the melting temperature of titanium. As the metal heated, titanium particles evaporated, traveled outwards, and settled on the inner surface of the glass cylinder. The set-up was designed to deposit approximately 2,000 Å of titanium on the inside of a Pyrex glass cylinder in accordance with the thickness of titanium on the linear device. The inner titanium electrode was then positioned inside the newly titanium-coated outer electrode as shown in Figure 8. Then, the radial device was assembled and stabilized on a microscope slide as seen in Figure 7.
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Figure 8: Coating Process of Outer Electrode in Radial Device. In our custom set-up, a bar of pure titanium was suspended inside the glass cylinder. A high current was then applied to the metal bar, raising its temperature to the melting temperature of titanium. As the metal heated up, evaporating particles traveled outwards and settled on the inner surface of the glass cylinder.
 
4.2 Comparison of the Electrical Fields
 The linear electrode configuration creates a constant field between the two electrodes as seen in Figure 9 and is both unidirectional and homogeneous. Previous research has shown that this particular conformation stimulates angiogenesis and wound healing 126. The proposed direction of cell migration is also shown in Figure 9. The cells were hypothesized to move to the right following lateral field lines.
[image: ]Figure 9: Direction of Electrical Field in Linear Set-Up. The two electrode plates are shown in the schematic with the positive electrode (cathode) on the left and the negative electrode (anode) on the right. The arrows between the electrode plates represent the direction of the electrical field, which customarily runs from the cathode to the anode, in this case from left to right. The supposed direction of the cells’ movement, from left to right, is also indicated. The cell moves from the cathode to the anode.




However, in contrast to the linear device, the radial device delivers an electrical field of variable intensity. The intensity of the electric field varies in space by a factor of (r2)-1, where r is the radius of the field. Thus, as the radius of the field decreases, the intensity of the field increases and vice versa. In this particular conformation, the negatively charged inner electrode is placed in the center of the positively charged outer hoop electrode as seen in Figure 10. Therefore, the electrical field is the most intense at the center of the inner electrode and least intense at the edge of the outer electrode.
[image: ]Figure 10: Direction of Electrical Field in Radial Set-Up. Two electrode plates are shown in the schematic as concentric circles. The inner circle is the negative electrode (anode) and the annulus is the positive electrode (cathode). The arrows between the electrode plates represent the direction of the electrical field, which customarily runs from the cathode to the anode, in this case towards the inner circle. The supposed direction of cell movement is also indicated. The cells move from the cathode to the anode, towards the inner circle.





The primary difference between the two devices is the intensity of the electric field. While the linear field provides a constant field and thus equal stimulation to the cell population within its range, the radial field provides a non-constant field and thus the cells closer to the inner electrode receive a stronger electrical stimulus than those on the edge of the outer electrode. 
In addition to comparing the effects of a linear versus radial field, a reversed radial field as seen in Figure 11 was tested. The same radial device was used for this experiment; however, the positive and negative electrodes were interchanged. The purpose of this supplementary experiment was to further prove that the electrical field can be manipulated and hence is the cause for any differences between control and experimental groups.
[image: ]Figure 11: Direction of Electrical Field in Reverse Polarity Radial Set-Up. Two electrode plates are shown in the schematic as concentric circles.  The inner circle is the positive electrode (cathode) and the annulus is the negative electrode (anode).  The arrows between the electrode plates represent the direction of the electrical field, which customarily runs from the cathode to the anode, in this case towards the outside of the annulus.  The predicted direction of cell movement is also indicated.  The cells moves from the cathode to the anode.











4.3 Cell Culture

An in vitro diabetic ulcer model was developed for evaluation of the effects of an electrical stimulation treatment on cells in culture. Since endothelial cells play an important role in the proliferation stage of wound healing 49,56,129, are severely damaged in a chronic wound such as diabetic ulcers 58,67, and have electrical properties 73,75,107,108, this cell type was a natural choice for the in vitro diabetic ulcer model. Even further, the in vitro model was originally designed such that it could be easily translated in vivo. Consistent with previous literature focusing on animal models of diabetic ulcers, the in vivo model consisted of Sprague-Dawley rats 130,131. Therefore, the specific cell line chosen was rat aortic endothelial cells (RAOECs). 
A vial containing greater than 500,000 cryopreserved RAOECs (Cat #:R304-05a) was purchased from Cell Applications, Inc. The cells were grown in Rat Endothelial Cell Growth Medium (Cat #: R211-500) until the third passage and then vials of the cells were frozen and stored at -80°C at low passage for subsequent experiments. Cells were thawed as needed. All cell culture was completed following the manufacturer’s protocols.
Prior to experimentation, 6-well plates were treated with Attachment Factor (Cat #: 123-100) before cell plating to increase cell adhesion to the polystyrene. The cells were plated at a seeding density of 150,000 cell per 9.5 cm2. The cells were cultured and expanded at 37°C and 95% relative humidity and grown to confluence for testing. All cells examined were grown at less than the twelfth passage to ensure consistency between cell behavior and morphology.
4.4 Experimental Timeline
For ease of understanding, a complete experimental timeline is shown below in Figure 12. To distinguish between migration and proliferation, shorter time points, 4.5 and 9 hours, were chosen for the Cell Migration Assay, and longer time points, 24 and 48 hours, were chosen for the Live-Dead Viability Assay. The doubling time for RAOECs is approximately 36 hours, thus 24 and 48 hour time points are not suitable for migration data. The increase in the number of cells would trigger the cells to naturally disperse and obscure cell migration. Thus, time points of 4.5 and 9 hours were chosen, so that migration could be documented before cell proliferation encroached upon the edge of the cell population, or cell front. Gene expression time points were chosen to match proliferation time points and to allow cells to produce a sufficient amount of mRNA for qRT-PCR. 

Figure 12: Graphic of Experimental Time with Assays and Associated Time Points in Relation to Time of Electrical Stimulation. Cells were plated 72 hours (3 days) before electrical stimulation in order to allow the cells to form a confluent monolayer in each well. 72 hours later, cells were scraped based on the type of device being used. Experimental wells were then stimulated for a one-time application of 30 minutes. 4.5 and 9 hours post-stimulation, migration images were taken with a camera attached to an inverted microscope. 24 and 48 hours post-stimulation, the Live-Dead Viability Assay and mRNA extraction were performed. Data analysis for the Migration Assay and Live-Dead Viability Assay were done after the experiment was completed. mRNA was converted to cDNA and then qRT-PCR was performed after the experiment was completed.
4.5 Electrical Stimulation
4.5.1 Linearly Applied Electric Field
Immediately prior to electrical stimulation, the majority of cells were scraped from the well with a sterile cell scraper, leaving only a 1-cm wide strip of cells in the middle of the well as seen in Figure 13. The wells were marked prior to plating to ensure scraping consistency between each 1-cm strip of cells. The linear field device was soaked in ethanol for 30 minutes to sterilize the device. The device was then placed in an experimental well such that the distance between the cell strip and the nearest electrode was even on either side and so that there was contact between the growth medium and the electrodes. As seen in Figure 13, the electrode on the right side corresponded to the negative lead, while the electrode on the left side corresponded to the positive lead. The electrode wires were connected to a waveform generator. The generator applied a direct pulsed monophasic current at low voltages with a frequency of 50 Hz while all other electrical factors were kept constant 132. The device remained active in each experimental well for a single application of 30 minutes. The pulsed monophasic square wave was chosen due to research supporting its effectiveness in accelerating wound healing 119. The protocol was repeated to test voltages of 0.01 V, 0.10 V, and 1.00 V.
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Figure 13: Schematic of Linear Experimentation Set-Up. The width of the cell strip after scraping is shown as 1 cm across. The distance between electrodes is shown as 1.5 cm across, equally distributed from the left and right sides of the cell population. Consistent with Figure 9, the cathode is shown on the left and the anode is shown on the right. 



4.5.2 Radially Applied Electric Field
Immediately prior to electrical stimulation, a 1-cm diameter circle was scraped in the middle of each well, leaving ring of cells as shown in Figure 14.  The wells were marked prior to plating to ensure scraping consistency between each 1-cm diameter of cells. The radial field device was soaked in ethanol for 30 minutes to sterilize the device. The device was then placed in an experimental well such that the inner radial electrode was in the center of the well and so that there was contact between the cell media and each electrode. As seen in Figure 14, the inner electrode corresponds to the negative lead, while the outer electrode corresponds to the positive lead.  The electrode wires were connected to a waveform generator and a current was applied with the same specifications used in the linear experiments. The device remained active in each experimental well for a single application of 30 minutes. The protocol was repeated to test voltages of 0.01 V, 0.10 V, and 1.00 V.
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Figure 14: Schematic of Radial Experimentation Set-Up. The cells are scraped in a 0.5 cm radius from the center of the well. The remaining cell population is in the annulus. The total distance between the inner and outer electrode is indicated as 1.5 cm. The outer hoop represents the cathode and the inner circle represents the anode.



Additionally, a radial reverse polarity experimentation set-up was used for one trial of 1.00 V. As shown in Figure 15, the inner electrode corresponds to the positive lead, while the outer electrode corresponds to the negative lead. The protocol remained the same and the device remained active in each experimental well for a single application for a total of 30 minutes.
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Figure 15: Schematic of Reverse Polarity Radial Experimentation Set-Up. The cells are scraped outside a 0.5 cm radius from the center of the well. The remaining cell population is in the center of the well. The total distance between the inner and outer electrode is indicated as 1.5 cm. The outer hoop represents the anode and the inner circle represents the cathode.







4.6 Migration Assay
Background
Endothelial cell migration was the first factor assessed to determine if an applied electrical stimulus had an effect on wound healing. Cell migration was measured using the principles of a scratch wound assay in combination with a wound-healing assay. These two assays require a scratch or scrape to be made in the middle of a confluent population of cells to allow for cell migration typically seen in wound healing 133,134. Cells at the edge migrate into the empty space and the distance the cells migrate can be measured from images taken at specified intervals post-wounding. The location of the cells from one image to another are then compared and analyzed for cell migration 133-136. Since this experiment was evaluating directional migration, the cells were scraped in the opposite fashion of the typical scratch assay and thus the analysis technique had to be adjusted for both linear and radial experimental set-ups. 
Procedure
To observe the effects of a linearly applied electric field on endothelial cell migration in this experiment, an inverted microscope (Zeiss Axiovert) equipped with a model 18.2 digital camera (Diagnostic Instruments) was used. Images of the cells were taken before electrical stimulation was applied and 4.5 and 9 hours post-stimulation using the SPOT Basic Imaging Software. Three images were taken along each side of the 1-cm line of cells as shown in Figure 16, for a total of 6 images per well. Measurements were recorded using the stage scale of the microscope in order to ensure that images were taken at the same place for every time point. 

