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Master of Science Thesis 

 

Supervisor: Assoc. Prof. Murat TOPUZOĞULLARI 

Co- supervisor: Prof. Serap ACAR DERMAN 

Many people suffer from open wounds which are based on cuts, burns, surgery or 

illnesses (e.g., diabetes, bedsores). In some cases, these wounds can easily become 

contaminated by various pathogens in the environment, endogenous microbes 

residing on mucous membranes, or microflora on the skin itself. Contemporary 

wound dressings lack the ability to effectively mitigate wound contamination. 

Functional wound dressings have been developed to address this health problems.  

In this thesis functionalized nanofiber wound dressing material which incorporates 

poly(4-vinylpyridine) (P4VP), poly(lactic-co-glycolic acid) (PLGA), chrysin, and 

silver nanoparticles (AgNPs) in different combinations were produced by utilizing 

the electrospinning technique. The produced nanofiber-based materials were 

characterized Scanning Electron Microscopy (SEM) and Fourier Transform 

Infrared Spectroscopy (FTIR), and water absorption studies. In addition, the in vitro 

biological activity of the produced electrospun materials were evaluated against the 

E. coli Gram (-) and S. aureus Gram (+) bacteria and on L929 cell line. The SEM 

images showed that nanofibers ranging between 300-829 nm were produced 

without beads and junctions.  
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The water absorption capacity reached up to maximum 375% depending on the 

composition of the material. The produced nanofibers exhibited antibacterial 

activity against E. coli and S. aureus in which the addition of AgNPs into the 

nanofiber structure considerably increased the antibacterial efficacy of the 

nanofibers. The results indicated that AgNPs containing nanofibers showed the 

highest wound healing effect.  

The obtained results demonstrate that the functional wound dressing material holds 

a viable solution for enhancing the efficiency antibacterial wound healing studies. 

Furthermore, its potential contribution to the scientific literature is noteworthy. 

Keywords: Antibacterial, electrospinning, nanofiber, wound dressing. 
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ÖZET 

 

 

Elektro-eğrilmiş Antibakteriyel Polimer-Metal 

Kompozitleri 

Elif Nur ARSLAN 

 

Biyomühendis Anabilim Dalı 

Yüksek Lisan Tezi 

Danışman: Doç. Dr. Murat TOPUZOĞULLARI 

Eş-Danışman: Prof. Dr. Serap ACAR DERMAN 

Birçok insan kesik, yanık, cerrahi müdahale ya da hastalık (örn. diyabet, yatak 

yaraları) sebebiyle oluşan açık yaralardan muzdariptir. Bazı durumlarda, bu yaralar, 

çevrede bulunan farklı patojen tipleri, mukoza zarlarında yaşayan endojen 

mikroplar veya cildin kendisinde bulunan mikroflora tarafından kolayca kontamine 

olabilir. Günümüzde kullanılan yara örtüleri, yaraların kontamine olmasını 

önleyememektedir. Fonksiyonel yara örtüleri, bu sağlık sorunlarına çözüm bulmak 

amacıyla geliştirilmiştir. 

Bu tezde, poli(4-vinilpiridin) (P4VP), poli(laktik-ko-glikolik asit) (PLGA), 

"chrysin" ve gümüş nanopartiküllerini (AgNPs) farklı kombinasyonlarda içeren 

fonksiyonelleştirilmiş nanolif yara örtüsü malzemesi, elektro-eğirme tekniği 

kullanılarak üretilmiştir. Üretilen nanolif tabanlı malzemeler Taramalı Elektron 

Mikroskopu (SEM) ve Fourier Dönüşüm Kızılötesi Spektroskopisi (FTIR) ile 

karakterize edilmiş ve su emme çalışmalarına tabi tutulmuştur. Ayrıca, üretilen 

elektro-eğrilmiş malzemelerin in vitro biyolojik aktivitesi E. coli Gram (-) ve S. 

aureus Gram (+) bakterilere karşı ve L929 hücre hattı üzerinde değerlendirilmiştir. 

