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The skin is the body's largest organ, with a three-layered structure that protects it from 

various thermal, chemical, and physical damage. A skin wound is damage to the 

normal structure and function of the skin. This condition also leads to changes in the 

local environment. Skin wounds can occur due to acute injuries and chronic conditions. 

The wound healing process is fundamentally divided into four phases: coagulation, 

inflammation, proliferation, and remodeling. The normal healing process of the skin 

should result in the restoration of continuity and proper function. However, some 

injuries may not heal in a timely and regular manner. The underlying causes of chronic 

wounds include necrosis, an increase in reactive oxygen species, abnormal re-

epithelialization, infections, ongoing inflammation, bacterial colonization, and 

reduced angiogenesis. They are affected by factors classified into two main categories: 

local and systemic factors that influence wound healing. These include nutrition, 

hypoxic stress, chronic diseases, and infections. Among these, when considering 

infection, it is observed that microorganisms proliferate beneath the skin when a skin 

wound occurs, delaying the healing process. The application of electrical stimulation 

has recently emerged as a promising method to accelerate the wound healing process. 

Additionally, its effectiveness on bacteria was first tested by Rowley 30 years ago, but 

no records of optimization studies have been found. At this point, we applied 3V, 5V, 

8V, and 10V DC electricity on the bacteria commonly found in the wound area, namely 

Staphylococcus aureus, Pseudomonas aeruginosa, S. epidermidis, and Escherichia 

coli, examining the diameters of the zones formed at different durations (30 seconds, 

1 minute, 2 minutes, 5 minutes). It was observed that as the application time and 

voltage increased at the cathode, the zone diameter also increased. However, such a 

conclusive result could not be obtained at the anode. Furthermore, differences were 

observed in the fingerprint region and the CH₃, CH₂ regions in the FTIR results. This 

indicates that we need to focus on the effect of this electrical application on the 

bacterial cell wall and cell membrane. 
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Cilt üç katmanlı yapısı ile vücudu çeşitli termal, kimyasal ve fizksel hasardan koruyan 

bedenin en büyük organıdır. Cilt yarası cildin normal yapısına ve işlevine verilen 

zarardır. Bu durum yerel ortamın değişmesine de yol açar. Cilt yaraları akut 

yaralanmalar ve kronik durumlar nedeniyle meydana gelebilir. Yara iyileşme süreci 

temelde koagülasyon, inflamasyon, proliferasyon ve yeniden modellenme fazı olarak 

dörde ayrılmıştır. Cildin normal iyileşme süreci sürekliliğinin ve doğru işlevinin 

yeniden sağlanması ile sonuçlanmalıdır. Fakat bazı yaralanmalar zamanında ve 

düzenli bir şekilde iyileşmeyebilir. Kronik yaraların temelinde nekroz, reaktif oksijen 

türlerinin artışı, anormal re-epitelizasyon, enfeksiyonlar devam eden iltihaplanma, 

bakteriyel kolonizasyon ve azalmış anjiyogenez yer alır. Yara iyileşmesini etkileyen 

yerel ve sistemik faktörler olarak iki ana kategoriye sınıflandırılan faktörlerden 

etkilenir. Bunlar beslenme, hipoksik stres, kronik hastalıklar ve enfeksiyon olarak 

sıralanabilir. Bunların içerisinden enfeksiyon dikkate alındığında cilt yarası meydana 

geldiğinde mikroorganizmaların cilt altındaki dokulara yayılım gösterdiği ve yara 

iyileşmesini geciktirdiği görülmektedir. Yaraların iyileşme sürecini hızlandırmak için 

elektriksel uyarı uygulaması son zamanlarda umut verici bir yöntem olarak ortaya 

çıkmıştır. Ayrıca bakteriler üzerindeki etkinliği 30 yıl önce ilk kez Rowley tarafından 

denenmiş fakat optimizasyona yönelik çalışma kaydı bulunamamıştır. Bu çalışmada 

yara bölgesinde yoğunlukla bulunan Staphylococcus aureus, Pseudomonas 

aeruginosa, S.epidermidis ve Escherichia coli bakterileri üzerinde 3V, 5V, 8V ve 10V 

DC elektrik uygulaması yapılarak farklı sürelerde (0.30 sn, 1 dk, 2 dk, 5 dk) oluşan 

zon çapları incelendi. Katot ucunda zon çaplarının uygulama süresi ve voltaj miktarı 

arttıkça zon çapının arttığı görüldü. Anot ucunda ise sağlıklı bir sonuç elde edilemedi. 

Bununla birlikte yapılan FTIR sonucunda parmak izi bölgesinde ve CH₃, CH₂ 

bölgelerinde farklılıklar görüldü. Bu elektrik uygulamasının bakterinin hücre duvarına 

yaptığı etki üzerinde durmamız gerektiğini göstermektedir.  
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1.1. Skin Structure and Function 

The skin, as the largest organ of the body [1], consists of a complex blend of lipids, 

proteins, water, and minerals [2]. The integumentary system is organized into three 

primary layers: the outer layer known as the epidermis, the middle layer called the 

dermis, and the innermost layer referred to as the hypodermis (Figure 1). Each of these 

layers has its own specific functions, but together they form a comprehensive shield—

protecting the body from microbial invasion and various external hazards, reducing 

the risk of mechanical, thermal, and physical injuries, minimizing moisture loss, 

lessening the impact of ultraviolet (UV) radiation, and even contributing to vitamin D 

synthesis [3, 4].   

1.1.1 Epidermis 

Human epidermis is a multilayered epithelium derived from keratinocytes, composed 

of stacked squamous epithelial cells, keratinized (thus lacking blood vessels) and 

generally consist of approximately 40 to 50 layers. The epidermis typically occurs in 

four basic layers: stratum basale, stratum spinosum, stratum granulosum and stratum 

corneum. The innermost layer stratum basale, consists of the youngest and least 

differantiated progenitor cells (keratinocyte) that constantly renews the epidermis. 

These basal keratinocytes, contribute to keratin production by differantiating when 

they divide vertically on a thin membrane called the basal lamina that separetes the 

epidermis from the dermis, while their horizontal division provides support for post 

injury tissue repair [5]. 

The stratum spinosum and stratum granulosum, which are layers of the epidermis, 

consist of nucleated cells. They consist of approximately 15 to 20 layers in total. The 

stratum granulosum contains many granules responsible for high levels of keratin 

synthesis. Langerhands cells, which are located in every layer of the epidermis, are 

more densely located in the stratum spinosum layer. The intracellular organelles and 

the nucleus gradually decompose and the accumulation of keratin takes place, forming 
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the durm stratum corneum. With the progression of keratinization, more keratin 

accumulation is seen. Dead keratinocytes accumulate and form a flexible and strong 

skin barrier [5]. The structure consisting of keratinized keratinocytes with a thickness 

of 10-20 μm is called the stratum corneum [6]. 

1.1.2  Dermis 

The dermis, which forms the middle layer of the skin, is a connective tissue consisting 

of fibers such as collagen and elastin, which are usually major elements of the skin [7, 

138]. Unlike keratinocytes found in the epidermis, fibroblasts that produce fibers such 

as collagen and elastin, which make up connective tissue, are sparse [5].  It controls 

the entry of vascular and nerve networks, epidermal appendages, fibroblasts, mast 

cells, macrophages and other blood cells by allowing the induction of signals in the 

epidermis. The epidermal-dermal junction is a structure that allows the exchange of 

substances between the epidermis and the dermis. This structure is home to skin 

appendages such as sweat glands, sebaceous glands, and hair follicles [8].  

1.1.3 Hipodermis 

The hypodermis, which consists of connective tissue and adipose tissue under the 

dermis layer, is the last layer of skin before skeletal muscle  [9]. The hypodermis is 

home to, large blood vessels, fat stromal cells, nerves and fat cells. It supports 

keratinocyte and fibroblast proliferation. Thermoregulation is important for the 

structures not to be affected by trauma, the energy reserve and the production of 

hormones such as leptin produced by adipose tissue [10, 139]. Age, hormones, genetic 

factors and where they are located in the body have a significant impact on the 

accumulation of fat cells in the hypodermis layer [11, 12, 13]. Depending on the diet, 

the size of the fat cells varies [14]. Macrophages, fibrous bands, collagen, and elastin 

are components that connect the hypodermis to the dermis. It is possible to see hair 

follicles embedded in the hypodermis [15]. 
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Figure 1.1: Skin layer (Created with Biorender). 

 

1.2. Background of Wound Healing 

1.2.1. Definition of Wound 

The skin, as the body’s largest external organ, serves as a primary shield against 

physical damage and harmful microorganisms, and any disruption to this protective 

barrier should ideally be swiftly restored [16]. A skin wound is the damage to the skin's 

normal structure and function, which also leads to the alteration of the local tissue 

environment [17]. A wound is any damage to living tissue that can affect not only the 

epidermal layer of the skin but also the underlying subcutaneous structures, depending 

on the severity of the injury [16]. Skin wounds can occur due to acute injuries (such 

as surgical wounds, skin abrasions) or other chronic conditions (such as diabetic ulcers, 

venous ulcers) [18]. Self-healing of wounds can occur in about two weeks. This is the 

case for most wounds [19].  