                    [image: ]
Figure 16: Schematic of the Cell Strip for the Linear Phase of Experimentation and the Position of Images Taken During the Migration Assay. The scattered dots represent the 1-cm line of cells that remain after scraping. The red background represents the cell culture media in the well. The white rectangles represent the placement of the Migration Assay images at the top, middle, and bottom of the well and on the left and right sides of the cell population. The image frames are distributed evenly in the vertical direction and are equal distances apart in the horizontal direction. The placements of the images were determined so that migration of cells from the original scraped 1-cm strip could be detected in the left or right direction.
For the radial electric field, images were also taken before electrical stimulation was applied and 4.5 and 9 hours post-stimulation. Before plating, two intersecting lines in the shape of a cross were drawn through the circle as shown in Figure 17, so that the circle was divided into four separate quadrants: top right, top left, bottom left, and bottom right. During migration analysis, four images were taken, one for each quadrant at the point where the linear line intersected the curve of the circle with a radius of 0.5 cm. To ensure the same location of image capture for each time point, measurements were recorded using the stage scale on the microscope. 
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Figure 17: Schematic of the Cell Strip for the Radial Phase of Experimentation and the Position of Images Taken During the Migration Assay. The scattered dots represent the cells that remain after approximately scraping a reference circle with a 0.5 cm radius, R, from the middle of the well. The red background represents the portion of the well (reference circle) that was scraped prior to testing. The white rectangles represent the placement of the Migration Assay images at each of the four diagonal cross-sections of the reference circle. The diagonal lines were used as reference to make sure the placement of the four images was distributed evenly in the horizontal and vertical directions.
Analysis
To analyze the distance that the cells migrated in the linear model, the images were calibrated to the scale of the microscope’s objective (0.279 pixels/micron) with a Java-based image-processing program developed at the National Institutes of Health, ImageJ. ImageJ was used to draw straight lines and measure the distance in micrometers from the starting position of the cells to the edge of the cell population. For each image, five measurements at equal vertical intervals of 716 micrometers along the line of cells were recorded and the average of the distances was determined. Intervals were evenly divided based on the total length of the image. A representative image with the five measurements at equal distances on the y-axis is shown in Figure 18.
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Figure 18: Example of Linear Migration Analysis Image Taken on the Right Side of the Scraped Line. For each image taken for the linear Migration Assay (See Figure 8), five lines were drawn from the edge of the cell population to the edge of the image. The five lines were equally distributed in the vertical direction, each 716.9 microns apart. Intervals were evenly divided based on the total length of the image. The lengths of the lines were measured in microns, indicating migration of cells to the right. The drawing of the lines and measurements were done in ImageJ.

These 5 measurements were taken for each image for the three time points: 0, 4.5, and 9 hours post-stimulation. The change in width of the cell population was calculated between each time point with the following equations:
0hr to 4.5hr = L4.5hr – L0hr
4.5hr to 9hr = L9hr – L4.5hr
where L represents the average width of the cell population for each picture. The average and the standard deviation of 0hr to 4.5hr and 4.5hr to 9hr values were then calculated for all control and experimental images. Average right side 0hr to 4.5hr and 4.5hr to 9hr and their accompanying standard deviations were then plotted for comparison. Only right side images were used because the anode was positioned on the right side of the scraped line (See Figures 9 and 10). The projected movement of cells was towards the anode due to the positively charged outside of the cell membrane. Measurements made on the left side of the scraped line did not demonstrate any difference in migration between control and experimental wells.  Average length measurements for L0hr, L4.5hr, and L9hr and their corresponding standard deviations were also plotted for each voltage to examine total distance traveled.
[image: ]To analyze the distance that the cells migrated in the radial model, the ImageJ program was used to draw a straight line and measure the distance in micrometers from the intersection of the diagonal line and reference circle to the edge of the cell population. The distance from the inside of the reference to the edge of the cell population (r) was measured twice, once on each side of the diagonal line. If cells were observed to be inside the circle, the value obtained for the distance in micrometers was set as a positive number as seen in Figure 19. Figure 19: Schematic and Example of the Measurement of r in the Radial Migration Assay (Inward Movement). For each image taken for the radial Migration Assay (See Figure 17), the distance of cell migration was measured. If the cells moved inwards of the reference circle, a distance r in microns was measured inside the circle. Two lines were drawn from either side of the diagonal reference line inwards from the reference line as indicated on the left in the schematic. Actual measurements are shown on the right in the example image. All lines and measurements were done with ImageJ.

[image: ]
If the cells were observed to be outside the circle, the value obtained for the distance was set as a negative number as seen in Figure 20. If the edge of the cell population was inside the markings and could not be seen, measurements were not taken for that well.
[image: ][image: ].

Figures 20: Schematic and Example of the Measurement of r in the Radial Migration Assay (Outward Movement). For each image taken for the radial Migration Assay (See Figure 17), the distance of cell migration was measured. If the cells moved outwards of the reference circle, a distance r in microns was measured outside the circle. Two lines were drawn from either side of the diagonal reference line outwards from the reference line as indicated on the left in the schematic. Actual measurements are shown on the right in the example images. All lines and measurements were done with ImageJ. Note that the measurements are negative since they are on the outside of the reference circle.

The r-value was then subtracted from 5000 microns, the reference circle radius, to calculate the radial distance from the center of the scraped circle to the edge of the cell population (R) using the equation: 
R = 5000m – r
Figure 21 below shows the distance that is represented by the calculation of R. 
[image: ]
Figure 21: Schematic Representing the Calculation of R and the Measurement of r in the Radial Migration Assay. The red line represents R and the purple line represents r. After measuring the two r values on each side of the diagonal reference line, the distance R is calculated. R is calculated by subtracting the r-value from 0.5 cm (5000 microns) in order to calculate new radius of the inner circle.

	The following equations were used to calculate the decrease in the radius of the scraped circle over time.
0hr to 4.5hr = R0hr – R4.5hr
4.5hr to 9hr = R4.5hr – R9hr
where R represents the average radius of the scraped circle for each picture. The average and the standard deviation of 0hr to 4.5hr and 4.5hr to 9hr values were then calculated for all control and experimental images and plotted for comparison. The projected movement of cells was towards the anode due to the positively charged outside of the cell membrane, thus the radius of the scraped circle was hypothesized to decrease. Average radius measurements for R0hr, R4.5hr, and R9hr and their corresponding standard deviations were also plotted for each voltage to examine total distance traveled.
4.6 Live-Dead Viability Assay
Background
After completion of electrical stimulation, the fluorescence-based Live-Dead Assay was used to assess the viability of the cell monolayer. To perform this test, the LIVE/DEAD Viability Kit L3224 (Invitrogen) was used. The kit contained two fluorescent dyes: calcein AM (cAM C3099) and ethidium homodimer-1 (EH E3599).  cAM is a fluorogenic esterase substrate that is hydrolyzed by nonspecific intracellular esterases into calcein, which is observed as a green-fluorescent product 137. This green fluorescence indicates cells that have esterase activity as well as an intact membrane that can retain esterase products, both of which are distinguishing characteristics of live cells 137. Conversely, EH is a red-fluorescent nucleic acid stain that can only pass through the membranes of dead cells 137. Numerous published studies have indicated the validity of using the Live-Dead Viability Assay on mammalian cells 138,139.
Procedure
To carry out the Live-Dead Viability Assay, the medium supernatant was removed and plates were rinsed with phosphate buffered saline (PBS) to remove the remainder of media and serum. EH and cAM were diluted in PBS and added to the cell monolayer. The cells were then incubated for 30 minutes in the dark at room temperature 139. Following this incubation, the fluorescence of the cells was observed and analyzed using an inverted microscope (Zeiss Axiovert) with the Filter set 23 (Zeiss) and 11.2 Color Mosaic (Diagnostic Instruments).
For the linear phase of the experiment, the viability images were obtained using SPOT Basic Imaging Software. One live image and one dead image were taken at the top, middle, and bottom region of each well as seen in Figure 22. All images were obtained at 20X magnification. Live images were taken using the green filter, with excitation/emission spectrum 485/530 nm, while dead images were taken using the red filter, with excitation/emission spectrum 530/645 nm.
[image: ]
Figure 22: Diagram of the Cell Strip for the Linear Phase of Experimentation and the Position of Images Taken During the Live/Dead Viability Assay. The scattered dots represent the 1-cm line of cells left after scraping. The red background represents the cell culture media in the well. The white rectangles represent the placement of the Live/Dead Viability Assay images at the top, middle, and bottom of the well, distributed evenly in the vertical direction. Each image was taken with the cell population in the middle.  
For the radial phase of the experiment, one live image and one dead image were taken at the top, right, bottom, and left of each well as seen in Figure 23 following the same procedures used in the linear phase of the experiment. 

[image: ]







Figure 23: Schematic of the Cell Annulus for the Radial Phase of Experimentation and the Position of Images Taken During the Live/Dead Viability Assay. The scattered dots represent the cells left after scraping a reference circle with a 0.5 cm radius from the middle of the well. The red background represents the portion of the well (reference circle) that was scraped prior to testing. The white rectangles represent the placement of the Live/Dead Viability Assay pictures at the top, bottom, left, and right sections of the reference circle, distributed evenly in the vertical and horizontal directions.




Analysis
While the Live-Dead Viability Assay is primarily employed to assess the viability of cells post-electrical stimulation, the images from this experiment were used also to analyze the change in cell population size at two time points: 24 and 48 hours after electrical stimulation. The images were calibrated using SPOT Advanced Modular Imaging Software for Microscopy and the total area of the field of view was calculated in ImageJ.  A total count of the number of viable cells in each image, represented by cells fluorescing green in color, was acquired from manual counting with the aid of the Cell Counter plugin available with ImageJ.  The same was done for the nonviable cells, which fluoresce red. 
Density of cells was calculated by dividing the number of cells in the image by the total area of the field of view. Thereafter, the cell density was normalized to the seeding density at the time of plating. The values of live cells in each of the images from the three control wells were then averaged and the standard deviation was calculated. Similarly, the values of the dead cells in each of the images from the three control wells were averaged and the standard deviation was calculated. The same calculations were performed for the live and dead cells in the images taken from the three experimental wells. Averaged data was then plotted with the accompanying standard deviations. It is important to note that our 24 and 48 hour time points refer to time elapsed after stimulation, not time elapsed after cell plating as shown in Figure 12. 
4.8 qRT-PCR Assay
Background
The mRNA expression of angiogenic genes post-stimulation was also measured. The genes of interest, vascular Endothelial Growth Factor (VEGF) and basic Fibroblast Growth Factor (bFGF), were measured at the gene level by extracting the protein-specific messenger RNA (mRNA) from both the control and experimental cells. Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qRT-PCR) was used with both control and experimental cDNA samples. Analysis of the expression of genes encoding for VEGF and bFGF is widely accepted as a measurement of in vitro angiogenic response 140-143. A housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was chosen for comparison 141,144-147. 
Procedure
I. RNA Isolation
Before performing the gene-specific expression assay (qRT PCR), RNA was isolated from the cell populations. The RNeasy Plus Mini Kit (Qiagen) was used to extract the total RNA. The total RNA was eluted in RNase free water and detected with a NanoDrop spectrophotometer (NanoDrop2000/2000c, Thermo Scientific). Any concentration above 20 ng/μL was considered suitable for each sample. Samples with higher nucleic acid concentrations were diluted to match concentration of the majority of the samples. 
II.  cDNA conversion
The isolated RNA was reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Cat #: 4368813). Specifically, the RNA was combined with a solution of 10x RT buffer, 10x RT random primers, 25x dNTP mix (100mM) and MultiScribe Reverse Transcriptase (50U/L). All samples were exposed to a thermal cycle of 25°C for 10 minutes, 37°C for 120 minutes, and then 85°C for 5 minutes. The cDNA was then stored at -20°C until use.
III. qRT-PCR
          A TaqMan Gene Expression Assay (Life Technologies) containing pre-designed mixtures of primers and probes specific to the rat species Rattus norvegicus were used to target cDNA of vascular endothelial growth factor (VEGF, TaqMan Assay ID: Rn01511601_m1) and basic fibroblast growth factor (bFGF, TaqMan Assay ID: Rn00570809_m1). Primers for the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase, were also obtained (GAPDH, TaqMan Assay ID: Rn01775763_g1). The reaction volume was 20 μL and each sample was run in triplicate. The reaction was run for 2 minutes at 5°C, 10 min at 95°C, 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C with a 7900HT Fast Real-time PCR System Prism 7000 sequence detector (Applied Biosystems) 148. 
Analysis
In order to understand the significance of the VEGF and bFGF values obtained from the qRT-PCR experiment, the 2−ΔΔCT method was used to analyze the relative changes in VEGF and bFGF gene expression 149. The qRT-PCR data was analyzed using relative quantification, which refers to comparing the expression of target genes relative to an untreated control group 149. Performing the 2−ΔΔCT method first requires the CT values of each sample from the qRT-PCR experiment; the CT values represent a cycle number where the amount of amplified target gene reaches a threshold149. Then, the ΔCT value, or the difference in threshold cycles for the target gene and a reference gene is calculated. The reference gene used in this experiment was GAPDH, a housekeeping gene that is present in all cells and used as an internal PCR control. The ΔCT value is calculated using the equation below:
ΔCT = CT, target - CT, GAPDH
 Then, the ΔΔCT value is calculated using the equation below 149:
ΔΔCT = (CT, target - CT, GAPDH)Time x -(CT, target - CT, GAPDH)Time 0
Time x refers to any time point and Time 0 refers to the 1X expression of the target gene normalized to the reference gene, GAPDH. The final step is to calculate the fold change, or difference in change of target gene expression relative to the control GAPDH gene expression. 
This fold change is calculated using the equation below:
Fold change= 2-ΔΔCT
The resulting value can be averaged and reported as mean RQ values. The means and associated propagated error can be plotted to compare gene expression of genes of interest in the control and experimental groups. .
4.9 Statistical Analysis
Data was analyzed using one-way ANOVA and Tukey’s multiple-comparison test to determine statistically significant findings. A confidence interval of 95% was used with the alpha-value set at 0.05 for all analyses. Means and associated standard deviations are shown in the figures with the exception of qRT-PCR results, which were reported as means and associated propagated error.