SEM görüntüleri, boncuk ve bağlantı noktaları olmadan 300-829 nm arasında 

değişen nanoliflerin üretildiğini göstermiştir. Su emme kapasitesi malzemenin 

bileşimine bağlı olarak maksimum %375'e kadar ulaşmıştır.  
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Üretilen nanolifler, E. coli ve S. aureus'a karşı antibakteriyel aktivite ve nanolif 

yapısına AgNP'lerin eklenmesi, nanoliflerin antibakteriyel etkinliğini önemli 

ölçüde artırmıştır. Sonuçlar, AgNPs içeren nanoliflerin en yüksek yara iyileştirme 

etkisini gösterdiğini belirtmiştir. 

Elde edilen sonuçlar, fonksiyonel yara örtüsü malzemesinin antibakteriyel yara 

iyileştirme çalışmalarının etkinliğini artırmak için uygun bir çözüm sunduğunu 

göstermektedir. Ayrıca, potansiyel katkısının bilimsel literatürde dikkate değer 

olduğu görülmektedir. 

Anahtar Kelimeler: Antibakteriyel, elektro-eğirme, nanolif, yara örtüsü. 
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1 

INTRODUCTION 

 

1.1 Literature Review 

Injuries occur as a result of any disruption or damage to the normal anatomical 

structure or function which is caused by a pathological phenomenon, and they are 

resulted from minor or major complications. After sustaining an injury, the skin 

needs to undergo repair process for restoring its original functionality. Wound 

healing is a basic, physiological, and complex process that occurs in all tissues and 

organs of the body [1], [2]. In addition to the tissue defect, the possibility of an 

infection is very high due to the susceptibility of the injured area to bacterial attacks 

which may delay the wound healing process [2].  

Because of all these difficulties, there is a considerable amount of study being done 

on the development and manufacturing of wound dressing materials [3]. Different 

strategies have been used to create dressing materials with bactericidal activity, 

including surface functionalization of materials by incorporating different polymers 

or antibacterial agents (antibiotics, antioxidants, nanoparticles, and natural 

products) [4]. In this aspect, synthetic or natural polymers have been tried to 

functionalize such materials [3], [5]. Poly(4-vinylpyridine) (P4VP), polyvinyl 

alcohol (PVA), PLGA, gelatin, silk fibroin (SF), collagen can be given as examples 

of polymers that can be used in the production of wound dressing materials [6]–[9]. 

Liu et al., produced a nanofibrous matrix which is based on combination of PLGA 

and collagen. They aimed to imitate natural biological structures of the skin and 

wanted to intend this material for applications in wound dressing and tissue 

engineering. They reported that the most efficient polymer ratio is 50:50, and the 

nanofiber diameter is 250 nm. Meanwhile, they suggested the produced matrix acts 

as an accelerator in early wound healing [10].  
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Moreover, inherently antibacterial polymers can be used to create materials for 

wound dressings that have benefits such as antibacterial permanence and cellular 

compatibility [11]. Alshhab et al. developed new hydrophilic films with controlled 

physicochemical properties and drug-release behavior that could be used as 

components in transdermal drug delivery systems. In this manner, they produced 

polyelectrolyte multilayer (PEC) films consisting of sodium alginate (Na-Alg) and 

P4VP and loaded with the antibacterial agent ciprofloxacin HCl (CIP.HCl). The 

researchers discovered that the number of layers and the composition of the outer 

layer influence the physicochemical properties of the films. The resulting multilayer 

Na-Alg/P4VP films were thin, transparent, and hydrophilic matrices remained 

stable in acidic buffer solutions with a pH of up to 4.2. The solubility and swelling 

characteristics of these films indicated their potential as transdermal drug delivery 

systems for the healing of skin wounds under acidic conditions. The films 

demonstrated suitability for loading and controlled release of the antibacterial agent 

ciprofloxacin HCl. These findings show that Na-Alg/P4VP films can be considered 

as suitable matrices for transdermal delivery systems and warrant further 

investigations in this field [6].  