1.2.2. Phases of Wound Healing 

The wound healing process is typically divided into four phases: the coagulation phase, 

the inflammation phase, the proliferation phase, and the remodeling phase (Figure 1.2).  
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Figure 1.2: Phases of wound healing (Created with Biorender). 

 

1.2.2.1. The Coagulation Phase 

In the event of any skin injury, the primary and immediate task is to rapidly close the 

exposed tissue. This is achieved through local constriction of blood vessels 

(vasoconstriction) and the formation of a blood clot. The occurrence of the response is 

necessary both to prevent blood loss and to prevent pathogens from entering the tissue. 

With the narrowing of the blood arteries, the process of minimizing bleeding in the 

vascular system is entered. With the induction of vasoconstrictors such as endothelin 

to minimize bleeding, vascular smooth muscles begin to contract [20]. 

Catecholamines, including epinephrine and norepinephrine, along with 

prostaglandins, contribute significantly to the regulation of vasoconstriction. Platelets 

are a primary source of platelet-derived growth factor (PDGF). This signaling 

molecule triggers the stimulation of mesenchymal-derived cells, specifically vascular 

smooth muscle cells found within blood vessel structures [21]. 

A mesh-like fibrin structure that closes the injury site is generated through platelet 

activation and the initiation of blood clotting mechanisms. This blood clotting 

mechanism involves a sequential activation of several serine proteases.  As a result, 

thrombin enzymatically converts fibrinogen, giving rise to fibrin fibers that form the 
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clot framework [22]. Although there are various pathways that initiate the clotting 

cascade, the internal pathway is one of the most important. This pathway becomes 

activated when factor XII interacts with certain negatively charged components, 

including collagen found at the injury site [23]. 

Any deficiency in the progression of coagulation can lead to the inability to stop 

bleeding in the injured area [24, 25]. Platelet degranulation enables the discharge of 

diverse soluble factors into the wound area, including transforming growth factor-β 

(TGF-β), PDGF, Stromal cell-derived factor 1 (SDF1/CXCL12), Vascular Endothelial 

Growth Factor (VEGF), and endostatin [26]. However, platelets are not absolutely 

necessary for repair, highlighting the redundancy and integration of many components 

that have evolved in this vital repair process [22]. For instance, the primary immune 

defense, inflammation, and blood clot formation are interconnected processes that 

mutually activate each other at the wound site [27, 28]. Molecular models are injury 

or pathogen-associated signals that stimulate the release of inflammation inducing 

mediators through Toll-like receptor (TLR) signaling pathways. This triggers the 

migration of diverse immune cells to the wound site, signaling the beginning of the 

inflammatory stage of healing process. 

1.2.2.2. The Inflammation Phase 

Leukocytes are made up of 50% to 70% neutrophils in adults. Neutrophils are 

important in the management of inflammation at the sites of infection. They are 

dormant and have a lifespan of 8-12 hours in the circulation and 1-2 days in the tissues. 

Stimuli such as macrophages, growth factors, chemokines and N-formyl peptides play 

a very important role in initiating the inflammatory phase in wound areas. Of the 

leukocytes, neutrophils are the first to arrive at the wound site [29]. It produces NETs, 

which are chromatin filaments that extend outside the cell and contain cytosolic 

proteins, histones and proteases by neutrophils, which are activated to capture and 

destroy bacteria, fungi and viruses that are external pathogens [30, 31].  They may 

setback the closure of microbiologically model wounds [32, 33]. During the course of 

physiological tissue repair, neutrophils have a key function in eliminating 

microorganisms. They also release mediators that reduce the further recruitment of 

neutrophils. However, through macrophages, a process is initiated that changes the 

state of the damaged epithelial tissue from a pro-inflammatory and non-proliferative 
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state to an anti-inflammatory and non-proliferative state [34]. In the defense against 

infection, microorganisms are eliminated through multiple pathways, including the 

activity of proteolytic enzymes, the action of antimicrobial peptides, and the 

generation of reactive oxygen species (ROS). Neutrophils have a central function in 

these defense strategies.  These cells have a short lifespan and undergo programmed 

cell death (apoptosis) through pathways involving caspases and molecules such as 

cathepsin D [35, 36]. Neutrophils do not suppress the healing process; however, the 

deficiency of these cells can result in the formation of chronic and non-healing 

wounds. Neutrophils and immune cells such as inflammatory/M1 macrophages are 

essential components of the healing process and they are responsible for the 

elimination of pathogens, dead cells, and tissue debris. The shift from the 

inflammatory stage to the proliferative stage is largely supported by the phenotypic 

switch of M1 macrophages into the M2, anti-inflammatory subtype. These M2 

macrophages secrete multiple bioactive substances—such as matrix 

metalloproteinases (MMPs), signaling proteins, and tissue growth mediators—that 

assist in attracting various cell populations to the wound area. 

1.2.2.3. The Proliferation Phase 

The lack or inability to function of macrophages, which play an important role in the 

wound healing process, significantly prevents the wound from closing. Studies show 

that macrophages depleted during wound healing can lead to inability to remove 

necrotic tissue, reduce the number of fibroblasts, and inhibit progress in the healing 

process. Studies demonstrate that modulating inflammatory response may assist in 

decreasing scar formation in wound healing. With this distruption of macrophages 

activation at the wound area may prevent dissolution inflammation particularly 

diabetic wound. This regular inflammation stiuation, put at risk for wound closure and 

especially diabetic wounds scar formation may get worse. Constantly inflammation 

prevents phenotype resolution [37-39]. Lipid mediators such as resolvins, protectins, 

lipoxins and maresins play a role in the regulation of inflammation. These mediators 

control wound healing. They play a role in controlling and resisting inflammation. B 

and T lymphocytes, which initiate an immune response against foreign substances and 

pathogens, are important for wound healing [40]. Mast cells play an important role in 

initiating the inflammatory process while also terminating inflammation through 
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apoptosis. In addition its effects are seen in the wound healing process and in the 

fibrosis phase. Available data suggest that the findings regarding the associations 

between abnormal healing processes observed in mice and keloid and hypertrophic 

scar development warrant further investigation of these structures in terms of their 

functional roles and treatment approaches [39]. Therapeutic intervention is key 

especially when it comes to chronic or damaged wounds acceleration of wound closure 

and reduction of scar formation, understanding immune cells’ function in wound 

healing. Fibroblasts located in the dermal layers represent a diverse group of cells with 

highly versatile structures [41, 42].  Fibroblasts respond to soluble extracellular 

signals, such as growth factors and cytokines, undergoing an activation that triggers 

cellular proliferation and regulation of mellaproteinases. During the wound healing 

process, fibroblasts migrating to the granulation tissue begin collagen synthesis and 

replace the temporarily formed fibrin matrix [43, 44]. Myofibroblasts contribute to 

increased collagen accumulation and initiate wound contraction. Fibroblasts can sense 

mechanical loads in terms of both magnitude and direction, and transduce these signals 

into appropriate adaptive responses [43, 45].  Keratinocytes undergo activation 

triggered by exposure with hydrogen peroxide, growth factors, cytokines and 

pathogens along with changes in electrical gradients and mechanical tension. This 

activation occurs usually within 12 hours after injury.  This stimulus causes 

keratinocytes at the wound edge to go through a migratory and sharp phenotypic 

limited epithelial-mesenchymal transition [46, 47]. A transition occurs, where polarity 

shifts from a top-down direction to a front-reinforced direction. This shift indicates the 

movement of leading keratinocytes in a process referred to as re-epithelialization. To 

regenerate the epidermal layer, keratinocytes migrate laterally through the wounded 

area. Keratinocytes modulate their intercellular adhesion through PCKa-mediated 

alterations in desmosomes and electric field-induced changes in adherens junctions, 

facilitating their reorganization by the migrating epithelial layer [48]. In the neo-

epidermis, keratinocytes release matrix metalloproteinases (MMPs), which facilitate 

their migration, promote the synthesis of new extracellular matrix components, and 

aid in reconstructing the basal membrane [49, 50]. Keratinocytes multiply along the 

wound margins and move across the newly generated matrix, thereby contributing to 

wound closure and re-establishing the skin’s barrier function. Wound closure indicates 

the beginning of the remodeling or scar maturation phase. 
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1.2.2.4. The Remodelling Phase 

The remodeling and maturation phase is a long-term procedure that can last for months 

or even years. This process has a significant impact on scar formation and the 

likelihood of wound reappearence. The remodeling phase allows the neovascular 

system to regress and the tissue to remodel from newly formed tissue to fibrous tissue 

[51]. The presence of collagen III is first seen in the granulation tissue and is replaced 

by collagen I over time. Throughout this process, myofibroblasts in the granulation 

tissue actively synthesize matrix metalloproteinases (MMPs) and their inhibitors, 

tissue inhibitor of metalloproteinase (TIMPs), which are essential for the targeted 

breakdown of specific extracellular matrix components [51, 52]. An irregular synthesis 

of TIMPs and MMPs can result in an imbalance in Extra cellular matrix (ECM) 

remodeling, potentially playing a role in the formation of chronic wounds [51, 53]. 

Macrophages play a crucial role in wound remodeling, as they are tasked with breaking 

down excess ECM and clearing debris through phagocytosis [54]. 