CHAPTER 5: RESULTS
5.1 Migration Assay
5.1.1 Linearly Applied Electric Field
[image: ]In order to quantify cell migration, the distance from the edge of the image frame to the cell front was measured before stimulation and then again at 4.5 and 9 hours post-stimulation across 3 voltages: 0.01 V, 0.10 V, and 1.00 V. In Figure 24, the edge of the cell population is shown at multiple time points. Across all voltages, the cell front migrated to the left of the frame with the exception of 0.10 V between 4.5 and 9 hours. The images were taken on the right side of the 1-cm cell strip and represent migration towards the right electrode or anode. Note that the images are inverted due to the camera attachment, which explains why the cells appear to be migrating towards the left. Figure 24: Representative Images of Linear Cell Migration at All Experimental Voltages and Time Points. All images were taken on the right-hand side of the 1-cm cell population line and represent cell population migration towards the negative electrode or anode. The black line represents the border of the cell population. The borders of the experimental cell populations generally migrate towards the anode between time points.

[image: ]A graphical analysis of migration, shown in Figures 25a and 25b, demonstrates whether or not the experimental cell population migrated a significantly greater distance towards the anode than the control cell population after the application of a linear electrical stimulus. A

Figure 25: Cell Migration of Rat Aortic Endothelial Cells When Exposed to Linear Electric Fields. Figure 25a (above) represents the distance migrated between 0 and 4.5 hr and between 4.5 and 9 hr on the right side of the cell population. Negative migration represents cells that migrated in the opposite direction than intended. The 0.01 V and 0.10 V experimental groups between 0 and 4.5 hr were statistically different from the control between 0 and 4.5 hr (p<0.05). Specifically, the migration distances for 0.01 V and 0.10 V were significantly greater than the control between 0 and 4.5 hr (p<0.05) as indicated by “A.” None of migration distances for experimental groups were statistically different from the control between 4.5 and 9 hour (p>0.05). Data represents means ± standard deviation; n(control)=109 and n(experimental)=31-45. Figure 25b (Page 52) represents the distance measured from the original cell population line at all three time points: 0 hr, 4.5 hr, and 9 hr. Trends are represented, but none of the data was statistically significant (p>0.05).


Initial analysis measured migration on the left and right sides of the cell strip, where the left side represents migration towards the cathode and the right side represents migration towards the anode. Significant migration was only observed on the right side of the strip, thus only data from the right side is represented in Figures 25a and 25b. Negative migration distance in Figure 25a represents migration opposite of the intended direction, towards the cathode rather than the anode.
Between 0 and 4.5 hours, the control population migrated 15.98 ± 546.0 m opposite of the intended direction. Between 4.5 and 9 hours, the control population migrated 31.98 ± 429.7 m opposite of the intended direction. Between 0 and 4.5 hours, the 0.01 V, 0.10 V, and 1.00 V populations migrated 641.6 ± 569.1, 324.7 ± 452.5, and 147.8 ± 253.7 m, respectively, in the intended direction. Between 4.5 and 9 hours, the 0.01 V population migrated in the intended direction an additional 1.955 ± 308.2 m, while the 0.01 V and 1.00 V populations migrated opposite of the intended direction an additional 221.3 ± 507.2 m and 77.84 ± 284.8 m, respectively. 
The migration of cells after 4.5 hours is largest after stimulation of 0.01 V, followed by 0.10 V, then 1.00 V. After 9 hours, the migration of cells was largest at 0.10 V, albeit in the opposite direction, followed by 1.00 V in the opposite direction, then 0.01 V in the intended direction. Overall, as stimulation voltage increases from 0.01 V to 1.00 V, migration distance between 0 and 4.5 hours decreases. A similar trend cannot be observed for migration distance between 4.5 and 9 hours. The control group migrated a smaller distance when compared to all experimental groups between 0 and 4.5 hours and between 4.5 and 9 hours, except when compared to the experimental group between 4.5 and 9 hours after 0.01 V stimulation. 
Statistical analysis results are represented on Figure 25a by the letter “A” to indicate a significant increase in migration distance between 0 and 4.5 hours compared to the control cell population. Between 0 and 4.5 hours, the cell population significantly migrated a larger distance after stimulation with 0.01 V and 0.10 V (p<0.05), but not with 1.00 V (p>0.05) as compared to the control. At 9 hours, none of the experimental populations experienced a significant increase in migration compared to the control (p>0.05). 
In the trend graph shown below in Figure 25b, the distance as compared to the original cell population is plotted. General trends show that 0.01 V migrated the greatest distance, which is followed by 1.00 V and then 0.10 V. The control population migrated the smallest distance. However, none of the trend data was statistically significant (p>0.05). B

5.1.2 Radially Applied Electric Field
Figure 26 represents images and measurements of cell migration after application of a radial electrical stimulus. In general, when a radial electrical stimulus was applied, the cell front migrated inwards, towards the upper-right hand corner of the image, representing migration towards the negative electrode or anode.
[image: ]Figure 26: Representative Images of Radial Cell Migration at All Experimental Voltages and Time Points. All images were taken at the inner radius of the 1-cm wide cell population and represent cell population migration towards the negative electrode or anode. The thin, curved black line represents the border of the cell population. The borders of the experimental cell populations generally migrate inwards towards the upper right-hand corner of the image, the intended direction of migration.


	
Figures 26a and 26b represent decreases in the radii of the cell populations after application of radial electrical stimulus. A greater decrease in the radius of the cell population is analogous to greater cell migration towards the negative electrode or anode. Between 0 and 4.5 hours, the radius of the control cell population decreased 18.32 ± 49.04 m. Between 4.5 and 9 hours, the radius decreased 35.58 ± 72.33 m. Between 0 and 4.5 hours, the radii of the cell populations after application of 0.01 V, 0.10 V, and 1.00 V decreased 9.103 ± 15.75, 10.14 ± 45.93, and 38.10 ± 64.25 m, respectively. Between 4.5 and 9 hours, the radii of the cell populations after application of 0.01 V, 0.10 V, and 1.00 V decreased 31.05 ± 21.21, 66.88 ± 99.94, and 61.54 ± 66.21 m, respectively.  Statistical analysis revealed no significant differences between the decreases in the experimental cell population radii as compared to the control (p>0.05).A






Figure 27: Cell Migration of Rat Aortic Endothelial Cells When Exposed to Radial Electric Fields. Figure 27a (above) represents the distance migrated between 0 and 4.5 hr and between 4.5 and 9 hr on the right side of the cell population. Negative migration represents cell migration opposite of the intended direction of migration. The experimental groups between 0 and 4.5 hr were not statistically different from the control between 0 to 4.5 hr (p>0.05). The experimental groups between 4.5 and 9 hr were also not statistically different from the control between 4.5 and 9 hr (p>0.05). Data represents means ± standard deviation; n(control)=45-50 and n(experimental)=14-18. Figure 27b (below) represents the distance measured from the original cell population border at all three time points: 0 hr, 4.5 hr, and 9 hr. Trends are represented, but none of the data was statistically significant (p>0.05).

The trend graph below demonstrates the distance of the experimental cell population from the original cell population. At 4.5 hours, this distance is largest when stimulated with 1.00 V, followed by 0.10 V, and then closely followed by 0.01 V. The distance of the experimental cell population from the original cell population measured at 9 hours is largest when stimulated with 0.01 V, followed by 1.00 V and then 0.01 V. Overall, as stimulation voltage increases from 0.01 V to 1.00 V, distance from the original cell population increases at 4.5 hours. However, no such trend can be observed at 9 hours. None of the total cell migration distance data shown in Figure 27b is statistically significant (p>0.05).
[image: ]B




























5.1.3 Reverse Polarity Radially Applied Electric Field
Under radial experimental conditions with an applied voltage of 1.00 V in which the locations of the anode and the cathode were switched, migration, proliferation and angiogenic gene expression data were collected. Figure 28 shows cell migration in response to a reverse radially applied electric field. 
[image: ]Figure 28: Cell Migration of Rat Aortic Endothelial Cells When Exposed to Reverse Radial Electric Fields. The migration distance of the reverse polarity cell population was not statistically different from the migration distance of the control cell population between 0 and 4.5 hr and between 4.5 and 9 hr (p>0.05). Data represents means ± standard deviation; n(control)=23 and n(experimental)=20.

Under reverse polarity conditions, positive cell migration was defined as migration outwards towards the negatively charged electrode or anode. Figure 28 shows the change in the radius of the cell population between 0 and 4.5 hours and between 4.5 and 9 hours. The control cell population migrated 30.27 ± 32.22 and 38.69 ± 31.60 m between 0 and 4.5 hours and between 4.5 and 9 hours, respectively. The reverse polarity cell population migrated 47.77 ± 36.39 and 33.00 ± 35.52 m between 0 and 4.5 hours and between 4.5 and 9 hours, respectively. Both control and experimental populations migrated in the intended direction towards the anode. No reverse polarity experimental migration data was statistically different from the control (p>0.05).
5.2 Live-Dead Viability Assay
5.2.1 Linearly Applied Electric Field
[image: ]In order to quantify cell proliferation, a Live-Dead Viability Assay was performed. A compilation of representative pictures including a control group along with the three experimental voltages after both 24 and 48 hour time points is shown in Figure 29 below. All images were taken at 20x magnification. 














Figure 29: Representative Images of Linear Cell Proliferation at All Experimental Voltages and Time Points. Examples of cell proliferation data in a linear setting at all experimental voltages and time points, as well as under control conditions. Live cells appear in green, while red cells (undetectable) appear in red.