In addition to being used directly to create wound dressing materials, antibacterial 

polymers can be combined with other polymers to form blends or copolymers 

which improves the biological and physical properties of the material. Several kinds 

of biodegradable polymers are utilized in this setting. The use of biodegradable 

polymers has several benefits, including the ability to incorporate pharmaceuticals, 

the elimination of the need for a subsequent removal procedure, and release of the 

desired medication over a predetermined period of time [12], [13]. The release of 

the medicine or nanoparticle combined with the biodegradable polymer will hasten 

the wound healing process. 

The usage of various antioxidants has a good impact on the healing of wounds as 

well as the medication [14], [15]. Khan et al. created a composite nanofiber (NF) 

membrane by combining zinc oxide nanoparticles (ZnO NPs) and bioactive 

PLGA/SF via electrospinning to promote the processing of wound closure, 

stimulation of angiogenesis, migration of cells, deposition of collagen, and re-

epithelialization.  
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They successfully incorporated ZnO NPs into PLGA/SF-based polymer nanofiber 

matrix. They found positive morphological characteristics, as well as notable 

mechanical and thermal stability in the NF membranes [15]. Additionally, they 

showed that the antibacterial activity of the membranes were improved with the 

addition of ZnO NPs.  

Incorporating silver nanoparticles into the chemical composition is another strategy 

to provide materials for wound dressings with antibacterial characteristics. Silver 

nanoparticles (AgNPs) have been identified as antibacterial agents due to their 

various physical and chemical properties such as environmental friendliness, low 

volatility, and great thermal stability. These distinctive qualities make silver 

nanoparticles suitable for use in a variety of industries, particularly in healthcare 

and pharmaceuticals. AgNPs kill the bacteria by attaching to the bacterial cell wall 

or membrane. As a result, they successfully lower bacterial infections [16]. In 

addition, they cause the death of bacterial cells by replacing the hydrogen cation 

and reducing the membrane permeability [17]. The antibacterial property of AgNPs 

has been attributed not only to the release of metal ions in solution but also to their 

low surface-to-volume ratio, which enables them to interact with membranes in 

nanoscale [18]. Dai et al. produced a highly antibacterial poly(lactic-b-4-

vinylpyridine) based copolymer dressing material by adding silver ions. After 

examining the antibacterial activity of the dressing, they found the antibacterial rate 

of the material surface as 100% against E. coli [19]. It is an important advantage 

that the dressing material is not only antibacterial but also facilitates an effortless 

wound healing process. At this point, the incorporation of antioxidants in the 

composition of the dressing material can allow an effective wound healing process.  

Chrysin (5,7-dihydroxyflavone) (CHR) is a natural polyphenol with antioxidant 

properties found in honey, propolis, various herbs, and fruits such as bitter melon 

(Momordica charantia) or wild Himalayan pear (Pyrus pashia). CHR has different 

properties such as reducing oxidative stress in the organism, antiviral properties 

against viruses, the ability to alleviate psoriasis-like skin lesions, and anticancer 

activity, etc. It is thought that inclusion of CHR in the dressing material will be 

beneficial for the surrounding tissue damage [20].  



4 

 

Deldar et al. fabricated polycaprolactone (PCL)/polyethylene glycol (PEG) and 

PCL/PEG-Chrysin nanofibers by electrospinning. The diameter distribution of the 

chrysin-loaded nanofibers was distributed between 250 and 750 nm. The fibers 

were discovered to be cytocompatible and have cytoprotective properties against 

human fibroblast cells under oxidative stress. The reduced IL-6, IL-1b, TNF-a, and 

nitric oxide generation of macrophages seeded on CHR-loaded nanofibers 

compared to PCL/PEG fibers further evidence to their anti-inflammatory 

properties. As a result, it has been determined that the suggested natural substance-

based nanofibrous mats may be desirable for the development of cutting-edge 

wound care solutions [21]. 

Another important factor in the wound healing process is the topography and 

structure of wound dressing material. The extracellular matrix (ECM) of the human 

body contains filamentous collagen that makes up the majority of our skin. Hence, 

it is crucial to develop a wound dressing material that mimics the original skin area. 