1.2.3. Types of Wound 

Wounds can be classified into two types based on their causes and outcomes: acute 

and chronic wounds [55]. Normal or acute wounds heal through a systematic and 

structured process aimed at restoring the body’s physical and functional stability, 

ultimately resulting in full wound recovery [56, 57]. Standard acute wounds generally 

recover within 4 to 6 weeks with few complications [58]. The normal healing process 

of the skin should result in the reinstatement of its continuity and proper function. 

However, some wounds may not heal in a timely and orderly manner [59, 60]. Chronic 

wounds are defined as wounds that fail to advance through the healing stages within a 

timeframe of 42 days or less [61, 62]. The primary characteristics of chronic wounds 

include necrosis, elevated production of reactive oxygen species, abnormal re-

epithelialization, infections, exudation, ongoing inflammation, bacterial colonization, 

and reduced angiogenesis [63-66]. Chronic wounds are typically classified into three 

primary types: pressure ulcers, diabetic foot ulcers and vascular ulcers [67]. There are 

multiple factors that affect wound healing rates in preventing acute wounds from 

healing quickly and properly and from progressing to chronic wounds. Wound healing 
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can be influenced by factors that are classified into two main categories: local factors 

and systemic factors. 

1.2.4. Factors Affecting Wound Healing 

1.2.4.1. Nutrition 

Proper nutrition is critical at all stages of recovery. Whether at the micro or macro 

level, it is necessary to take these nutrients into the body at an adequate level. Proteins 

are necessary for the production of collagens that aid macrophage function and for the 

accumulation of extra cellular matrices (ECMs). Certain amino acids like arginine, are 

essential for inflammation. Carbohydrate and lipid consumption is necessary for 

cellular proliferation. Lipids play an important role in increasing immune responses 

and reducing oxidative stress. It also helps coagulation by facilitating the absorption 

of vitamins A, D, E, K [68]. Impaired cytokine release and subsequent immune 

response have been associated with malnutrition. Malnutrition plays a role in the 

infection and irregular wound healing process of patients [69]. Nutritional 

supplementation of malnourished patients results in less postoperative infection and 

short-term hospitalization [70]. Malnutrition is common in diabetic, elderly and obese 

individuals who are prone to chronic wound development. Considering this situation, 

it becomes a vital necessity to provide adequate and balanced nutrition in order for 

wound repair to proceed effectively [71]. 

1.2.4.2. Hypoxic Stress 

Acute tissue hypoxia occurs when the vessels around the wound site are injured and 

adequate oxygenation is not provided. This often leads to increased expression of 

hypoxia-inducible factor-1 (HIF-1), which plays a role in processes such as the 

regulation of immune response, vessel formation, and activation of growth factors, in 

order to contribute to the wound repair process [72]. In chronic tissue hypoxia, 

overexpression of HIF-1 is accompanied by inflammation, ROS production, and poor 

ECM accumulation. The effects of hypoxia include deterioration in angiogenesis, 

inhibition of cell migration to the wound site, and granulation tissue formation. As a 
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result, wound healing slowed down [73]. For this reason, long-term hypoxia should be 

prevented and tissue perfusion should be ensured in order to ensure timely recovery. 

1.2.4.3. Chronic Disease 

Chronic diseases can have a chain of processes that take time to resolve in wound 

healing. An example of these diseases is diabetes. There is a proven impairment in the 

healing of acute wounds seen in individuals with diabetes. Chronic nonhealing diabetic 

foot ulcers occur in an estimated 15% of all people with diabetes. Diabetic foot ulcers, 

which are serious complications of diabetes, lead 84% of all lower leg amputations 

associated with diabetes [74]. High levels of metalloprotease, which is one of the 

hallmarks of diabetic foot ulcers, are 60 times higher in chronic wounds than in acute 

wounds. The increase in protease activation is effective in inhibiting normal repair and 

promoting tissue destruction [75, 76].  

1.2.4.4. Infection 

When a skin injury occurs, microorganisms normally found on the skin surface reach 

the underlying tissues. Classification of microorganisms according to the proliferation 

and infection development in the wound allows the wound status to be evaluated as 

contamination, colonization, local infection/critical colonization and spreading 

invasive infection. 

Contamination refers to the presence of non-proliferating organisms on the wound, 

while colonization refers to the proliferation of microorganisms in the wound without 

tissue damage. Local infection or critical colonization represents a stage in which local 

tissue responses begin with the increase in microorganisms. Invasive infection is 

defined as the occurrence of damage to host tissues with the proliferation of 

microorganisms in the interior of the wound [77].  

The second stage of the healing process, the inflammation stage, plays a critical role 

in removing microorganisms that may cause infection. If effective decontamination is 

not achieved, the inflammatory process may be prolonged. Both bacteria and 

endotoxins can lead to prolonged increases in proinflammatory cytokines such as 

interleukin-1 (IL-1) and tumor necrosis factor- α (TNF-α), and prolong the 

inflammation phase. If this situation continues, the likelihood of the wound becoming 
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chronic and the healing process being compromised increases. Persistent inflammation 

also causes increased levels of matrix metalloprotease (MMP) family proteases that 

can degrade the Extracellular Matrix. This increased protease activity, together with a 

decrease in the amount of natural protease inhibitors, leads to rapid degradation of 

growth factors in chronic wounds [77, 78]. Staphylococcus aureus (S. 

aureus), Pseudomonas aeruginosa (P. aeruginosa), and β-hemolytic streptococci are 

common bacteria in infected and clinically non-infected wounds [77, 79]. P. 

aeruginosa and S. aureus appear to play an important role in bacterial infection of 

wounds. Many chronic ulcers fail to heal, probably because of the presence of biofilms 

containing P. aeruginosa, which protect the bacteria from the phagocytic activity of 

invading polymorphonuclear neutrophils (PMNs). This mechanism may explain the 

failure of antibiotics as a remedy for chronic wounds [80].  

 

 

Figure 1.3: Factors affecting wound healing (Created with Biorender). 

 

1.3. Challenges in Wound Healing 

Wound healing technologies and scar treatment products have become a growing 

industry area worth billions of dollars. The market for scar reduction products is 

estimated to be worth over $12 billion, while healing technology products are worth 

over $15 billion. It is estimated that between 2 and 4.5 million people in the United 

States suffer from chronic wounds. This situation creates an economic burden of 

approximately $25 billion each year, significantly straining the healthcare system. The 
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increase in healthcare spending, the aging of society, and the prevalence of chronic 

diseases such as diabetes play important roles in this increase in cost [81]. Tissue 

damage caused by traumas or operational procedures disrupts the integrity of the skin 

and creates a suitable environment for the development of infection. The healing of 

such injuries occurs through a chain of biological processes that are very precisely 

regulated. However, this process can be interrupted by various obstacles such as 

inadequate tissue perfusion, ongoing inflammation, pressure, infection and nutritional 

deficiencies. Vascularization, especially in the wound area, is vital for the successful 

completion of the treatment by ensuring adequate oxygen and nutrient transport [82]. 

As a promising method, the application of electrical stimulation to accelerate wound 

healing has recently emerged as a treatment method. In addition, important studies 

have been recorded in the creation and development of flexible electronic devices 

aimed at shortening recovery times [83].  

1.4. Role of Bioelectricity in Tissue Repair 

Our body's several parts (heart, brain, muscles and bones) are known to produce 

natural electrochemical impulses as an endogeneous bioelectric system. We recognize 

the endogenous electrical potential, which we sometimes call the skin battery, with its 

effects on the healing process of wounds [84-85]. In the untraumatized fence, there is 

a natural endogenous electrical potential between the epidermal and sub-epidermal 

layers. This potential is between 10 and 60 mV [85]. The electric potential between 

these layers is also called the transepithelial electric potential. The transepithelial 

electric potential is the result of the electrogenic activity generated by ion transport of 

𝑁𝑎+/𝐾+ ATPase pumps in epidermal cells [86]. It creates an electric potential that is 

positive at the wound edges and negative at the wound center. The potential difference 

of 10-60 mV can be measured within 2-3 mm of the wound [86-88]. Electric current 

can be sustained in humid conditions. However, with the drying of the wound surface, 

conductivity ends. In 1983, the relationship between ion motion and injury-induced 

electric current and tissue repair rate was determined. In one study, increasing the 

uptake of Cl⁻ and Na⁺ ions into the damaged corneal epithelium of rats by applying 

AgNO₃ led to a significant increase in the injury current, which contributed to the 

acceleration of the healing process. 
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A decrease in injury flow occurred in rat corneal wounds containing furosemide, a 

component that inhibits the outflow of Cl-. The decrease in this flow has also created 

broken corneal wounds. Clinical tests have shown that there is a voltage difference of 

100-150 mV/mm between the wound locations and intact skin [89-91]. These intra-

body electrical fields are of vital importance in the tissue repair process [89, 90]. 

Endogenous currents, which are a guide for cellular migration, also promote the 

healing of wounds [90]. It has been shown in many studies that electrical stimulation 

directs cell migration, angiogenesis, known as the formation of blood vessels, and 

nerve growth during the wound healing process, and plays a role in this process by 

accelerating wound healing [92-96]. Electrical stimulation has been shown to increase 

protein synthesis and blood circulation, but it has a bactericidal effect in a study 

conducted in 1987 [97].  

The stage called 0 hours after the occurrence of the injury is hemostasis. Studies 

investigating the effect of electrical stimulation on the process at this stage are rare. 