After 24 hours, the experimental groups appear to display a greater density of cells compared to the control. After 48 hours, it is harder to discern differences between the control and the experimental groups. Red regions, or dead cells, are non-existent or undetectable across all images. 
Figure 30 below shows the ratio of the experimental and control cell densities to the seeding density 24 and 48 hours after the application of a linear electrical stimulus to the experimental group.
[image: ]Figure 30: Cell Proliferation of Rat Aortic Endothelial Cells When Exposed to Linear Electric Fields. At 24 hr, the ratio of live cell density to seeding density at 0.10 V was significantly greater than that of the control (p<0.05), as indicated by “A.” At 48 hr, the ratio of live cell density to seeding density at 0.01 V was significantly greater than that of the control, as indicated by “B” (p<0.05). The live cell density at 24 hr was not statistically different from the live cell density at 48 hr at all tested experimental voltages (p>0.05). None of the dead cell density data was statistically significant (p>0.05). Data represented means + standard deviation; n(control)=36 and n(experimental)=12.




The live cell density ratio is graphed in blue. After 24 hours, the control live cell density was 8.12 ± 2.14 times the seeding density. In comparison, the experimental live cell densities after application of 0.01 V, 0.10 V and 1.00 V were 9.28 ± 1.58, 11.35 ± 2.02, and 7.93 ± 3.84 times the seeding density, respectively. After 48 hours, the control live cell density was 9.17 ± 2.93 times the seeding density. In comparison, the experimental live cell densities after application of 0.01 V, 0.10 V and 1.00 V were 12.80 ± 1.43, 12.31 ± 2.40, and 7.70 ± 2.93 times the seeding density, respectively.
The dead cell density ratio is graphed in red. After 24 hours, the control dead cell density was 0.17 ± 0.159 times the seeding density. In comparison, experimental dead cell densities after the application of 0.01 V, 0.10 V and 1.00 V were 0.18 ± 0.09, 0.09 ± 0.05, and 0.10 ± 0.11 times the seeding density, respectively. After 48 hours, the control dead cell density was 0.15 ± 0.11 times the seeding density. In comparison, the experimental dead cell densities after the application of 0.01 V, 0.10 V and 1.00 V were 0.08 ± 0.07, 0.09 ± 0.08, and 0.13 ± 0.09 times the seeding density, respectively.
Statistical analysis results are represented on Figure 30 by the letters “A” and “B” to indicate a significant increase in proliferation compared to the control after 24 and 48 hours, respectively. After application of a linear electrical field, a statistically significant difference between experimental and control dead cell densities was not observed (p>0.05). After 24 hours, only an applied voltage of 0.10 V caused a significant increase in live cell density or proliferation compared to the control (p<0.05). After 48 hours, only an applied voltage of 0.01 V caused a significant increase in live cell density or proliferation compared to the control (p<0.05).
5.2.2 Radially Applied Electric Field
The same Live-Dead Viability Assay was performed for all radial experiments with the modifications for the placement of the images. In Figure 31, a compilation of representative pictures across voltages and time points is shown.
Upon observation, it is extremely difficult to discern between voltages and time points. The application of 0.10 V seems to cause the lowest amount of proliferation, but this may be also due to the fact that these pictures were taken on a different microscope after a fluorescent bulb issue with the regular microscope.
[image: ]Figure 31: Representative Images of Radial Cell Proliferation at All Experimental Voltages and Time Points. Examples of cell proliferation data in a radial setting at all experimental voltages and time points, as well as under control conditions. Live cells appear in green, while red cells (undetectable) appear in red. Patches of black represent portions of the image devoid of cells.




Figure 32 below shows the ratio of the experimental and control cell densities to the seeding density 24 and 48 hours after applying a radial electrical stimulus to the experimental group.
[image: ]Figure 32: Cell Proliferation of Rat Aortic Endothelial Cells When Exposed to Radial Electric Fields. At 24 hr, the ratio of live cell density to seeding density at 1.00 V was significantly greater than that of the control (p<0.05), as indicated by “A.” At 48 hr, the ratio of live cell density to seeding density at 0.01 V was significantly greater than that of the control, as indicated by “B,” while the ratio of live cell density to seeding density at 1.00 V was significantly less than that of the control (p<0.05). At 24 hr, the ratio dead of cell density to seeding density at 1.00 V at 24 hr was significantly greater than that of the control, as indicated by “C.” The live cell density at 48 hr was significantly greater than the live cell density at 24 hr at both 0.01 V and 0.10V  (p<0.05). Data represented means + standard deviation; n(control)=36 and n(experimental)=12.

The live cell density ratio is graphed in blue. After 24 hours, the control live cell density was 7.62 ± 1.54 times the seeding density. In comparison, the experimental live cell densities after the application of 0.01 V, 0.10 V and 1.00 V were 6.63 ± 0.93, 7.63 ± 0.96 and 10.59 ± 1.36 times the seeding density, respectively. After 48 hours, the control live cell density was 10.96 ± 1.43 times the seeding density. In comparison, the experimental live cell densities 48 hours after the application of 0.01 V, 0.10 V and 1.00 V were 16.98 ± 2.33, 11.51 ± 1.70 and 9.13 ± 1.62 times the seeding density, respectively.
The dead cell density ratio is graphed in red. After 24 hours, the control dead cell density was 0.43 ± 0.28 times the seeding density. In comparison, the experimental dead cell densities after the application of 0.01 V, 0.10 V and 1.00 V were 0.16±0.07, 0.44 ± 0.27 and 0.88 ± 0.78 times the seeding density, respectively. After 48 hours, the control dead cell density was 0.20 ± 0.18 times the seeding density. In comparison, the experimental dead cell densities after the application of 0.01 V, 0.10 V and 1.00 V were 0.11 ± 0.07, 0.04 ± 0.03 and 0.04 ± 0.19 times the seeding density, respectively. 
Statistical analysis results are represented on Figure 32 by the letters “A”, “B,” and “C” to indicate a significant increase in live cell density after 24 and 48 hours and a significant increase in dead cell density after 24 hours, respectively, as compared to the control. After 24 hours, an applied voltage of 1.00 V caused a significant increase in live cell density or proliferation (p<0.05) and also caused a significant increase in dead cell density (p<0.05) compared to the control. After 48 hours, only an applied voltage of 0.01 V caused a significant increase in live cell density or proliferation (p<0.05). After 48 hours, radial electrical stimulation did not cause a statistically significant difference between experimental and control dead cell densities p>0.05). No general trends between voltage and proliferation can be identified from this data.
5.2.3 Reverse Polarity Radially Applied Electric Field
Figure 33 shows the ratio of the experimental and control cell densities to the seeding density 24 and 48 hours after applying a reverse polarity electrical stimulus to experimental wells
[image: ] Figure 33: Cell Proliferation of Rat Aortic Endothelial Cells When Exposed to Reverse Polarity Radial Electric Fields. At 24 hr, the ratio of dead cell density to seeding density under reverse polarity conditions was significantly greater than that of the control (p<0.05), as indicated by “A.” Data represented means + standard deviation; n(control)=12 and n(experimental)=12.

The live cell density ratio is graphed in blue. After 24 hours, the control live cell density was 9.729 ± 1.359 times the original seeding density. In comparison, the live cell density after the application of 1.00 V was 8.916 ± 2.171 times the seeding density. After 48 hours, the control live cell density was 8.876 ± 2.212 times the seeding density. In comparison, the live cell density after the application of 1.00 V was 9.108 ± 1.417 times the seeding density.
The dead cell density ratio is graphed in red. After 24 hours, the control dead cell density was 0.1685 ± 0.1270 times the seeding density. In comparison, the dead cell density after the application of 1.00 V was 0.3126 ± 0.1632 times the seeding density. After 48 hours, the control dead cell density was 0.2174 ± 0.1754 times the seeding density. In comparison, the dead cell density after the application of 1.00 V was 0.1248 ± 0.1158 times the seeding density. 
Statistical analysis results are represented in Figure 33 by the letter “A” to indicate a significant increase in dead cell density of the experimental cell population as compared to the control cell population 24 hours post-stimulation (p<0.05). Reverse radial electrical stimulation did not cause a significant difference between experimental and control dead cell densities after 48 hours (p>0.05). Reverse polarity did not significantly increase live cell density either 24 or 48 hours post-stimulation (p>0.05).
5.3 qRT-PCR Assay
5.3.1 Linearly Applied Electric Field
The qRT-PCR gene expression data was analyzed and expressed as fold change following the procedure detailed in the methodology. Angiogenic gene expression in response to a linearly applied electric field is shown below. VEGF gene expression is shown in Figure 34 and the bFGF gene expression is shown in Figure 35. 
[image: ]Figure 34: VEGF Expression of Rat Aortic Endothelial Cells When Exposed to Linear Electric Fields. All experimental groups at 24 hr were statistically different from the control at 24 hr (p<0.05). Specifically, the fold changes for 0.01 V and 1.00 V were significantly greater than the control (p<0.05) as indicated by “A”, while the fold change for 0.10 V was significantly less than the control (p<0.05). All experimental groups at 48 hr were also statistically different from the control at 48 hr (p<0.05). The fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “B” and the fold changes for 0.01 V and 0.10 V were significantly less than the control (p<0.05). Data represents means ± propagated error; n=3.


All fold changes were normalized to the fold change of the control group after 24 hours, which has a fold change of 1. Under control conditions, the VEGF fold change at 48 hours was 1.31 ± 0.60. After 24 hours, the VEGF fold changes of the 0.01 V, 0.10 V and 1.00 V populations were 1.47 ± 0.2, 0.33 ± 0.04 and 2.19 ± 0.27, respectively. After 48 hours, the VEGF fold changes of the 0.01 V, 0.1 V and 1 V populations were 1.06 ± 0.27, 1.64 ± 0.05 and 2.02 ± 0.14, respectively.
After 24 hours, the experimental VEGF fold changes at 0.01 V and 1.00 V were significantly greater than the control (p<0.05). The experimental VEGF fold change at 0.10 V was significantly less than the control (p<0.05). After 48 hours, the experimental VEGF fold change 1.00 V was significantly greater than the control (p<0.05).
[image: ]Figure 35 shows the bFGF gene expression after application of a linear electric field.Figure 35: bFGF Expression of Rat Aortic Endothelial Cells When Exposed to Linear Electric Fields. All experimental groups at 24 hr were statistically different from the control at 24 hr (p<0.05). Specifically, the fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “A”, while the fold changes for 0.01 V and 0.10 V were significantly less than the control (p<0.05). All experimental groups at 48 hr were also statistically different from the control at 48 hr (p<0.05). Specifically, the fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “B”, while the fold changes for 0.01 V and 0.10 V were significantly less than the control (p<0.05). Data represents means ± propagated error; n=3. 


All fold changes are normalized to the fold change of the control group after 24 hours, which has a fold change of 1. Under control conditions, bFGF fold change after 48 hours was 1.66 ± 0.76. After 24 hours, the bFGF fold changes of the 0.01 V, 0.10 V and 1.00 V populations were 1.36 ± 0.24, 0.58 ± 0.07 and 1.80 ± 0.06, respectively. After 48 hours, the bFGF fold changes of the 0.01V, 0.10 V and 1.00 V populations were 0.97 ± 0.24, 1.34 ± 0.06 and 1.72 ± 0.13, respectively.Figure 33: bFGF Expression of Rat Aortic Endothelial Cells When Exposed to Linear Electric Fields. All experimental groups at 24 hr were statistically different from the control at 24 hr (p<0.05). Specifically, the fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “A”, while the fold changes for 0.01 V and 0.10 V were significantly less than the control (p<0.05). All experimental groups at 48 hr were also statistically different from the control at 48 hr (p<0.05). Specifically, the fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “B”, while the fold changes for 0.01 V and 0.10 V were significantly less than the control (p<0.05) Data represents means ± propagated error; n=3. 