Electrospinning (ES) is a widely used method in the fabrication of nanofiber 

dressings thanks to its ability to produce micro/nano structure materials that similar 

to the extracellular matrix [22]. Hyung et al. evaluated the biological performance 

in vivo of SF based nanofiber membranes. As a result, a higher rate of 

epithelialization and collagen formation was observed in the produced SF 

nanomatrices compared to commercially available dressings such as Mediofoam® 

and medical gauze. Additionally, the generated SF membranes have the ability to 

modulate the level of inflammatory cytokines (IL-10 and TGF-1) that are important 

for wound healing [23]. 

Consequently, although several nanofiber based and antibacterial wound dressings 

have been studied, antibacterial nanofibrous wound dressings containing both 

antibacterial agent and natural antioxidants are rare. Therefore, we studied such 

materials in the context of this thesis.   
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1.2 Objective of the Thesis 

The objective of the thesis is to produce electrospun nanofibers from PLGA and 

P4VP incorporated with AgNPs and CHR to obtain antibacterial, antioxidant and 

partially biodegradable wound dressing materials. For this purpose, production, 

characterization and in vitro antibacterial activity, cytocompatibility and wound 

healing assays were accomplished.  

1.3 Hypothesis 

In this thesis, inherently antibacterial P4VP and biodegradable PLGA polymers 

were chosen for the production of functional wound dressing materials to be used 

in chronic wound treatment. These materials will result in antibacterial, 

biodegradable and biocompatible wound dressing material. Additionally, the 

incorporation of CHR and AgNPs helps maintain a balanced oxidative stress level 

and enhances the antibacterial properties of the dressing material during the wound 

healing process.  

It is expected that the wound dressing material which is produced using the 

electrospinning method will contribute to the studies of skin tissue engineering 

applications, thanks to its biocompatibility and antibacterial efficacy. 

 

 

 

 

 

 

 

 

 

 



6 

 

2 
GENERAL INFORMATION 

 

2.1 The Human Skin Anatomy 

The typical human skin has a surface area of 1.8 m2 which accounts for 

approximately 16% of the body weight. These characteristics make the skin the 

largest organ in the human body. The skin serves multiple purposes which 

encompass a range of functions such as a protective shield, exhibiting metabolic 

activity, safeguarding against water loss, harmful pathogens, and various types of 

injuries such as those caused by heat, chemicals, and ultraviolet radiation [24]. 

Moreover, it connects humans to their surroundings by means of numerous nerve 

endings, facilitating their perception of touch. Also, it plays a vital role in regulating 

body temperature and supporting metabolic processes, while also aiding in the 

synthesis of vitamin D [25]. It consists of three parts; dermis, epidermis and 

hypodermis which are shown in Figure 2.1.  

 

Figure 2.1 The structure of human skin [26] 
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2.1.1 Epidermis 

The epidermis primarily consists of layers of keratinocytes, but it also includes non-

epithelial cells such as antigen-presenting dendritic Langerhans cells, melanocytes, 

and Merkel cells. Nourishment of the epidermis occurs through the diffusion of 

intercellular fluids originating from the dermal vasculature. This outermost layer of 

the skin serves as a protective barrier against infections and controls the amount of 

water released from the body into the atmosphere [27].  

2.1.2 Dermis 

The dermis, which lies beneath the epidermis, fortifies, and supports the skin by 

encompassing its vascular, neural, lymphatic, and adnexa components. Serving as 

a robust foundation, the dermis is capable of absorbing mechanical forces to prevent 

shearing. It consists of two distinct regions: the superficial papillary zone, 

composed of relatively thin collagen fibers, and the deeper reticular dermis, 

characterized by a dense layer of thicker collagen fibers [28].  

Within this intricate structure, various sensory cells, sweat glands, nerve endings, 

capillaries, hair follicles, and touch receptors are located. The dermis assumes vital 

roles, such as regulating body temperature, maintaining sweat and water balance, 

shielding against external factors, and detecting sensations of touch, pressure, and 

pain [29]. 