However, it has been shown to activate the platelet surface procoagulant markers and 

promote the production of platelet-derived microparticles [98]. Activation of 

complement cascades occurs after platelet degranulation. With the activation of 

inflammatory cells, the elimination of bacteria is achieved [99].  

The second stage, which is 1-3 days after the injury, is inflammation. At this stage, 

cells such as macrophages and neutrophils, which are involved in the early phase of 

the immune response, come into play. 

At this stage, EF can be an important participant in wound healing as well as 

biochemical factors. Endogenous EFs have been shown to potentiate cell phagocytosis 

and autolysis by increasing the electrical chemotaxis of neutrophils and macrophages 

using the change of strength of electrical stimulation [100]. Electric fields (EFs) have 

been shown to enhance macrophages' ability to recognize target cells and at the same 

time significantly increase the expression of proinflammatory cytokines such as TNF-

α, Neurotrophin-3 (NT3), IL-1 and Interleukin-23 (IL-23) [101, 102]. The results show 

that electrical stimulation has an effect on the inflammatory phase. 

The third stage, which is 4-21 days after the injury, is the proliferation stage. 

Regeneration of angiogenesis and granulation with the migration of keratinocytes at 

the wound edge plays a fundamental role in re-epithelialization [103]. Many cell types 
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respond to EFs via a phenylalanine nomenon called directional cell migration, 

galvanotaxy, or electrotaxy. EFs promote fibroplasia with the onset of the proliferative 

phase by directing fibroblasts to the injured area. One study showed that with the 

application of EF of 50-100 mV/mm, primary and cell line cultures of human dermal 

fibroblasts moved slowly and directionally towards the anode [95]. In another study, 

the electric current applied to the fibroblasts in the anterior cruciate ligament of the 

calf by the pulsed direct current found that these cells were positioned perpendicularly 

against the increase in migration rate and electrical stimulation [104].  

In the last stage, remodeling, accelerating wound shrinkage and epithelialization, EF 

directs the migration of myofibroblasts, epidermal cells, and keratinocytes close to the 

injured area. RhoA-regulated F-actin redistribution has been found to mediate EF-

induced fibroblast alignment. [105]. In an EF performed in vitro, endogenous wound 

EFs and keratinocytes migrate in the same direction towards the cathode [86,106, 

107,108,109,110]. 

1.5. Electrical Stimulation as a Therapeutic Strategy 

Electrical stimulation (ES) treatment has emerged as an alternative method to 

accelerate wound healing. The first discovery of the existence of bioelectricity was 

seen in the experiments carried out by the Italian biologist L.A. Galvani. Then, 

Meteucci discovered the damage potential by measuring the damage current at the 

separating end of the nerve and muscle of a frog's leg. E. J. Lund found that the 

direction of the endogenous bioelectric field is triggered and controlled by the 

bioelectric polarity of the ion current [111]. H. S. Burr studied the relationship between 

potential gradients in various species and organs and the developmental processes of 

these structures [112, 113]. In the mid to late 20th century, Jaffe and his colleagues 

made significant contributions to the field by demonstrating that electric field 

stimulation within physiological ranges could guide not only the migration of various 

cell types—such as fibroblasts, nerve cells, osteoblasts, osteoclasts, epidermal cells, 

macrophages, leukocytes, and amoeba—but also influence the growth direction of 

structures including nerves, mouse eggs, myoblasts, coelenterates, sea squirts, decidua, 

and fungi [114-120]. The membrane potential (Vm) between the two sides of the cell 

membrane in the smallest building block of the organism is called the potential 

difference. This potential difference is due to the charge gradient inside and outside 
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the membrane. Cells have different cell membrane potentials depending on their type, 

tissue and degree of differentiation. Cells that have undergone terminal differentiation 

are typically strongly negatively polarized, with membrane potentials ranging between 

−40 mV and −90 mV. In contrast, embryos, stem cells, and cancer cells tend to be 

more depolarized, showing less negative potentials—for instance, −8.5 mV in 

fertilized eggs, −23 mV in 4-cell stage embryos, and around −25 mV in 16-cell stage 

embryos [121, 122]. The natural electrical potential between the epidermal and sub-

epidermal layers of undamaged skin is between 10-60 mV [123]. This trans-epithelial 

voltage (TEP) increases greatly around a wound. Disruption of the epithelium by an 

injury short-circuits the TEP and directs positive electrical flow toward the wound [90, 

91]. Injuries produce electric current [124] and clinical studies have shown that the 

voltage difference between the wound area and the undamaged skin varies between 

100 and 150 mV/mm  [89-91]. The application of external electrical stimulation has 

been carried out by scientists and its effects on fractures, wounds and pain have been 

investigated. These various electrical applications include Direct current (DC), 

Alternating current (AC), HVPC (high voltage pulsed current) and low intensity DC 

(LIDC). Direct current is the continuous flow of electrical charge in one direction in a 

single phase waveform. Currents of 20–200 µA can be provided at low voltage [125]. 

AC has a biphasic waveform consisting of two alternating symmetrical electrical 

pulses. Voltages are 50-150 V depending on tissue hydration [125, 126].  Pulsed 

electromagnetic field (PEMF) is the most commonly used treatment for nonunions, 

and transcutaneous electrical nerve stimulation (TENS) is the most commonly used 

treatment for pain control. FREMS (frequency rhythmic electrical modulation 

systems) is a type of transcutaneous electrotherapy that uses ES to continuously vary 

the amount of stimulation (pulse, frequency, duration, and voltage) [127-129]. Pulsed 

current (PC) refers to the short-term passage of ions or electrons in a specific direction, 

either unidirectional or bidirectional, and is usually followed by short-term pulses 

followed by longer periods of no current. Each pulse is considered an independent 

electrical event separated by specific time intervals. According to a study, pulsed 

current stimulation usually consists of pulses lasting less than 1 millisecond or in the 

form of a square waveform that remains active for only 5% of the total time (low duty 

cycle). This structure prevents polarization of the signal while also helping to reduce 

the discomfort that continuous current can cause and the accumulation of acidic or 

basic substances around the electrode [130]. Studies have been conducted to 
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investigate the effects of electrical stimulation on bacterial colonization in the wound 

area with different electrical currents. In one study, it was reported that 100 µA DC 

did not have an inhibitory effect on any bacterial strain by exposing Staphylococcus 

aureus, Pseudomonas aeruginosa and Escherichia coli to alternating current (AC) or 

direct current (DC). However, 20 mA AC showed a 38% decrease in the number of 

viable cells (CFU) per unit that could form colonies in P. aeruginosa (p<0.05) [131]. 

There has been one study in which it was reported that the growth of three bacteria 

isolated from open wounds exposed to HVPC at a voltage of 250 V or higher for 2 

hours was inhibited at the anode and cathode [132]. In another study focusing on 

chronic wounds, the team exposed three strains obtained from chronic venous ulcers 

to constant diphasic (FD-B) current and high voltage monophasic current (HVMC) for 

30 and 60 minutes, respectively, and FD-B completely inhibited the colony forming 

units (CFU) of all three strains within 30 minutes (p<0.05), while HVMC caused an 

average of 50% CFU reduction on all bacteria except E. coli [133].  Daeschlein et al. 

[134], experimenting with electric current on three Gram-negative species (E. coli, P. 

aeruginosa, Klebsiella pneumonia) and three Gram-positive species (S. aureus, 

Staphylococcus epidermidis, Escherichia faecium) that frequently colonize chronic 

wounds, reported that 42 mA monophasic low-voltage pulsed current (LVPC) for 30 

minutes caused a significant decrease in CFU in all pathogens tested (p<0.01), while 

no antibacterial effect was recorded in the control group. However, it was stated that 

applying the current with positive polarity caused a greater bacteriostatic effect than 

with negative polarity.  Barranco et al. [135] exposed S. aureus to DC for 48 h using 

different electrodes (silver, platinum, gold and steel) and varying currents of 0.4, 4, 40 

and 400 µA and reported that the positive silver anode led to the highest reduction in 

bacterial growth at the lower current range (0.4 and 4 µA). 

Falcone and Spadaro [136] also reported that the electrically active silver anode 

exhibited significant bacteriostatic effects even at low direct current (4 µA). Asadi and 

Torkaman summarize the antibacterial effects of ES as a combination of direct effects 

(disruption of bacterial membranes and inhibition of bacterial cell proliferation) and 

indirect effects (pH changes, i.e., increased pH at the cathode and decreased pH at the 

anode; temperature changes; electrolysis products, e.g., toxic species, chlorine, 𝐻2𝑂2, 

radicals; and galvanotaxis, increased migration of white blood cells, such as 

macrophages and leukocytes, to the infected wound site) [137]. There are some points 
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to consider when supporting wound healing with electrical stimulation. First of all, the 

electrode to be used must be biocompatible, must not create a toxic effect in the 

environment it is in, and must support wound healing. However, the material used in 

wound healing must have the capacity to sustain the electric current for the duration 

of use until the wound closes, which can vary from a few hours to days. 
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Wound infections are significant clinical problems that prolong the healig process and 

can lead to serious complications. Nowadays, antibiotics are commonly used to 

combat these infections; however, antibiotic resistance complicates treatment 

processes. Alternatively, studies have been conducted on the inhibition or killing of 

bacteria through electrical stimulation, and this approach has shown promising results. 