After 24 hours, the experimental bFGF fold changes at 0.01 V and 0.10 V were significantly less than the control (p<0.05). The experimental bFGF fold changes at both 24 and 48 hours after an applied voltage of 1.00 V were significantly greater than the control (p<0.05). After 48 hours, the experimental bFGF fold change at 0.01 V was significantly less than the control (p<0.05). 
5.3.2 Radially Applied Electric Field
[image: ]Figure 36 shows VEGF gene expression after application of a radial electric field. Figure 36: VEGF Expression of Rat Aortic Endothelial Cells When Exposed to Radial Electric Fields. All experimental groups at 24 hr were statistically different from the control at 24 hr (p<0.05). However, none of the fold changes from these experimental groups were significantly greater than the control at 24 hr (p>0.05). All experimental groups at 48 hr were also statistically different from the control at 48 hr (p<0.05). Specifically, the fold changes for 0.01 V, 0.10 V, and 1.00 V were significantly greater than the control (p<0.05) as indicated by “B.” Data represents means ± propagated error; n=3. 

All fold changes were normalized to the fold change of the control group after 24 hours, which has a fold change of 1. Under control conditions, the VEGF fold change after 48 hours was 0.04 ± 0.01. After 24 hours, the VEGF fold changes of the 0.01 V, 0.10 V and 1.00 V populations were 0.78 ± 0.15, 0.05 ± 0.01 and 0.54 ± 0.06, respectively. After 48 hours, the VEGF fold changes of the 0.01 V, 0.10 V and 1.00 V populations were 0.08 ± 0.03, 0.12 ± 0.05 and 0.25 ± 0.03, respectively.
After 24 hours, the experimental VEGF fold changes at 0.01 V, 0.10 V and 1.00 V were significantly less than the control (p<0.05). After 48 hours, the experimental VEGF fold changes at 0.01 V, 0.10 V and 1.00 V were significantly greater than the control (p<0.05).
[image: ]Figure 37 shows bFGF gene expression after application of a radial electric field.Figure 37: bFGF Expression by Rat Aortic Endothelial Cells When Exposed to Radial Electric Fields. The 0.10 V and 1.00 V experimental groups at 24 hr were statistically different from the control at 24 hr (p<0.05). Specifically, the fold changes at 0.10 V and 1.00 V were significantly greater than the control (p>0.05) as indicated by “A.” The 1.00 V experiment group at 48 hr was also statistically different from the control at 48 hr (p<0.05). Specifically, the fold change for 1.00 V was significantly greater than the control (p<0.05) as indicated by “B.” Data represents means ± propagated error; n=3.


All fold changes were normalized to the fold change of the control group after 24 hours, which is 1. Under control conditions, bFGF fold change at 48 hours was 0.04 ± 0.01. After 24 hours, the bFGF fold changes of 0.01 V, 0.10 V and 1.00 V were 0.86 ± 0.17, 2.09 ± 0.30, and 1.37 ± 0.15, respectively. After 48 hours, the bFGF fold changes of 0.01V, 0.10 V and 1.00 V were 0.06 ± 0.02, 0.06 ± 0.02 and 0.44 ± 0.05.
After 24 hours, the experimental bFGF fold changes at 0.10 V and 1.00 V were significantly greater than the control (p<0.05). After 48 hours, the experimental VEGF fold change at 1.00 V was significantly greater than the control (p<0.05).
5.3.3 Reverse Polarity Radially Applied Electric Field
[image: ]Figure 38 shows VEGF gene expression after the application of a reverse polarity radial electrical field.
Figure 38: VEGF Expression of Rat Aortic Endothelial Cells When Exposed to Reverse Polarity Radial Electric Fields. The fold change for the reverse polarity group was significantly greater than the control at 24 hours (p<0.05) as indicated by “A.” The fold change for the reverse polarity group was also significantly greater than the control at 48 hours (p<0.05) as indicated by “B.” Data represents means ± propagated error; n=3.



All fold changes were normalized to the fold change of the control group at 24 hours post-stimulation, which has fold change of 1. After 48 hours, VEGF fold change of the control was 2.47 ± 0.09. The VEGF fold change of the reverse polarity population was 2.37 ± 0.36 24 hours post-stimulation and 3.04 ± 0.08 48 hours post-stimulation. After both 24 and 48 hours, the reverse polarity VEGF fold changes were significantly greater than the control (p<0.05).
Figure 39 shows bFGF gene expression after the application of a reverse polarity radial electrical field. 
[image: ]Figure 39: bFGF Expression of Rat Aortic Endothelial Cells When Exposed to Reverse Polarity Radial Electric Fields. The fold change for the reverse polarity group was significantly greater than the control at 24 hours (p<0.05) as indicated by “A.” The fold change for the reverse polarity group was also significantly greater than the control at 48 hours (p<0.05) as indicated by “B.” Data represents means ± propagated error; n=3.


All fold changes were normalized to the control at 24 hours post-stimulation, which has a fold change of 1. After 48 hours, the bFGF fold change of the control was 2.59 ± 0.05. The bFGF fold change of the reverse polarity population was 2.60 ± 0.07 24 hours post-stimulation and 3.06 ± 0.01 48 hours post-stimulation. After both 24 and 48 hours, the reverse polarity bFGF fold changes were significantly greater than their respective controls (p<0.05).
5.4 Ideal Voltage Selection
Under linear experimental conditions, cell migration in the intended direction was significantly greater than the control at 0.01 V and 0.10 V, exclusively between 0 to 4.5 hours post-stimulation. At 0.10 V, cell proliferation was significantly greater than the control 24 hours post-stimulation. At 0.01 V, cell proliferation was significantly greater than the control 48 hours post-stimulation. The VEGF gene expression was significantly greater than the control at 24 hours at 0.01 V. The VEGF and bFGF gene expression were significantly greater than the control at 24 hours and 48 hours at 1.00 V. Therefore, 0.01 V promoted all three factors essential to wound healing: proliferation after 48 hours, migration between 0 and 4.5 hours, and VEGF gene expression after 24 hours. bFGF gene expression was not affected. As a result, 0.01 V was selected as the ideal voltage for the linear configuration. Note that not all voltages possible were tested and the selection of 0.01 V only indicates that the application of a linear electric field at 0.01 V was the best out of the three voltages tested. 
For the radial configuration, no significant cell migration was observed and no voltage trends were observed from the proliferation data. Therefore, the data is inconclusive in regards to an ideal voltage for the radial configuration.