2.1.3 Hypodermis 

The hypodermis, which is situated between the dermis and the underlying tissues 

and organs, also known as the subcutaneous layer or superficial fascia. It is 

composed primarily of adipose tissue, acts as a repository for the body's fat and 

stores it for future utilization. Moreover, its functions extend beyond fat storage. 

Since it serves to anchor the skin firmly to the underlying surface, furnishes thermal 

insulation, absorbs the impact of external shocks upon the skin and shields the body 

from potential harm [29]. 
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2.2 Human Skin Injuries: Wounds 

Any disruption or damage to the typical anatomical structure or function of a human 

body, which is caused by a pathological event, is referred to as a wound in the 

dictionary. It is also described as a significant injury to the skin's epidermis in 

pathology [30]. There are many classifications of wound types in the literature, and 

their clinical classifications are based on various factors.  

Mainly, the number of skin layers and the region of the skin that is affected are 

examined to classify wounds which are shown in Figure 2.2 [31]. However, they 

are generally separated into two main groups in the tissue engineering field: acute 

and chronic etiologies. 

 

Figure 2.2 Different types of wounds [32] 

An acute wound is skin damage that occurs suddenly, rather than gradually. It 

typically heals the wound at an expected and predictable rate. Acute wounds can 

happen anywhere on the body and range from minor scrapes to major injuries that 

harm muscles, blood vessels, and nerves. Examples of acute injuries include 

abrasions, punctures, crush injuries, heat injuries, gunshots, animal bites, surgeries, 

and other injuries often caused by trauma. However, the ischemic breakdown can 

be caused by any process that significantly reduces blood supply to the skin over 

time [33]. 
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On the other hand, the chronic wound is one that does not heal in the typical orderly 

stages and within a predicted period of time. These wounds often become trapped 

in one or more stages of the healing process, like spending too much time in the 

inflammatory stage. Because of that chronic wounds can take a long time to heal.  

There are many kinds of chronic wounds, including venous and arterial ulcers, 

diabetic ulcers, and pressure ulcers. Some chronic wounds may never fully heal and 

require years of treatment. Patients who have these wounds often experience 

excruciating physical and mental suffering. Thus, it is crucial to get the right 

treatment for them [33]. Except for acute and chronic wounds, there are other types 

of wound classification which are shown in Table 2.1. 

Table 2.1 Classification of wounds [34] 

Wound Classification 

The Time of 

Onset 

The Integrity 

of Skin 

The Caused by 

The Agent 

The Contamination 

Status 

Acute 

Chronic 

Open 

Closed 

Chemical 

Electrical 

Radiation 

Thermal 

Cold 

Clean 

Clean/Contaminated 

Contaminated 

Dirty 

 

2.3 Wound Healing Stages 

Generally, after the skin is injured, it must be repaired in order to continue its 

original function. During the repair process, various factors in the body help to drive 

the complex biological process of wound healing. These factors include cytokines 

and environmental variables. Cytokines are proteins that allow body cells to 

communicate with one another. Meanwhile, growth factors, which are subgroups 

of cytokines, are also involved in the healing process. Through the chemotactic 

impact of cytokines and growth factors, inflammatory cells and fibroblasts can 

move to the site of the wound throughout the healing process, stimulating cell 

proliferation which is represented in Figure 2.3 [35].  
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Figure 2.3 Major events that happen during the inflammatory stage of wound 

healing [35] 

Additionally, wound healing is enhanced by promoting angiogenesis and 

encouraging the development and breakdown of extracellular matrices [36]. 