However, in the literature, there are limited studies in which the effectiveness of 

treatment parameters (voltage, current, duration) in applications using DC (direct 

current) electrical stimulation has been systematically optimized. This situation 

prevents the method from reaching adequate standards for clinical use. In this study, 

the antibacterial effect of DC electrical stimulation was optimized, and then the 

chemical and structural changes induced by this application in bacterial cell 

membranes were analyzed using FTIR spectroscopy. Thus, it was attempted to reveal 

not only the killing of bacteria but also how this effect occurs at the molecular level. 

The obtained data is important in terms of grounding the electrical treatment 

parameters scientifically and making this method a safe and effective alternative in 

wound healing. 

2.  PURPOSE OF THE STUDY  
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3.1. Materials and Method 

Sodium chloride (Sigma Aldrich Lot#SZBD1280V) 

Tryptone D, Type IV (HiMedia, RM193-500G) 

Yeast Extract Powder, Type I (HiMedia, RM668-500G) 

Peptone, Bacteriological  HiMedia  RM001, 500g 

Petri dish 

Electrode 

Peqlab Electrophoresis power supply (EV 202) 

Stainless steel 316L 

Incubator 

Ruler 

Escherichia coli (ATCC® 25922™) 

Pseudomonas aeruginosa (ATCC® 27853™)  

Staphylococcus aureus ATCC® 25923™) 

Staphylococcus epidermidis (ATCC® 12228™) 

3.1.1. Preparation of Culture Media 

A solid medium mixture was created by adding 2 grams of Tryptone D, Type IV 

(HIMEDIA, RM193-500G), 1 gram of Yeast Extract Powder, Type I (HIMEDIA, 

3.  EXPERIMENT 
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RM668-500G), 1 gram of Sodium chloride (Sigma Aldrich Lot#SZBD1280V) and 3 

grams of Peptone (Bacteriological  HiMedia  RM001) to 200 ml of distilled water. 

From this mixture, enough was prepared for 64 petri dishes. The prepared mixtures 

were taken to a solid autoclave. After 1 hour and 20 minutes, the ready media were 

poured onto the solid media without solidifying. The media were left to cool. Of the 

cooled media, 16 were separated for E.coli, 16 for P.aeruginosa, 16 for S.aureus, and 

16 for S.epidermidis. Each petri dish allocated for each bacterium was labeled with 

how much voltage and for how long it would be exposed to DC current. After the 

E.coli inoculation, it was expected to settle on the medium for 10 minutes, and then 

electrical currents were applied. After the application of the electrical current, it was 

left to grow in the incubator at 37 °C for 18 hours. The same procedures were applied 

on other days for the other bacteria. 

3.1.2. DC Current 

Stainless steel 316L wires with a length of 20 mm were preferred as the electrode 

material. In the application of electrodes, the spacing of the anode and cathode was 

realized as 45 mm (Figure 3.1). 3V electrical application was performed for 30 sec, 1 

min, 2 min and 5 min, and each of these applications was applied as 3 repetitions in 

the same petri dish. Electrical application was performed as 3V, 5V, 8V and 10V for 

30 sec, 1 min, 2 min and 5 min for each voltage (Figure 3.2). After exposure to ES, 

each plate was incubated at 37 °C for 18 h. Using a millimeter ruler, it was measured 

how much bacterial growth was prevented in the area where the electrode was applied. 

 

 

Figure 3.1: The application of DC electric current to the anode and cathode terminals 

 for specified durations. 
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Figure 3.2: Device used for DC electric current peqlab EV202. 

 

3.1.3. AC Current 

LB agar medium was created and bacteria were planted respectively. 16 plate media 

were created for each bacterium. A total of 64 media were created. Stainless steel 316L 

wires with a length of 20 mm were preferred as the electrode material. In the 

application of electrodes, the spacing of the anode and cathode was maintained at 45 

mm. 3V electrical application was performed for 30 sec, 1 min, 2 min and 5 min, and 

each of these treatment was applied as 3 repetitions within the same Petri dish. 

Electrical application was performed as 2V, 4V, 6V, 8V and 10V for 30 sec, 1 min, 2 

min and 5 min for each voltage. After exposure to ES, each plate was incubated at 37 

°C for 18 h. Using a millimeter ruler, it was measured how much bacterial growth was 

prevented in the area where the electrode was applied. 

3.1.4. FTIR Experiment 

Swabs were taken from control bacteria to which no electricity was applied and placed 

in eppendorfs. Swabs were taken from the bacteria remaining at the edges of the zone 

formed during the 5V 5 minute application of E. coli and S. aureus bacteria to which 

DC electricity was applied. These bacterial swabs were taken from two different zones 

as anode application and cathode application and placed in eppendorfs. These controls 

and samples were kept in an oven overnight and dried. The dried controls and samples 

were ready for Fourier Transform Infrared Spectroscopy (FTIR) measurements. FTIR 

measurements were performed in transmission mode using the Perkin Elmer Spectrum 

4000 in the range of 800 to 4000 𝑐𝑚−1.  
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AC electric current did not affect bacteria growth. The diameters of the inhibition 

zones created by the application of DC electric current on E. coli, P. aeruginosa, S. 

aureus, and S. epidermidis bacterial strains at the anode and cathode are given in 

Tables 4.1-4.8. 

 

Table 4.1: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the cathode side over E.coli. 

DC Electricity Current Application to E. coli Bacteria (CATHODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0.4 cm 0.4 cm 0.4 cm 

1 min 0.4 cm 0.4 cm 0.4 cm 

2 min 0.5 cm 0.4 cm 0.5 cm 

5 min 0.7 cm 0.7 cm 0.7 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0.3 cm 0.3 cm 0 

1 min 0.7 cm 0.7 cm 0.6 cm 

2 min 0.8 cm 0.8 cm 0.8 cm 

5 min 1.5 cm 1.5 cm 1.3 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0.3 cm 0.4 cm 0.4 cm 

1 min 0.9 cm 0.8 cm 0.8 cm 

2 min 1.2 cm 1.8 cm 1.8 cm 

5 min 2.1 cm 2.1 cm 2.1 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.6 cm 0.6 cm 0.8 cm 

1 min 0.8 cm 1 cm 0.7 cm 

2 min 1.6 cm 1.6 cm 1.5 cm 

5 min 2.2 cm 2.3 cm 2.3 cm 

 

 

 

 

4. RESULTS 
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Table 4.2: Measurements of the inhibition zones created by DC electric current at 

     different durations and voltages on the anode side over E. coli. 

DC Electricity Current Application to E. coli Bacteria (ANODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0 0 0 

5 min 0 0 0 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0 0 0 

5 min 0 0 0 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0.6 cm 0.6 cm 0.6 cm 

2 min 0 0 0 

5 min 1.1 cm 1.2 cm 1.1 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0 0 0 

5 min 1.4 cm 1.5 cm 1.5 cm 
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Table 4.3: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the cathode side over P. aeruginosa. 

DC Electricity Current Application to P. aeruginosa Bacteria (CATHODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0.3 cm 0.4 cm 0.4 cm 

1 min 0.5 cm 0.5 cm 0.5 cm 

2 min 0.6 cm 0.5 cm 0.6 cm 

5 min 1 cm 1.1 cm 1.1 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0.5 cm 0.4 cm 0.4 cm 

1 min 0.7 cm 0.6 cm 0.7 cm 

2 min 0.9 cm 0.8 cm 0.8 cm 

5 min 1.7 cm 1.6 cm 1.6 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0.8 cm 0.7 cm 0.7 cm 

1 min 0.9 cm 0.9 cm 1 cm 

2 min 1.3 cm 1.4 cm 1.4 cm 

5 min 1.9 cm 2.1 cm 2 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.6 cm 0.7 cm 0.8 cm 

1 min 0.9 cm 1 cm 0.9 cm 

2 min 2.1 cm 1.9 cm 1.5 cm 

5 min 2.7 cm 2.8 cm 2.8 cm 
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Table 4.4: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the anode side over P. aeruginosa. 

DC Electricity Current Application to P. aeruginosa Bacteria (ANODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0 0 0 

5 min 0.6 cm 0.7 cm 0.6 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0.3 cm 0.3 cm 

1 min 0.4 cm 0.5 cm 0.5 cm 

2 min 0.6 cm 0.6 cm 0.7 cm 

5 min 1.2 cm 1.1 cm 1.1 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0.1 cm 0.5 cm 

1 min 0.6 cm 0.6 cm 0.7 cm 

2 min 0.8 cm 1 cm 0.9 cm 

5 min 1.4 cm 1.5 cm 1.4 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0.5 cm 

1 min 0 0 0 

2 min 0 0.7 cm 0.9 cm 

5 min 1.4 cm 1 cm 0.6 cm 
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Table 4.5: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the cathode side over S.aureus. 

DC Electricity Current Application to S. aureus Bacteria (CATHODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0.4 cm 0.5 cm 0.5 cm 

1 min 0.6 cm 0.6 cm 0.6 cm 

2 min 0.8 cm 0.8 cm 0.8 cm 

5 min 0.9 cm 1 cm 1 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0.6 cm 0.7 cm 0.7 cm 

1 min 0.8 cm 0.8 cm 0.7 cm 

2 min 0.9 cm 0.9 cm 0.9 cm 

5 min 1.5 cm 1.8 cm 1.7 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0.7 cm 0.8 cm 0.6 cm 

1 min 0.9 cm 0.8 cm 0.8 cm 

2 min 1.55 cm 1.55 cm 1.3 cm 

5 min 2 cm 2.2 cm 2.1 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.7 cm 0.6 cm 0.5 cm 

1 min 1.1 cm 1.2 cm 1.1 cm 

2 min 1.8 cm 1.55 cm 1.6 cm 

5 min 2.4 cm 2.5 cm 2.6 cm 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

27 

 

Table 4.6: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the anode side over S.aureus. 