CHAPTER 6: DISCUSSION

6.1 Experimental Question #1 

Experimental Question #1 examined the effects of a linearly applied electric field on rat aortic endothelial cell proliferation, migration, VEGF gene expression, and bFGF gene expression. Additionally, these parameters of wound healing were measured at multiple voltages, 0.01 V, 0.10 V, and 1.00 V, to determine an ideal voltage of this linearly applied electric field. 
The results demonstrated that the cell front migrated a significantly greater distance compared to the control 4.5 hours post-stimulation at the lower voltages, 0.01 V and 0.10 V. However, no significant trends in the distance of cell migration were observed 9 hours post-stimulation. Additionally, the ratio of live cell density to the seeding density significantly increased in comparison to the control 24 hours post-stimulation with an application of 0.10 V and 48 hours post-stimulation with an application of 0.10 V. VEGF and bFGF gene expression were significantly greater than the control at 24 hours and 48 hours post-stimulation with the application of 1.00 V. Only VEGF expression was significantly greater 24 hours post-stimulation with the application of 0.01 V. 
Directional Migration After Application of Low Voltages 
 Directional migration was observed in response to a linearly applied electric field of low voltages. The observed cell front migrated a significantly greater distance towards the anode than the control 4.5 hours post-stimulation at lower voltages, 0.01 V and 0.10 V. A study conducted by Zhao et al. also examined the effects of electrical stimulation on human umbilical vein endothelial cells (HUVECs) and found similar migration patterns to the results found in our study. With an application of 150 mV/mm of pulsed DC electrical stimulation, the researchers found that endothelial cells migrated toward the anode after a period of four hours 84. Zhao et al. also observed pseudopodia of the cells extending toward the anode. In another study, Chang et al. observed a similar directed migration response in rabbit corneal endothelial cells after the application of low voltage DC electric fields 150. The researchers visualized development of pseudopodia and ruffled membranes on the anodal side and a withdrawal of these structures on the cathodal side of the rabbit corneal endothelial cells 150. Since these cellular projections are extending toward the anode, there is greater net movement in the direction of the anode, suggesting a link between the development of new cellular projections and unidirectional migration 91,150. 
Zhao et al. also suggested that directional migration can also be induced at electric field intensities below 100 mV/mm 84. This recommendation is noteworthy since our study demonstrated the same directional migration response toward the anode with intensities also significantly lower than 100 mV/mm. The electrical voltages we used were 0.01 V, 0.10 V, and 1.00, which correlate to electric field intensities of 0.66 mV/mm, 6.66 mV/mm, and 66.66 mV/mm, respectively. While differences were observed at 0.01 V and 0.10 V, no significant directional cell migration was observed at 1.00 V. The cause of this discrepancy is unknown, but suggests the mechanism for cell migration in response to an applied electric field is more intricate than previously thought.  
Both the Zhao and Chang studies confirm that endothelial cells of different origin migrate towards the anode during an application of an electrical stimulus. The same effect was observed in the RAOECs, significant migration was only seen towards the anode and not towards the cathode. All data shown represents migration towards the anode.
Selective Upregulation of Angiogenic Gene Expression
Direct electrical stimulation also selectively upregulates transcription of certain growth factors. The gene expression of the first angiogenic growth factor examined in our study, VEGF, increased significantly at 0.01 V and 1.00 V. The second factor, bFGF, was only significantly increased after a treatment of 1.00 V. 
A second study conducted by Bai et al. discovered that after electrical stimulation VEGF gene and protein expression in human endothelial cells was upregulated in comparison to a control population that was not subject to an exogenous electric field 107. Increases in VEGF and interleukin-8 (IL-8) were observed after an application of 200 mV/mm electric field due to increased activity of VEGF receptor-1 107. The increase in activity of this receptor triggers signaling pathways, such as MAP kinase and protein kinase C. These proteins bind to DNA response elements that regulate transcription of specific genes, a possible mechanism for the increased VEGF gene expression seen in the RAEOCs as well 107. VEGF production is responsible for the majority of angiogenesis in wounds 52. In addition, VEGF stimulates cell division, which can increase cell proliferation in the wound site 57. 
Our results demonstrated a significant increase in bFGF gene expression 24 and 48 hours post-stimulation after exposure to a field of 1.00 V, but exhibited no significant increase in bFGF gene expression at any of the lower voltages. This discrepancy may be due to the fact that bFGF is not regulated by the VEGF receptor-1 signal transduction pathway, but that is is actually upstream of this pathway 151-153. bFGF activation can augment VEGF expression; however, VEGF activation is not contingent on bFGF activation 154. It is possible electrical stimulation may not activate the bFGF receptors, which are highly specific, but may act somewhere downstream to activate VEGF 152.  Research has shown that although the pathways overlap, they also have distinct angiogenic inhibitors and inducers, which regulate one growth factor or the other, but not both 155. Analysis of this intracellular pathway suggests that low bFGF gene expression levels are plausible despite the significant increases in VEGF gene expression at two different voltages, 0.01 V and 1.00 V, in our study. 
Although the electric field intensities tested in our study were lower than those of Bai et al., who used an intensity of 200 mV/mm, our most intense electric field at 66.6 mV/mm yielded maximum VEGF expression 24 and 48 hours post-stimulation, which coincides with Bai et al. Bai et al. also observed fluctuations in VEGF expression between 30 minutes and 4 hours post-stimulation, suggesting that our 24 and 48 hour time points may have omitted significant oscillations of VEGF expression levels at shorter time points 107. 
Proliferation and Gene Expression Trade-Off
In our study, proliferation increased significantly at lower voltages, 0.01 V and 0.10 V, while gene expression of both VEGF and bFGF increased significantly at the highest tested voltage, 1.00 V. Previous research done by Wang et al. demonstrates this trade-off; weak electrical fields tended to enhance cell proliferation, while stronger electrical fields enhanced transcription 156.  Wang et al. observed electrical fields of 200 mV/mm significantly inhibited proliferation of endothelial cells by arresting the cell cycle in the G1 phase during which cells grow in size and transcribe mRNA 156,157. Cells were arrested in the G1 phase through the downregulation of cyclin E and the upregulation of p27Kip1, which together inhibit the progression of the cell into the S phase, during which cells replicate DNA to prepare for mitosis 156,157. This research supports our observation that gene expression at high voltages, 1.00 V, is inversely correlated to proliferation and migration under the same parameter. Conversely, proliferation and migration are highest at lower voltages, 0.01 V and 0.10 V, while gene expression is primarily insignificant at these parameters with the sole exception of the application of 0.01 V after 24 hours. This data suggests that an optimal voltage within the tested range exists that will significantly increase both cell proliferation and angiogenic gene expression. 
Wound Healing Process and Experimental Timeline
The entire wound healing process is more intricate than the markers of cell proliferation, directional migration, and angiogenic gene expression. The wound healing process spans the sequential stages of hemostasis, inflammation, proliferation, and remodeling 46-49. Our study primarily examined endothelial cells’ transition into the third stage, proliferation, during which the endothelial cells release angiogenic growth factors and undergo replication 51. Diabetic ulcers are arrested in the inflammation phase 59,60, thus our study hypothesized that an application of an exogenous electrical stimulation would drive the cells into the proliferation phase of healing. Our study demonstrated significant increases in cell proliferation after application of 0.01 V and 0.10 V and significant increases in VEGF gene expression at 0.01 V and 1.00 V. bFGF gene expression was only increased after application of a 1.00 V stimulus. Both significant increases in cell proliferation and VEGF expression suggest a progression into the proliferation phase of wound healing if applied to a more complex model, a promising and important advancement in the healing of chronic wounds.
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Figure 40: Wound Healing Process and Associated Experimental Time Points. The wound healing process spans four phases: hemostasis, inflammation, proliferation, and remodeling. The stages may overlap, but are loosely defined into ranges of time. Hemostasis lasts for the first 24 hours and inflammation continues from the end of hemostasis until the fourth day. The proliferation phase is 4 to 14 days post-wounding and remodeling occurs 8 to 365 days post-wounding. The experimental time points took place during the first two phases: migration time points were during hemostasis and live-dead viability and gene expression time points were during inflammation.
Determination of Suitable Voltage
Although the cell migration, cell proliferation, and VEGF gene expression significantly increased at different voltages, we conclude that 0.01 V provides the most effective linear electrical field for wound healing compared to the other voltages tested since 0.01 V significantly increased all three aspects of wound healing examined. This voltage is different than the optimal voltage determined by previous research, which has seen healing effects in ischaemic rat skeletal muscle at the optimal voltage of 0.10 V 158. The use of a suitable voltage when applying an external electrical stimulus is extremely important as electrical stimulation acts on many different pathways including, but not limited to expression of angiogenic genes, cell migration, and cell proliferation 84,159,160. In order to activate as many wound healing pathways as possible and to maximize treatment effects, the most suitable voltage must be determined. For rat aortic endothelial cells, the suitable voltage for a linearly applied stimulus was determined to be 0.01 V. 
6.2 Experimental Question #2
In comparison to Experimental Question #1, Experimental Question #2 focused on determining the effects of a radially applied electric field on rat aortic endothelial cell proliferation, cell migration, VEGF gene expression, and bFGF gene expression. Whether a radial electric field would be more efficient than a linear electric field in promoting cell proliferation, migration rates, VEGF gene expression, and bFGF gene expression was also investigated. 
Analysis of data provided the following important results. Cell proliferation increased significantly as compared to the control 24 hours post-stimulation at 1.00 V and after 48 hours at 0.01 V, while a significant increase in cell death was also observed after 24 hours at 1.00 V. For cell migration, stimulation with a radial electric field did not result in any statistical significance with respect to the control. VEGF gene expression was increased significantly with respect to the control across all voltages 48 hours post-stimulation. bFGF gene expression was increased significantly with respect to the control 24 hours post-stimulation for 0.10 V and 1.00 V and 48 hours post-stimulation for 1.00 V. However, there were no clear voltage trends observed in the statistical significance of cell proliferation, migration, and angiogenic gene expression data.
Delay in Proliferation is Related to Gradient Voltage Intensity
As observed in the linear study, angiogenic gene expression and cell proliferation appear to be competitively upregulated by radial electrical stimulation such that proliferation and angiogenic gene expression peak under different experimental voltages. Cell proliferation is most significantly increased 48 hours after 0.01 V stimulation and 24 hours after 1.00 V stimulation. At 48 hours after 0.01 V, VEGF gene expression is significantly increased with respect to the control and at 24 hours after 1.00 V, bFGF gene expression is significantly increased with respect to the control.  However, neither VEGF nor bFGF gene expression are at their highest levels at these voltages and time points. This data therefore suggests that radial electrical stimulation may impose limits on the extent to which electrical stimulation can promote proliferation and angiogenic gene expression.
In addition to competing with angiogenic gene expression for the favorable effects of radial electrical stimulation, cell proliferation at 0.01 V and 0.10 V appears to sharply increase between the 24 and 48 hour time points. While cell proliferation at the 48 hour time point of both 0.01 V and 0.10 V is not significantly greater than the associated control value, cell proliferation at the 48 hour time point of both voltages is statistically greater than the associated 24 hour time point values. This trend is different from the results observed in the linear study, in which cell proliferation may have been statistically different from control values, but there were generally no significant differences in proliferation data between time points. This evidence may indicate that radially applied electric fields cause a spike in cell proliferation that begins at least 24 hours post-stimulation. This spike in proliferation may be related to an initial lag in mitosis, which could explain the overall lack of significant increases in experimental proliferation as compared to the control population. Therefore, this evidence points to a delay in cell growth caused uniquely by radial electrical stimulation.
The key difference between radial electrical stimulation and linear electrical stimulation is the shape and properties of the resulting electric field. Figure 41 shows graphical representations of all experimental electric field intensities (an applied voltage difference of 0.01 V, 0.10 V and 1.00 V in both linear and radial configurations).
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Under radial stimulation conditions, the border of the cell population closest to inner electrode or anode is almost two times the constant electric field intensity under the corresponding linear stimulation conditions. The maximum electric field intensities applied to the cell population in the 0.01 V, 0.10 V and 1.00 V radial experiments were 1.288 mV/mm, 12.88 mV/mm and 128.8 mV/mm, respectively. The constant electric field intensities in the linear experiments were 0.66 mV/mm, 6.66 mV/mm and 66.6 mV/mm, respectively. Previous work on the response of cultured fibroblast cells to applied electric fields has established the existence of a threshold field intensity, beyond which a detrimental effect on cell density is observed 160. It is possible that the electric field applied to some cells under radial stimulation conditions has surpassed an undetermined threshold field intensity. The possibility of exceeding this threshold field intensity raises two important questions: 1) what is the underlying cause of decreased cell proliferation past the threshold field intensity and 2) can this underlying cause be linked to the delay in cell proliferation observed in our radial experiments?Figure 41: Electric Field Intensity in All Experiments. Electric field intensity in linear experiments is constant in all parts of the cell population, whereas the intensity in the radial experiments is intentionally non-constant. In the radial diagrams, the outer black circle represents the outer border of the experimental cell population, and the inner black circle represents the inner border of the experimental cell population.

A time delay in cell proliferation after the application of electrical stimulation has previously been observed in a study conducted on cultured erythroleukemia cells after the application of a pulsed stimulus with an amplitude of up to 7 V 161. In this study, a potential cause of this delay in cell growth was the presence and production of hydrogen peroxide in the cell media as a result of the applied electrical stimulus 161. Hydrogen peroxide and other chemically active compounds can be produced in water-based solvents after the application of an electrical stimulus, especially at high voltages 162. Elevated concentrations of hydrogen peroxide can damage DNA and oxidize proteins, fatty acids, and biological co-factors leading to cell damage 162. Sunka et al. were able to establish that the application of electrical stimulation had an effect on the cell media as well as the cultured cell population. Therefore, they hypothesized that the delay in cell growth observed in their experiment was related to cell damage caused by reactive peroxide species 162. It is therefore possible that high electric field intensities, especially those applied in the 1.00 V experiments, may have caused reactive peroxide species to be produced in our experiments, thereby damaging cells and delaying or suppressing cell proliferation. 
The hypothesis of cell damage at high electric field intensities is supported by the increase in cell death in the 1.00 V radial experiment and by the fact that the magnitude of cell proliferation at the highest voltage in the linear experiment decreased with respect to the control. The cell population did not experience an increase in proliferation between 24 and 48 hours after a radial application of 1.00 V. Thus, it is possible that the extent of cell damage inflicted on this population has caused an even longer delay in cell growth and has suppressed proliferation during the allotted time of the experiment. 
The lack of increased proliferation observed in the reverse polarity population can also potentially be explained by cell damage. In the reverse polarity experiment, the area closest to the inner electrode was populated by cells and experienced the highest electric field strengths. In addition, the reverse polarity experiment was conducted at 1.00 V, which means that the electric field strengths are comparable to those of the 1.00 V standard polarity experiment. A significant increase in cell death 24 hours after electrical stimulation also supports the hypothesis of cell damage under the reverse polarity experimental conditions.
While all radial experiments caused a delay or suppression of cell proliferation, only the maximum electric field intensity induced by the application of 1.00 V exceeded those applied in the linear experiments. The delay of cell proliferation observed at 0.01 V and 0.10 V can potentially be explained by the reduced electric field strength in the bulk of the cell population. While the electric field intensity is greater at the center of the radial cell population than that of the comparable linear cell population, approximately two-thirds of the radial cell population experiences an electric field intensity that is less than that of the comparable linear cell population. A study of the effects of electrical stimulation on rat calvarial bone cells determined that cell proliferation was not affected below a threshold experimental voltage 163. If a similar lower limit threshold exists for rat aortic endothelial cells, it is possible that the electric field intensity in the bulk cell population approaches or falls below it, thereby reducing or delaying the observed effect on cell proliferation.
The above speculation regarding the lack of increased cell proliferation due to electric field intensities that were both too extreme and too mild indicates that the range of voltages tested in this experiment may have been too broad. The voltage range tested has been studied previously in experiments using linear electric fields and may not be appropriate for use in radial electric fields. Decreased variability of the magnitude of electric field values present in the cell population by finer control of the voltage difference applied between the two electrodes may be necessary.
Delays in VEGF and bFGF Gene After 1.00 V Application of a Radial Electric Field 