Wound healing is a physiological process that is both basic and complex, occurring 

in all tissues and organs of the body. Biological and immunological systems 

frequently interact during the healing process. Wound healing is classified into two 

main groups: acute and chronic. However, chronic wounds continue on for a longer, 

more complicated period of time without healing, while acute wounds heal within 

a predicted period of time as mentioned before [37]. Once a wound occurs, the body 

initiates a complex process of healing that consists of four consecutive and 

overlapping stages: 

● Hemostasis and coagulation starting within the first seconds after skin injury 

● Inflammation 

● Cell proliferation 

● Remodeling in which normal tissue structure is restored 
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These stages work together to restore the skin's structure and function after injury 

[37]. In the first phase of wound healing process which is hemostasis and 

inflammation, cytokines are released to direct the healing process. Hemostasis is 

achieved when platelets interact with the exposed artery wall of collagen to create 

a temporary clot. Inflammatory cells then move toward the wound area to remove 

apoptotic cells and bacteria. This process leads to localized edema, pain, redness, 

and warmth, which are clinical signs of inflammation observed in the wound area 

[38]. 

The wound healing process progresses to the collagen synthesis phase in which a 

permeable barrier is created, and tissue is strengthened through re-epithelialization 

and contraction. Fibroblasts synthesize new extracellular matrix and immature 

Type III collagen, leading to a rapid increase in the wound's resistance to stretching. 

At the wound edges, epithelial cells from the basal layer form a new surface on the 

wound [39]. 

In the last phase of wound healing, which is remodeling, the amount of fibroblasts 

in the area of the wound is reduced, collagen production reaches equilibrium, and 

epithelialization is completed. Firmer Type I collagen originates from flexible Type 

III collagen [39].  

The color of the wound area becomes pale, the wound tension resistance increases, 

and scar tissue is formed. In this manner, the wound healing process is completed. 

It must be recognized that there are no well-defined orders in wound healing stages; 

the stages overlap with each other. Additionally, when the quantity of collagen 

increases, the quantity of fibroblasts decreases [40]. This reverse relationship is 

depicted in Figure 2.4. It must also be noted that the protection of the wound area 

from bacteria has the greatest importance in the wound healing process to complete 

its formal stages [41]. 



12 

 

 

Figure 2.4 Three overlapping steps of the wound-healing process [42] 

2.4 Biofilm 

Bacterial biofilms are essential for the survival of bacteria and are commonly found 

throughout nature. In course of time, the significance of biofilms in clinical 

infections has been widely recognized, and mounting evidence suggests that they 

play a substantial role in the development and progression of chronic infections. 

These biofilms consist of clusters of bacteria that attach themselves to surfaces or 

to each other, forming a structured community embedded in a matrix and produce 

themselves. The matrix comprises various substances, including proteins like fibrin, 

polysaccharides like alginate, eDNA and serves as a protective shield [43].  

Also, it enables bacteria to employ various survival strategies such as evading the 

defense mechanisms of their hosts via this layer. Bacteria which form biofilms can 

inflict local tissue damage, potentially leading to acute infections later by remaining 

dormant and concealed from the immune system. Within the biofilm structure, 

bacteria adapt to conditions of low oxygen and limited nutrients by altering their 

metabolism, gene expression, and protein production. These adaptations result in a 

decreased metabolic rate and reduced cell division [44]. 

Moreover, these adjustments render the bacteria highly resistant to antimicrobial 

therapy. They can inactivate the targets of antimicrobial agents or reduce the 

dependency on cellular functions that are susceptible to antimicrobials.  
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In biofilm infections, both the innate and acquired immune responses may be 

simultaneously activated. However, neither of these immune responses can 

completely eliminate the biofilm pathogens and, in fact, may accelerate damage to 

surrounding tissues. As a result, biofilm-related diseases typically manifest as 

persistent infections that progress slowly, rarely resolve naturally, and exhibit 

inconsistent responses to antimicrobial treatments and wound healing stages [45]. 

For this reason, it is crucial to accelerate the wound healing process as the wound 

is fully exposed to the atmosphere, which harbors numerous microorganisms. 

Therefore, a new approach has emerged to address this challenge, known as skin 

tissue engineering. Skin tissue engineering is an engineering field dedicated to 

reconstructing the structural and functional components of the skin, reducing scar 

formation, and improving wound healing effectiveness. Taking into consideration 

the aforementioned concerns, the materials developed in this field, and they are 

referred to as wound dressing materials [46]. 