DC Electricity Current Application to S. aureus Bacteria (ANODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0.55 cm 0.6 cm 0.55 cm 

5 min 0.7 cm 0.8 cm 0.8 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0.7 cm 0.75 cm 0.7 cm 

5 min 1 cm 1.1 cm 1.1 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0.5 cm 0.5 cm 0.6 cm 

1 min 0.7 cm 0.7 cm 0.7 cm 

2 min 1 cm 1 cm 0.95 cm 

5 min 1.4 cm 1.5 cm 1.4 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.35 cm 0.55 cm 0.5 cm 

1 min 0.55 cm 0.75 cm 0.8 cm 

2 min 1 cm 0.95 cm 1 cm 

5 min 1.6 cm 1.7 cm 1.7 cm 
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Table 4.7: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the cathode side over S.epidermidis. 

DC Electricity Current Application to S. epidermidis Bacteria (CATHODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0.4 cm 0.4 cm 0.4 cm 

1 min 0.4 cm 0 0.4 cm 

2 min 0.6 cm 0.6 cm 0.6 cm 

5 min 0.9 cm 1 cm 1 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0.3 cm 0.3 cm 0.3 cm 

1 min 0.7 cm 0.7 cm 0.6 cm 

2 min 1 cm 0.9 cm 0.9 cm 

5 min 1.2 cm 1.5 cm 1.5 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0.4 cm 0.3 cm 0.4 cm 

1 min 0.9 cm 0.9 cm 0.9 cm 

2 min 1.2 cm 1.2 cm 1.1 cm 

5 min 1.75 cm 2.1 cm 1.95 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.6 cm 0.6 cm 0.55 cm 

1 min 1 cm 0.9 cm 0.9 cm 

2 min 1.3 cm 1.5 cm 1.4 cm 

5 min 2 cm 2.1 cm 2.1 cm 
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Table 4.8: Measurements of the inhibition zones created by DC electric current at 

different durations and voltages on the anode side over S.epidermidis. 

DC Electricity Current Application to S. epidermidis Bacteria (ANODE) 

3 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0.4 cm 0.4 cm 0.4 cm 

5 min 0.6 cm 0.65 cm 0.7 cm 

5 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0.55 cm 

2 min 0.5 cm 0.4 cm 0.6 cm 

5 min 0.9 cm 0.9 cm 0.9 cm 

8 Volt 

Time 1. application 2. application 3. application 

30 sec 0 0 0 

1 min 0 0 0 

2 min 0.5 cm 0.4 cm 0.6 cm 

5 min 1.3 cm 1.3 cm 1.2 cm 

10 Volt 

Time 1. application 2. application 3. application 

30 sec 0.3 cm 0.3 cm 0.4 cm 

1 min 0 0 0 

2 min 0.8 cm 0.9 cm 0.8 cm 

5 min 1.25 cm 1.45 cm 1.32 cm 

 

 

The bar graphs below shows the data obtained by taking the average of the diameters 

of each zone created by the bacteria as 3 replicas at the cathode of the DC current 

(Figures 4.1-4.4).  
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Figure 4.1: The zone diameters formed by E.coli bacteria under different positive 

  voltages and application durations.  

 

 

Figure 4.2: The zone diameters formed under different positive voltages and 

    application durations of P. aeruginosa bacteria. 
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Figure 4.3: The zone diameters formed under different positive voltages and 

    application durations of S. aureus bacteria. 

  

 

Figure 4.4: The zone diameters formed under different positive voltages and 

    application durations of S. epidermidis bacteria. 

 

The bar graphs below shows the data obtained by taking the average of the diameters 

of each zone created by the bacteria as 3 replicas at the anode of the DC current 

(Figures 4.05-4.08). 
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Figure 4.5: The zone diameters formed by E. coli bacteria under different negative 

  voltages and application durations. 

 

 

Figure 4.6: The zone diameters formed under different negative voltages and  

    application durations of P. aeruginosa bacteria. 
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Figure 4.7: The zone diameters formed under different negative voltages and 

    application durations of S. aureus bacteria. 

 

 

Figure 4.8: The zone diameters formed under different negative voltages and 

   application durations of S. epidermidis bacteria.  

 

The images of the inhibition zones at the anode and cathode during the application of 

3V, 5V, 8V, and 10V electrical stimulation of bacterial strains for a duration of 30 

seconds are provided below (Figures 4.9-4.24). 
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Figure 4.9: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, and 

S. epidermidis bacteria to 30 seconds of electrical stimulation at 3 volts at 

the anode. 

 

 

Figure 4.10: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 5 

   volts at the anode. 
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Figure 4.11: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 8 

   volts at the anode. 

 

 

Figure 4.12: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 10 

   volts at the anode. 
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Figure 4.13: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 3 

   volts at the cathode. 

 

 

Figure 4.14: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 5 

   volts at the cathode. 
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Figure 4.15: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 8 

   volts at the cathode. 

 

 

Figure 4.16: Inhibition zones created by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to 30 seconds of electrical stimulation at 10 

   volts at the cathode. 
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Figure 4.17: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 3 Volts of electrical stimulation 

   for 1 minute. 

 

 

Figure 4.18: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 5 Volts of electrical stimulation 

   for 1 minute. 
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Figure 4.19: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 8 Volts of electrical stimulation 

   for 1 minute. 

 

 

Figure 4.20: Inhibition zones formed by exposing E.coli, S.aureus, P.aeruginosa and 

   S.epidermidis bacteria to negative 10 Volts of electrical stimulation for 

  1 minute.  
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Figure 4.21: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 3 Volts of electrical stimulation 

   for 1 minute. 

 

 

Figure 4.22: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 5 Volts of electrical stimulation 

   for 1 minute. 
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Figure 4.23: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 8 Volts of electrical stimulation 

   for 1 minute. 

 

 

Figure 4.24: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 10 Volts of electrical stimulation 

   for 1 minute. 

 

The representation of the inhibition zones of bacterial strains exposed to the same 

voltage for the same durations is shown in the graphs below (Figures 4.25-4.32). 
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Figure 4.25: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 3 Volts of electrical stimulation 

   for 2 minute. 

 

 

Figure 4.26: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 5 Volts of electrical stimulation 

   for 2 minute. 

 



 

43 

 

 

Figure 4.27: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 8 Volts of electrical stimulation 

   for 2 minute. 

 

 

Figure 4.28: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 10 Volts of electrical stimulation 

   for 2 minute. 
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Figure 4.29: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 3 Volts of electrical stimulation 

   for 2 minute. 

 

 

Figure 4.30: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 5 Volts of electrical stimulation 

   for 2 minute. 
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Figure 4.31: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 8 Volts of electrical stimulation 

   for 2 minute. 

 

 

Figure 4.32: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 10 Volts of electrical stimulation 

   for 2 minute. 

    

The representation of the inhibition zones of bacterial strains exposed to the same 

voltage for the same durations is shown in the graphs below (Figures 4.33-4.40). 
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Figure 4.33: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 3 Volts of electrical stimulation 

   for 5 minute. 

 

 

Figure 4.34: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 5 Volts of electrical stimulation 

   for 5 minute. 
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Figure 4.35: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 8 Volts of electrical stimulation 

   for 5 minute. 

 

 

Figure 4.36: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to negative 10 Volts of electrical stimulation 

   for 5 minute. 
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Figure 4.37: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 3 Volts of electrical stimulation 

   for 5 minute. 

 

 

Figure 4.38: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 5 Volts of electrical stimulation 

   for 5 minute. 
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Figure 4.39: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 8 Volts of electrical stimulation 

   for 5 minute. 

 

 

Figure 4.40: Inhibition zones formed by exposing E. coli, S. aureus, P. aeruginosa, 

   and S. epidermidis bacteria to positive 10 Volts of electrical stimulation 

   for 5 minute. 
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The FTIR spectra of E. coli and S. aureus cells treated with the ES and the untreated 

control cells are given in Figure 4.41 and Figure 4.42. 

 

 

Figure 4.41: The FTIR spectra of the sample taken from the circumference of the zone 

   formed in the culture of the E. coli bacteria exposed to electrical 

   stimulation.  

 

 

Figure 4.42: The FTIR spectra of the sample taken from the circumference of the zone 

   formed in the culture of the S. aureus bacteria exposed to electrical 

   stimulation.  
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Figure 4.1, created from the data presented in Table 4.1, demonstrates the effect of 

DC current on E. coli cells at the cathode, where a gradual increase in the zone 

diameter for each applied time except for the durations of 3V 30 seconds and 3V 1 

minute during the application of electrical stimulation at voltages of 3, 5, 8, and 10 

volts is observed. There is no significant difference observed between the application 

duration of 30 seconds at 3V and the 1-minute application for E. coli bacteria.  