After 24 hours, VEGF gene expression for all experimental groups was not significantly greater than the control. However, after 48 hours, VEGF gene expression for all experimental groups was significantly greater than the control. There was a significant increasing trend in VEGF gene expression as voltage increased; the cell population to which 1.00 V stimulation was applied displayed the most VEGF gene expression. This data signifies that similar to the results obtained for proliferation, there may be a time delay in the expression of angiogenic gene expression. Previous research has shown that there can be a relationship between cell damage and a decrease in growth factor gene expression; for example, tubular epithelial cells that are damaged during diabetes may lead to reduced epithelial growth factor (EGF) synthesis 164. The previously introduced hypothesis of cell damage at high electric field intensities is therefore a possible explanation for the decreased VEGF expression observed after 24 hours at 1.00 V and the subsequent increase in VEGF expression after 48 hours. Prior research also provides support for a general gene expression delay, since it has been found that maximal VEGF mRNA levels are typically found between 3 and 7 days after full-thickness wounding and significant bFGF expression does not begin until approximately 8 days after full thickness wounding 165. Based on the fact that VEGF and bFGF expression significantly increased both 24 and 48 hours after the reverse polarity experiment, it does not appear that field direction governs the gene expression response of endothelial cells to electrical stimulation.
Lack of Increased Cell Migration in the Presence of an Applied Radial Electric Field
Cell migration did not significantly increase with respect to the control at any experimental time points or voltages when studied in response to radial electrical stimulation. Based on the delay of effects observed in cell proliferation and angiogenic gene expression, a similar delay of cell migration is possible. A study on the migratory response of fibroblasts to electrical stimulation determined that directional cell migration did not begin until at least 1 hour post-stimulation 166. This confirms that there can be a time delay between the end of electrical stimulation and the beginning of directional cell migration. The delay would also be dependent on the strength and intensity of the electrical field, which could explain why even though our time points were taken more than 1 hour after stimulation, no trends were observed. It is therefore possible that cell migration effects did not begin until after the observed time interval, 4.5 hours post-stimulation and 9 hours post-stimulation.
Additionally, endothelial cells have been shown to migrate towards a chemotaxic gradient of VEGF and other proteins 167. A recent study investigated the mechanism of chemotaxic cell migration in neural crest cells and found that a “chase-and-run” mechanism exists 168: cells do not only migrate with the lateral electrical field, but also follow other cells secreting a chemotaxic substance 168. In our radial experiments, the border of the cell population that moves directionally inwards lies along a radius that is close to the inner electrode. As a result, the border of the cell population has the smallest perimeter in the bulk cell population. Assuming that the density of cells at the start of the experiment is relatively constant, more cells need to follow fewer cells inward towards the inner electrode. If endothelial cells migrate via the same “chase-and-run” mechanism as neural crest cells, the migration of the cell population in our radial experiments could be hindered by the disparity in the number of follower and leader cells. This disparity and the challenges it presents could account for the lack of cell migration observed under radial experimental conditions.
Reverse polarity migration results show a similar lack of trends between control and experimental groups. However, in the case of the reverse polarity experiment, the border of the cell population experiences the lowest intensity electric field present in the cell population and therefore may limit the bulk movement of the cell population.
The results obtained from studying the effects of a radial electric field on cell proliferation, migration, and gene expression can be summarized as follows. For cell proliferation and gene expression, there could be an increased delay between stimulation and observed effects. This delay would prevent accurate comparison with the control, since there were no causes for delay in the control population. For cell migration, although there were no significant effects, differences between the radial and linear experimental setups and scraping patterns could most likely account for the lack of increase in migration.
Delays in cell proliferation, migration, and gene expression are not ideal for promoting rapid wound healing in vivo. Therefore, based on the radial and linear electrical stimulation results obtained from using the aforementioned experimental setups and voltages, radial electrical stimulation is not likely to be superior to linear electrical stimulation.
6.3 Recommendations
6.3.1 Double-Disc Radial Electrode Design
As mentioned previously, extremely high electric field intensities can be linked to delays in cell proliferation and angiogenic gene expression. In our radial experiments, the radius of the inner electrode was designed to be as small as possible. Since radius of the electrode and electric field intensity are inversely related, an extremely high intensity electric field was created near the inner electrode. This phenomenon is demonstrated graphically in Figure 41 on Page 79. Unfortunately, the presence of this high intensity electric field seemed to be correlated to delays in cell proliferation and angiogenic gene expression.  
In order to study the potential positive effects of radial electrical stimulation, the scale of the radial electrode set-up should be increased. This reconfiguration would avoid applying an extremely high intensity electric field to the cell population. However, the original electrode distance relationship must be maintained in order to compare radial and linear electrical stimulation data. Thus, both the outer and inner electrode size should be increased, but the difference between the radii must be equal to 1.5 cm. This change will result in milder electric field intensities within the cell population. Regrettably, this change may eliminate the use of 6-well plates for in vitro experiments, as the dimensions of the new radial device may exceed the size of a well in a 6-well plate. Figure 42 is a [image: ]graphical representation of the intensities of our existing linear electric fields and recommended radial electric fields.
Figure 42: Electric Field Intensity in Linear and Proposed Radial Experiments. Electric field intensity in linear experiments is constant in all parts of the cell population. In the radial diagrams, the outer black circle represents the outer border of the experimental cell population, and the inner black circle represents the inner border of the experimental cell population. The electric field intensity in the proposed radial experiments is intentionally non-constant, but is milder inside the cell population than the electric field intensity applied in the radial experiments that were conducted in this study. Example dimensions are as follows: outer electrode radius = 0.025 m, inner radius = 0.010 m, cell border radius = 0.015 m.



	

The application of high electric field intensities to cell populations can be linked to cell damage. Thus, applying a milder radial electric field will allow for a better assessment of the potential of radial electrical stimulation to effectively increase cell proliferation and angiogenic gene expression.


6.3.2 Prototype Design
In our previously described experiment, the electrical stimulus, a square wave signal, was generated with a function generator. A function generator is a piece of electronic test equipment that can generate many types of waveforms. However, function generators are expensive, cumbersome, and not very portable. Therefore, they are not suitable for permanent use in a medical device. As an alternative, we sought to design a simple and inexpensive electrical circuit to replace the function generator in a potential prototype for our device. To replicate the function generator signal, we designed a circuit using a 555 timer. A 555 timer is an integrated circuit (IC) that is designed to generate square pulses with varying parameters. ICs are prefabricated, preassembled combinations of electrical parts. They are designed to exhibit particular characteristics and generate certain electrical signals. 555 timers are ICs that are inexpensive, easy to trouble-shoot, and require only simple design work. Implementing such a design also enables our potential prototype to be small in size, significantly smaller than a function generator, as well as lighter and more portable. Another factor that adds to the practicality of this design is the use of a battery source instead of a wall outlet as a power source.
In order to operate a 555 timer, a DC source of at least 5 V is required. If 4 new AA batteries are placed in series, the voltage produced is 6.5 V. Most commercially available batteries have a voltage of 1.5 V. However, since new batteries begin with a higher voltage than 1.5 V, the resulting voltage is 6.5 V instead of 6 V. The 4 AA battery source allows the minimum voltage requirement to be meet easily with little cost and allows the user to replace the batteries without needing to order specialized parts. Thus, the design used 4 AA batteries as a DC source.
In order to successfully design and optimize the circuit, testing was conducted in two phases. The first phase involved testing three different 555 timer ICs to determine the best model for the circuit. The LM555CN, NE555P, and TCL555CP were used in this test because they are common, easy to locate, and purchase. In addition to testing these parts, the first phase of testing was used to determine the correct values for the circuit components in the design. The first phase evaluates the effect of these components on the duty cycle and frequency. In a square wave, with the exception of transient states, applied voltage jumps from a high value to a low value; duty cycle is the percentage of time the voltage is at the high value. A 50% duty cycle means the voltage is at the high voltage for half the time and at the low voltage for the rest of the time. Frequency is the rate per second that the waveform takes to travel one period. To achieve our desired duty cycle, 50%, and frequency, 60 Hz, the correct values for the circuit components needed to be determined. The second phase of testing was contingent on the results of the first phase.
The circuit design used for the first phase of testing is present in Figure 43a. In Figure 43a the values denoted R1 and R2 are resistors and the values denoted C1 and C2 are capacitors. The battery source is also displayed in the right side of the figure. The large block near the center is the representation of the 555 timer. The numbers around the block indicate the pin numbers of the IC. Pins are the metal attachments on the sides of ICs that are connected to the internal components of the IC. Pin numbers denote the identity of each pin. Figure 43b show the simulation results generated by PSpice. The simulation spans from 10 μs to 40 μs. The image is a graph of voltage versus time.  However, PSpice employs a "on"/"off" approach to simulating this circuit, meaning it does not provide an amplitude, but rather a logic '1' or '0'. The signal approximately has a duty cycle of 50%, and a frequency of 60 kHz. Originally, there was a unit miscalculation with frequency resulting in incorrect starting values. The frequency simulated is too high by a factor of 1000. However, this error does not affect the eventual results or conclusions of our design, because final circuit design values were evaluated by inspection of the circuit output.

[image: ]Figure 43: PSpice Circuit and Simulation Results. In Figure 42a, the values denoted R1 and R2 are resistors and the values denoted C1 and C2 are capacitors.  R1=500 Ω, R2=4.7 kΩ, C1=0.0022 uF, and C2=10 nF. The battery source of 6 V is also displayed in the right side of the figure. The large block near the center is the representation of the 555 timer.  The numbers around the block indicate the pin numbers of the IC. Pins are the metal attachments on the sides of ICs that are connected to the internal components of the IC.  Pin numbers denote the identity of each pin. The third pin is the output of the circuit. The gray pointer at the end of the third pin shows what is being measured in the simulation.  The white numbers surrounded by maroon are the voltage values carried by the wires they are positioned next to. These values are generated during simulation. Figure 42b represents simulation results generated by PSpice. The simulation spans from 10 us to 40 us.  The image is a graph of voltage versus time.  However, PSpice employs an "on"/"off" approach to simulating this circuit, meaning it does not provide an amplitude, but rather a logic '1' or '0'.  The signal approximately has a duty cycle of 50%, and a frequency of 60 kHz.  There was a unit miscalculation with frequency resulting in incorrect starting values. The frequency simulated is too high by a factor of 1000.

To obtain starting component values for our model, the design was simulated using PSpice software by Cadence. The starting values were: a source of 6 V, R1=500 Ω, R2=4.7 kΩ, C1=0.0022 μF, and C2=10 nF shown in Figure 43a. Using the values we obtained, the circuit was constructed on a solder-less breadboard. Breadboards allow electrical circuits to be tested without physically fusing them together. This is a standard method for realizing circuit designs. An oscilloscope, a tool for viewing electrical signals, was used to examine the signal produced by the circuit. The purpose of this phase of testing was to fine-tune the components to obtain a frequency of approximately 60 Hz and a duty cycle of approximately 50%. To achieve the desired values, we changed components based on trends determined from governing equations.
The governing equations employed were 168:
[image: ]  
[image: ]   
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Fortunately, the behavior of the 555 timer ICs is similar enough that the value of the components did not need to be altered for each IC. The resulting adjusted values were: R1=10 kΩ, R2=2.22 MΩ, C1=0.0054 μF, and C2=10 nF. This can be seen in Figure 44.

[image: ]	 Figure 44: Final Circuit Component Values after Phase One of Testing. The values denoted R1 and R2 are resistors and the values denoted C1 and C2 are capacitors. R1=10 kΩ, R2=2.22 MΩ, C1=0.0054 uF, and C2=0.01 uF. The battery source of 6.5 V is also displayed in the right side of the figure.  The large block near the center is the representation of the 555 timer. The numbers around the block indicate the pin numbers of the IC. Pins are the metal attachments on the sides of ICs that are connected to the internal components of the IC. Pin numbers denote the identity of each pin. The third pin is the output of the circuit.