Figure 4.5, created from the data obtained from Table 4.2, demonstrates the effect of 

DC current on E. coli cells at the anode. It is observed that the DC current application 

conducted on E. coli bacteria yielded significant results only in 3 applications at the 

anodic end. In general, the effect of DC current on E. coli cells at the anode is less 

effective compared to the cathode. Moreover, some inconsistency exists in the effect 

observed for the anode. 

Figure 4.2, created from the data obtained from Table 4.3, it can be seen that with the 

application of DC current to P. aeruginosa bacteria at different voltages and durations, 

the zone diameter increases proportionally with the increase in duration at each voltage 

at the cathodic end. 

In Figure 4.6, created from data obtained from Table 4.4, there is no effect observed 

until the 5 minute of application of a 3V DC electric current to the P. aeruginosa 

bacteria at the anode. Significant increases are observed with 5V and 8V applications. 

However, the 30 second application of the 8V treatment shows high variability. A 

stable and consistent result has not been achieved. 10V application data also shows 

discrepencies as, there was no effect observed within the 1-minute application. 

However, during one of the three replicates of a 30-second duration application, there 

was a killing effect observed, while no effect was observed in the others. In the 2-

minute applications of 10V, no effect was observed in one instance, while the values 

obtained in the 5-minute application are very distant from each other, showing high 

variability. Again, the effect of DC current on P. aeruginosa cells at the anode is less 

effective and inconsistent compared to the cathode.   

5. CONCLUSION 
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In Figure 4.3, created from data obtained from Table 4.5, it is seen that the zone 

diameter increases in proportion to the duration increase at each voltage for the S. 

aureus bacteria subjected to DC electric current at the cathode.  

In Figure 4.7, created from data obtained from Table 4.6, at 3V and 5V, there is no 

effect observed in 30 seconds and 1 minute for the DC electric current applied to the 

S. aureus bacteria at the anode. However, a gradual increase in zone diameter is 

observed with increasing duration for the remaining voltages. The inhibition zones 

increases gradually at both cathode and anode, but the effect of DC current on P. 

aeruginosa cells at the anode is less effective compared to the cathode.    

In Figure 4.4 created with the data obtained from Table 4.7, during the application of 

DC electric current to S. epidermidis bacterium at the cathode, an average zone 

diameter of 0.40 cm is observed with an application time of 30 seconds and a zone 

diameter of 0.27 cm is observed with a 1-minute application. Although there is a 

significant increase in duration and voltage at the cathode, a decrease is observed here. 

This may have occurred due to experimental error. Because while a zone diameter was 

obtained in two applications of 3 replicates, no effect was seen in one application. 

In Figure 4.8 created with the data obtained from Table 4.8, there is no effect observed 

at the anode during the application of DC electric current to S. epidermidis bacterium 

at 3V for 30 seconds and 1 minute. At 5V, no effect is observed at 30 seconds, while 

in a 1-minute application, no effect is seen in 2 of the 3 replicates, whereas a zone 

diameter of 0.55 cm was formed in the 3rd replicate. No effect was observed at 8V 

during 30 seconds and 1 minute. No effect was observed during a 1-minute application 

at 10V. However, distinct effects have been shown in shorter and longer duration 

applications. Once more, the effect of DC current on P. aeruginosa cells at the anode 

is less effective compared to the cathode and some inconsistency exists at the anode. 

When the effects of the same duration and voltage on all bacteria are examined, the 

responses of the bacteria to electrical stimulation with respect to each other have been 

investigated. In Figure 4.9, during the 30-second application at 3V, no zone diameter 

was formed at the anode for any of the bacteria. In Figure 4.10, during the 30-second 

application at 5V, an average zone diameter of 0.20 cm was formed at the anode for 

P. aeruginosa bacteria (Table 4.4).  
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In Figure 4.11, during the 30-second application at 8V, a zone diameter of 0.53 cm 

was formed in S. aureus bacteria, while an average zone diameter of 0.20 cm was 

observed in P. aeruginosa bacteria. In Figure 4.12, during the 30-second application 

at 10V, a zone diameter of 0.47 cm was seen in S. aureus bacteria. In S. epidermidis 

bacteria, a zone diameter of 0.33 cm was formed. Since the obtained values are close 

to each other and consistent, this value can be considered significant. From Figure 

4.09 to Figure 4.12, despite the increase in voltage in E. coli bacteria, it has been 

observed that there was no effect at the anode during the 30-second application. 

In Figure 4.13, during the application of DC current for 30 seconds at 3V, inhibition 

zones of 0.40 cm in diameter were observed in E. coli bacteria, 0.47 cm in S. aureus 

bacteria, 0.37 cm in P. aeruginosa bacteria, and 0.40 cm in S. epidermidis bacteria at 

the cathode. When the obtained values are compared with those in Tables 1, 3, 5, and 

7, they are considered significant because they are close and consistent. Among these 

four bacteria, S. aureus showed the most inhibition, while the lowest inhibition amount 

was seen in P. aeruginosa.  

In Figure 4.14, during the application of DC current for 30 seconds at 5V, a zone 

diameter of 0.3 cm was formed in 2 out of 3 replicates for E. coli, while no zone 

diameter was observed in 1 replicate. In S. aureus bacteria, an inhibition zone of 0.67 

cm, 0.43 cm in P. aeruginosa, and 0.30 cm in S. epidermidis was observed. More 

inhibition was seen in S. aureus, while the lowest average inhibition was observed in 

E. coli.  

In Figure 4.15, when the effects of the 30 seconds application at 8V on the bacteria 

were examined, inhibition diameters of 0.37 cm in E. coli, 0.70 cm in S. aureus, 0.73 

cm in P. aeruginosa, and 0.37 cm in S. epidermidis were observed. In Figure 4.16, the 

effects of the 30 seconds application at 10V on the bacteria at the cathode were 

examined. Inhibition zone diameters of 0.67 cm in E. coli, 0.60 cm in S. aureus, 0.70 

cm in P. aeruginosa, and 0.58 cm in S. epidermidis were formed. 

In Figure 4.17, under the application of 3V for 1 minute, no zone diameter formation 

was observed at the anode with DC current for any bacteria.  

In Figure 4.18, under the application of 5V for 1 minute, while no zone diameter was 

observed at the anode for E. coli and S. aureus bacteria, a zone of 0.47 cm in diameter 

was formed in P. aeruginosa and an average zone of 0.18 cm in S. epidermidis bacteria. 
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When examining the 3 replicates of S. epidermidis bacteria, it was noted that no zone 

formation was observed in 2 replicates, while 1 replicate showed a zone diameter of 

0.55 cm. This resulted in a very high standard deviation.  

In Figure 4.19, under the application of 8V for 1 minute, zone formations of 0.60 cm 

in E. coli, 0.70 cm in S. aureus, and 0.63 cm in P. aeruginosa were observed at the 

anode. The highest inhibition diameter was observed in S. aureus, while no zone 

formation was observed in S. epidermidis.  

In Figure 4.20, under the application of 10V for 1 minute, zone diameter formation 

was only observed for S. aureus at the anode. While a zone diameter of 0.63 cm was 

observed in P. aeruginosa in Figure 4.19, the absence of zone diameter formation with 

increasing voltage indicates that an application above a certain amount does not have 

an effect. 

In Figure 4.21, during the 3V 1-minute application at the cathode, an average zone 

formation with a diameter of 0.40 cm for E. coli bacteria, 0.60 cm for S. aureus 

bacteria, 0.50 cm for P. aeruginosa bacteria, and 0.27 cm for S. epidermidis bacteria 

is observed. Among these, in the case of S. epidermidis bacteria, a zone diameter of 

0.4 cm is obtained in 2 out of 3 replicates, while no zone diameter is observed in the 

other replicate. Therefore, the standard deviation value is high.  

In Figure 4.22, during the 5V 1-minute application at the cathode, zone diameters of 

0.67 cm for E. coli bacteria, 0.77 cm for S. aureus bacteria, 0.67 cm for P. aeruginosa 

bacteria, and 0.67 cm for S. epidermidis bacteria are observed. Since the replica values 

obtained are close and consistent with each other, it is a significant result.  

In Figure 4.23, during the 8V 1-minute application at the cathode, average zone 

diameters of 0.83 cm for E. coli bacteria, 0.83 cm for S. aureus, 0.93 cm for P. 

aeruginosa, and 0.90 cm for S. epidermidis are shown. When these values are 

compared, the highest inhibition is observed in P. aeruginosa bacteria. E. coli and S. 

aureus have the lowest and the same values among these measurements.  

In Figure 4.24, during the 10V 1-minute application at the cathode, average zone 

diameters of 0.83 cm for E. coli bacteria, 1.13 cm for S. aureus bacteria, 0.93 cm for 

P. aeruginosa, and 0.93 cm for S. epidermidis bacteria are noted. The highest 

inhibition appears in S. aureus bacteria, while the lowest inhibition value is observed 

in E. coli bacteria. 
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In Figure 4.25, during the 3V 2-minute application, no zone formation is observed at 

the anode for E. coli and P. aeruginosa bacteria, while a zone of 0.57 cm in diameter 

is observed for S. aureus bacteria and a zone of 0.40 cm in diameter for S. epidermidis 

bacteria.  

In Figure 4.26, during the 5V 2-minute application, there is no zone formation at the 

anode for E. coli bacteria. Zone formations of 0.72 cm for S. aureus bacteria, 0.63 cm 

for P. aeruginosa bacteria, and 0.50 cm for S. epidermidis bacteria are observed.  

In Figure 4.27, during the 8V 2-minute application, there is no zone formation for E. 

coli bacteria at the anode, while zone formations of 0.98 cm for S. aureus bacteria, 

0.90 cm for P. aeruginosa bacteria, and 0.50 cm for S. epidermidis bacteria are 

observed.  

In Figure 4.28, during the 10V 2-minute application, no zone formation is noted for 

E. coli bacteria at the anode, while a zone formation of 0.98 cm is observed for S. 

aureus bacteria. When we look at P. aeruginosa bacteria, a high standard deviation is 

observed. This is because, in one of the three replicates, zone formation was seen, 

while in the 2nd and 3rd applications, the values were 0.7 cm and 0.9 cm respectively. 

The average zone diameter for S. epidermidis bacteria is 0.83 cm. The bacteria 

showing the highest inhibition diameter among them is S. aureus. 

In Figure 4.29, during the 3V application for 2 minutes, a zone formation with a 

diameter of 0.47 cm was observed in E. coli bacteria, 0.80 cm in S. aureus bacteria, 

0.57 cm in P. aeruginosa bacteria, and 0.60 cm in S. epidermidis bacteria at the cathode 

tip. The highest inhibition was seen in S. aureus bacteria, while the lowest inhibition 

was observed in E. coli bacteria.  

In Figure 4.30, during the 5V application for 2 minutes, zone formation with a 

diameter of 0.80 cm was observed in E. coli bacteria, 0.90 cm in S. aureus bacteria, 

0.83 cm in P. aeruginosa bacteria, and 0.93 cm in S. epidermidis bacteria at the cathode 

tip. The highest inhibition was observed in S. epidermidis bacteria, while the lowest 

inhibition was noted in E. coli bacteria.  

In Figure 4.31, during the 8V application for 2 minutes, zone formation with a 

diameter of 1.60 cm was observed in E. coli bacteria, 1.47 cm in S. aureus bacteria, 

1.37 cm in P. aeruginosa bacteria, and 1.17 cm in S. epidermidis bacteria at the cathode 

tip.  
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In Figure 4.32, during the 10V application for 2 minutes, zone formation with a 

diameter of 1.57 cm was observed in E. coli bacteria, 1.65 cm in S. aureus bacteria, 

1.83 cm in P. aeruginosa bacteria, and 1.40 cm in S. epidermidis bacteria at the cathode 

tip. When the values in E. coli were examined in Table 4.1, it was seen that the zone 

diameter in the 8V 2-minute application was lower compared to the others. This 

resulted in a high standard deviation.  

In Figure 4.33, no zone formation was observed at the anode for E. coli bacteria in the 

3V 5-minute application. However, a zone diameter of 0.77 cm was seen for S. aureus 

bacteria, 0.63 cm for P. aeruginosa bacteria, and 0.65 cm for S. epidermidis bacteria. 

The highest inhibition was observed in S. aureus bacteria.  

In Figure 4.34, no zone diameter formation was observed at the anode for E. coli 

bacteria in the 5V 5-minute application. The zone diameters observed were 1.07 cm 

for S. aureus, 1.13 cm for P. aeruginosa, and 0.90 cm for S. epidermidis. The highest 

inhibition among them was observed in P. aeruginosa bacteria. Despite the voltage 

increase in the previous Figure 4.33, the zone diameter for S. aureus bacteria 

decreased.  

In Figure 4.35, an application of 8V for 5 minutes resulted in a zone diameter of 1.13 

cm for E. coli bacteria at the cathode. The zone diameters observed were 1.43 cm for 

S. aureus, 1.43 cm for P. aeruginosa, and 1.27 cm for S. epidermidis.  

In Figure 4.36, for the 10V 5-minute application, a zone diameter of 1.47 cm was 

observed for E. coli bacteria at the anode. The zone diameters observed were 1.67 cm 

for S .aureus, 1 cm for P. aeruginosa, and 1.34 cm for S. epidermidis. Considering the 

high standard deviation observed in P. aeruginosa bacteria, it is seen that the obtained 

values are not consistent. 

In Figure 4.37, during a 5-minute application at 3V, a zone formation of 0.70 cm was 

observed for E. coli bacteria, 0.97 cm for S. aureus bacteria, 1.07 cm for P. aeruginosa 

bacteria, and 0.97 cm for S. epidermidis bacteria at the cathode.  

In Figure 4.38, at 5V for a 5-minute application, the zone formations at the cathode 

were 1.43 cm for E. coli bacteria, 1.67 cm for S. aureus bacteria, 1.63 cm for P. 

aeruginosa bacteria, and 1.40 cm for S. epidermidis bacteria. The highest inhibition 

was observed for S. aureus bacteria while the lowest inhibition was seen for S. 

epidermidis bacteria.  
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In Figure 4.39, during an 8V 5-minute application, the zone diameters at the cathode 

were 2.10 cm for E. coli bacteria, 2.10 cm for S. aureus bacteria, 2 cm for P. 

aeruginosa bacteria, and 1.93 cm for S. epidermidis bacteria. The highest inhibition 

was found in E. coli and S. aureus bacteria, while the lowest inhibition was in S. 

epidermidis bacteria.  

In Figure 4.40, during a 10V 5-minute application, zone formation at the cathode 

showed 2.27 cm for E .coli bacteria, 2.50 cm for S. aureus bacteria, 2.77 cm for P. 

aeruginosa bacteria, and 2.07 cm for S. epidermidis bacteria. The largest zone diameter 

was seen in P. aeruginosa bacteria, whereas the smallest zone diameter was seen in S. 

epidermidis bacteria. 

When the graphs are analyzed, it is observed that bacteria exposed to the same duration 

and voltage do not show significant differences among themselves. We cannot say that 

S. aureus bacteria consistently developed a larger zone diameter or that E. coli did not 

create a zone diameter. Although these values were obtained at certain durations and 

voltages, this situation is not constant.  

Gram-positive bacteria lack regular outer membranes and instead have thickened 

peptidoglycan cell walls. The structure of the cell wall contains two types of extra cell 

wall glycopolymers (CWG). Extra cell wall glycopolymers differ in terms of sugar 

building blocks and non-carbohydrate residues. According to net charge, CWGs can 

be classified as zwitterionic, anionic, and neutral polymers. Classical wall teichoic 

acids or lipoteichoic acids are zwitterionic due to negatively charged phosphates and 

positively charged amino groups [140]. Due to the negative charge it harbors, it can be 

seen as the reason for the inhibition of bacterial growth at the cathode rather than the 

anode during applied electrical stimulation. Similarly, the study conducted by Raetz 

and colleagues proved that the phosphoryl groups found in the lipopolysaccharide 

region of Gram-negative bacteria render them negatively charged. This explains the 

reason for the more meaningful and distinctive bactericidal effect of the cathode 

application on Gram-negative bacteria [141].  

FTIR spectroscopy is sensitive not only to the molecular structures of functional 

groups and 'scaffolds' in biomolecules, but also to intermolecular interactions (even 

weak ones) that are known to play a vital role in biological processes. This thesis 

reports the FTIR spectroscopic analyses of E. coli and S. aureus bacteria subjected to 
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5V DC current for 5 minutes, comparing them with E. coli and S. aureus bacteria that 

were not exposed to electrical application. In Figure 4.41 and Figure 4.42, the Amide 

I band (~1645-1655 𝑐𝑚−1, peptide bonds in proteins) was used as a normalization 

standard for the FTIR spectra. Changes in the fingerprint region in the range of 500-

1000 cm⁻¹ have been observed when applying cathode treatment to E. coli bacteria. In 

S. aureus bacteria, both negative and positive applications are more pronounced 

compared to the cases without electrical application. In Figure 4.41, when looking at 

the range of 1485–1000 cm⁻¹ (C–O, C–C, C–O–H, C–O–C in polysaccharides and 

polyesters), it has been observed that there is a difference in the peak formed as a result 

of positive electricity exposure in E. coli bacteria. When examining the range of 3700–

2700 cm⁻¹ (the region of stretching vibrations of O–H and N–H groups), differences 

are also observed. In the CH₃, CH₂ region, at a wavelength of 2960 cm⁻¹, both E. coli 

and E. coli (1+) bacteria subjected to positive electricity show a distinct peak, while 

the non-dominant peak of E. coli (1-) showing a negative peak suggests a possible 

formation of a new bond. The image may have arisen due to reactions involving CH₃ 

groups, with new groups being added to the structure, replacing CH₃ with other groups. 

The changes in the CH₂, CH₃ groups of the fatty acid groups of the bacterial cell 

membrane may result in changes in the fluidity of the membrane and deterioration 

leading to leakage of vital ions and small molecules. In Figure 4.42, the same 

differences are also observed in S. aureus bacteria. In S. aureus bacteria, the difference 

in the range of 1485–1000 cm⁻¹ is actually seen as a second peak formation in the ones 

subjected to electricity compared to the untreated bacteria. This may indicate the 

formation of new bonds.  

Overall, it can be concluded from the FTIR data that the electrical stimulation affect 

the biochemical composition of both E. coli and S. aureus bacteria cells, at both the 

cathode and the anode. Moreover, changes in the fingerprint region and the CH₃, CH₂ 

regions suggest further examination of the effect of electrical stimulation on the 

bacterial cell wall and cell membrane. 
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