Figure 46a displays the results of the NE555P implementation output. The amplitude of the signal is 5.81 V. The frequency of the signal is 59.2 Hz. The duty cycle of the signal is 50%. A phenomenon named overshoot appears in this signal around 8 ms and again around 42 ms. When a basic circuit generates a square wave, the voltage sometimes goes above the top of the square wave at the point where the voltage increases from the lowest point to the highest point. The voltage above the top of the square wave is refered to as overshoot. An example of this principle is shown in Figure 45. Overshoot is due to the non-ideal nature of circuits and a square wave is very difficult to generate accurately without this characteristic 170. However, function generators, due to their [image: http://www.learnabout-electronics.org/Oscillators/images/square-wave-overshoot.gif]internal complexity, have neglible overshoot.
Figure 45: Example of Overshoot. When a basic circuit generates a square wave, the voltage sometimes goes above the top of the square wave at the point where the voltage increases from the lowest point, to the highest point. The voltage above the top of the square wave is refered to as overshoot. Overshoot is due to the non-ideal nature  of circuits and a square wave is very difficult to generate accurately without this characteristic.




The desired signal behavior has no overshoot, so this is an undesireable quality in our results. All overshoot values have been graphically estimated. The overshoot of the NE555P IC is about 1.9 V, spanning from 5.81 V to approximately 7.7 V.  
Figure 46b displays the results of the TLC555CP implementation output. The amplitude of the signal is 6.5 V. The frequency of the signal is 58.5 Hz. The duty cycle of the signal is 50%. Overshoot occurs at 8 ms and 42 ms. The overshoot of the TLC555CP IC is about 0.5V, spaning from 6.5 V to approximately 7 V.
Figure 46c displays the results of the LM555CN implementation output. The amplitude of the signal is 5.88 V. The frequency of the signal is 59.2 Hz. The duty cycle of the signal is 50%. There is no visible overshoot of this signal.
[image: ]Figure 46: Evaluation of Different 555 timer ICs in the First Phase of Testing. The results of testing each IC are shown above. These images were captured with an oscilloscope and show the voltage versus time behavior of the circuit output. The scale of each image is 2V per y-axis division and 5ms per x-axis division. A phenomenon named overshoot appears in each signal around 8ms and again around 42ms. All overshoot values have been graphically estimated. Figure 46a displays the results of the NE555P implementation output. The amplitude of the signal is 5.81V. The frequency of the signal is 59.2Hz.  The duty cycle of the signal is 50%. The overshoot of the NE555P IC is about 1.9V, spaning from 5.81V to approximately 7.7V. Figure 46b displays the results of the TLC555CP implementation output. The amplitude of the signal is 6.5V. The frequency of the signal is 58.5Hz. The duty cycle of the signal is 50%. The overshoot of the TLC555CP IC is about 0.5V, spaning from 6.5V to approximately 7V. Figure 46c displays the results of the LM555CN implementation output.  The amplitude of the signal is 5.88V. The frequency of the signal is 59.2Hz. The duty cycle of the signal is 50%. There is no visible overshoot of this signal.

The output of the NE555P IC significantly overshot the amplitude of the square wave. The output of the TCL555CP IC also overshot the amplitude at the same time as the NE555P IC.  However, the overshoot is not as significant. Finally, the LM555CN IC exhibits no visible overshoot. Since overshoot is not a desirable characteristic, the LM555CN IC most accurately replicates the function generator signal. In addition, the LM555CN has a more desirable frequency value than the TCL555CP IC. Therefore, the LM555CN was selected as the IC component.
The second phase of testing used the circuit from the first phase of testing. The output of the circuit in phase one was connected to a resistor and the signal after the resistor became the new output that was evaluated. The goal of the second phase of testing was to determine the resistor value that would decrease the output voltage amplitude to 0.10 V. Amplitude is the measure of the difference between the maximum voltage and the minimum voltage of a signal. During this phase of testing only amplitude was evaluated, because the addition of a resistor in this location will not change the duty cycle, or frequency of the signal, which was determined in phase one. 
The determination of this resistor value was based on the trend exhibited by Ohm's Law: V=IR, where V is voltage drop, I is current, and R is resistance. If R is increased, then V will increase, meaning the output of the signal is lower. Measurements in this phase of testing were made with a multimeter, a basic electrical tool designed to measure voltage. In order to determine the resistor value, the resistance was increased until the desired output voltage was obtained. The resistance required to reach a signal amplitude of 0.1 V was 58 MΩ.
[bookmark: _GoBack]In summary, the circuit board generates a signal in an inexpensive, more compact, portable fashion than the function generator used in our previous experiments. To accomplish this we implemented a 555 timer circuit. While the circuit design was successful and effectively replicated the desired signal, it is far from efficient. 555 timers require a minimum of 5 V to operate. However, only a final signal amplitude of only 0.10 V is desired, thus most of the energy input is lost to heat dissipation in the high resistor values. Note that originally the most suitable voltage for the linear electrical device was determined to be 0.10 V but after further analysis of the data, 0.01 V was determined as the most suitable voltage. The procedure for outputting an electrical stimulus of 0.01 V would be similar to this procedure. 
It may not be necessary to use the 555 IC that requires 6.5 V to generate such a low output. However, for this study, the LM555CN model is sufficient. This experiment demonstrates that the signal required can be generated at a lower cost with a simple integrated circuit as seen in Figure 47.  Further work should be done to design a more efficient circuit that implements a smaller source voltage. 
[image: ]
Figure 47: Image of Fully Functional Circuit Board. The circuit board with a LM55CM model and a 58 MΩ resistor outputs a pulsed monophasic square wave at 0.10 V. The creation of this model demonstrates that a functional, portable, and easy-to-use device can be created for both healthcare professionals and patient use in the future, once an optimal voltage and electrode conformation is determined.
CHAPTER 7: CONCLUSIONS

7.1 Overall Conclusions

The effect of an applied electrical stimulus on rat aortic endothelial cell migration, cell proliferation, and angiogenic gene expression was not consistent between the linear and radial model. Following the application of a linear electric field, cell migration, cell proliferation, and angiogenic gene expression all increased significantly at varying time points and voltages. Cell migration and cell proliferation increased significantly at lower voltages and gene expression of VEGF and bFGF increased most significantly at higher voltages. An analysis of the results suggests that a voltage of 0.01 V for a linearly applied field is the most suitable for the purposes of healing diabetic ulcers.
The overall effects of electrical stimulation on cell migration, proliferation, and angiogenic gene expression using a radial electric field set-up showed no clear significant voltage trends due to varying electric field intensities and a potential delay in the wound healing process. Thus, unfortunately, no single voltage was better than the other voltages for a radially applied field. 
In conclusion, based on these results, the linear electrical field has a larger potential to treat diabetic ulcers. Using a voltage of 0.01 V can also maximize the effects of a linearly applied electrical field as compared to 0.10 V and 1.00 V. The radial electric field results did not yield a single voltage appropriate for wound healing.
7.2 Limitations
Our study has several limitations. The first limitation involves the in vitro migration model used for our study. The in vitro model consisted solely of healthy rat aortic endothelial cells. These cells were not taken from tissue samples from diabetic ulcer patients and thus results seen in the normal cells may not be the same if the study was performed on diabetic tissue 171. In addition, our model was 2-D, rather than 3-D, thus angiogenesis could not be observed directly 172. 
Additionally, we were not able to progress into in vivo testing. While results indicate that electric fields have positive effects on cell migration, cell proliferation, and gene expression in vitro, these positive effects may not translate into an in vivo model. In vivo testing is required to prove that these beneficial effects will be observed in a living organism with a more complicated and orchestrated wound healing process. Furthermore, in vivo testing could determine if the electric fields have any harmful effects on living organisms before translating the apparatus into human trials. 
Another limitation of the study is the creation of our own Migration Assay. The migration data was more varied than the proliferation and gene expression data, possibly indicating low precision in the data. Throughout the implementation of the Migration Assay, it was a challenge to ensure the same cell population was captured in all images across time points. Although the microscope stage scale and coordinate system was used to position the well plate and the pictures were visually compared for similar cell population edges, small differences on a micron scale can translated into large differences between migration data points. In addition, the Migration Assay protocols were not identical between the linear and radial model, which makes comparison of the migration effects of the two fields difficult.
The final limitation of the study is that only gene expression, but not protein expression was measured. Gene expression is the transcription of mRNA from DNA, while protein expression is the translation of mRNA to protein. While mRNA levels can be indicative of protein levels, they are not necessarily correlated, as there are many steps between the creation of mRNA to the production of the actual protein. mRNA degradation and stability are two factors that can influence production of the protein production. The protein product of the angiogenic growth factor is required for the wound healing process. 
7.3 Future Research
Future research is needed to confirm our results and to thoroughly prove our hypothesis. Firstly, any additional research must address the limitations of our study protocol. Since our study was not done on a diabetic model it is imperative that our results are replicated in an in vitro diabetic model. In vitro diabetic models can be achieved several ways, but in order to parallel our study, we recommend an endothelial monolayer treated with streptozotocin to mimic the effects of diabetes 173. Then, both linear and double-disc radial electric fields can be tested on the diabetic in vitro model. However, it is important that both linear and radial Migration Assay protocols are similar and use the same reference markings on the bottom of the well plate in order to ensure Migration Assay images are taken in the exactly same location between time points and between experimental treatments. An additional Enzyme-Linked Immunosorbent Assay (ELISA) should be also done in order to evaluate both gene and protein expression. 	
After further in vitro studies, testing on in vivo diabetic models would be necessary to demonstrate that electric fields produce the same effects in vivo as in vitro. The safety of this experimental treatment would also be evaluated with in vivo testing. During this phase of testing, the efficiency and practicality of different adhesives for attaching the electrodes as well as identifying ideal placement of electrodes relative to the wound could be investigated. In addition, the influence of initial wound size and severity on the outcome of the electric field treatment and time of application of the electrical stimulus could also be studied. These studies could be completed on a variety of different animal models. Several studies have used rat models that were induced with diabetes with the drug, streptozotocin 131. Genetically modified diabetic rats can be used as well 174. Several studies have also demonstrated different ways of inducing the artificial diabetic ulcers in vivo. One study induced the ulcer using a round iron and removing the subsequent scald three days later 42 and another study used pressure induced wounds 175. 
Once in vivo studies were completed and if the same treatment effects were observed and safety was confirmed, clinical studies will need to be completed to further verify safety and to confirm our results on a human model. An interesting avenue of research would be to evaluate the possibility of different effects of treatment between patients with Type I and Type II diabetes. Clinical studies could also show the practicality of our device for use by nurses or the patients themselves.
Finally, once the prototype has passed clinical trials, it will be important to test the ease with which the device can be used by the patient or caregivers in their daily routines and environments. Our intent was for the device to be easy-to-use and portable, thus we would want to ensure that it is functional in practice. 
7.4 Implications
Based on the results of our in vitro studies, as well as the design of our prototype, a small, portable electrical stimulation device for treating diabetic ulcers is feasible. Recent research has stated that improvements in diabetic ulcer treatments will only come from combination therapy targeting numerous biochemical causes of diabetic ulcers, rather than just one 176. Our device targets multiple biochemical functions, as seen through increases in cell migration, cell proliferation, and angiogenic gene expression. Additionally, it is easily combined with other treatments such as debridement offering maximum therapy potential. 
Our device should be considered as a next-generation form of treatment, since it can target multiple growth factors and other biochemical functions that are underlying causes of diabetic ulcers. Other normal routes of delivering and affecting multiple growth factors in the treatment of diabetic ulcers are expensive due to recombination production 176. Our device would have the potential to deliver similar effects in a more cost-effective, portable, and feasible manner. 
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