2.5 Wound Dressing Materials 

Every year, thousands of people experience various types of skin damage or burns 

caused by flames, accidents, boiling oil, and water. These injuries can often lead to 

a disability or even death, and treatment can be costly. Therefore, immediate 

professional wound care is crucial, regardless of the severity of the wound. There 

are numerous options for treating the wound in this context, including dressing, 

bandages, creams, surgery, etc. [47]. 

In ancient times, healers utilized clay tablets for wound treatment. They would 

cleanse wounds with milk or water before applying a mixture of resin and honey. 

Following a period of time, some healers used wine or vinegar to disinfect wounds 

as an alternative. As the scientific research progresses to the present day, occlusive 

dressings have been developed to provide a moist environment for wounds, thereby 

offering protection. These dressings play a crucial role in collagen synthesis, 

promoting faster re-epithelialization, reducing hypoxia, and maintaining a lower 

wound bed pH, which in turn reduces the risk of infection [48]. 
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Throughout the years, conventional wound dressings like cotton bandages and 

gauze tend to absorb a significant amount of moisture from the wound, resulting in 

excessive drying of the wound surface. Additionally, removing the used dressing 

material from the injured area can affect the healing rate and make the process more 

painful. In response to the drawbacks of traditional dressings, a wide variety of 

polymers have been developed in the form of films, foams, and gels that can provide 

an optimal condition for the wound healing process which is shown in Figure 2.5. 

[49]. In the mid-1980s, the concept of modern wound dressing emerged, offering 

essential features such as maintaining a moist environment and effectively 

absorbing fluids. In addition, it is also important to choose the type of dressing 

material according to the type, location, depth, and size of the wound, as well as the 

level of edema and infection. This breakthrough has greatly improved the treatment 

of wounds. 

 

Figure 2.5 Types of wound dressings [50] 

Apart from the tissue defect, there is a high possibility of infection, which can delay 

the wound healing process due to the injured area's susceptibility to bacterial attack. 

To minimize this risk, it is essential to include antibacterial or antioxidant materials 

in the dressing material to aid the wound healing process [51]. 
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2.5.1 Characteristics of the Wound Dressing Material 

There are many parameters that affect the applicability of dressing materials. 

Determining the appropriate wound dressing selection is crucial for the healthy 

progress of the wound healing. It is advisable to take into consideration wound-

related parameters such as size, color, type, location, and exudate level. An 

appropriate dressing material should be able to manage moisture around the wound, 

increase gas exchange, remove excessive exudates, guard against infection and 

disease-causing organisms, and minimize wound surface necrosis. It is essential to 

be non-toxic, biocompatible, and biodegradable in functionalized settings like 

controlled drug release. Additionally, it is recommended to have high mechanical 

strength and elasticity, be easy to replace, provide pain relief for the wounded area, 

and have an acceptable cost [48]. The aforementioned details are outlined in Figure 

2.6. 

 

Figure 2.6 Features of ideal dressing material [52] 

Among other features, humidity is one of the key factors. Dressing materials with 

high humidity have greater advantages than materials that lack this feature because 

the damaged area is susceptible to drying and tension.  
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The other most influential factor in the characteristic structure of the wound 

dressings is the material which is used during production. The main materials of 

wound dressings are polymers. By altering the polymer content or type, it is 

possible to obtain an ideal wound dressing material with the listed features [53]. In 

order to ensure the suitability of dressings for soft tissue engineering, their 

mechanical strength undergoes evaluation through tests such as tensile, 

compression, and fatigue. Tensile properties are typically evaluated using the 

standard test procedure outlined in the American Test Standards (ASTM) D882-97 

and the optimal elastic modulus value for wound dressings, as specified in the 

literature, is between 50-120 kPa [54].  

Scientists face the formidable task of developing an ideal dressing material that 

incorporates all of these aforementioned characteristics and try to facilitate an 

optimal environment for the regenerative process of the wound area. As a 

consequence, advancements in scientific knowledge have driven the evolution of 

materials employed in wound dressing production with the aim of creating 

enhanced conditions for wound healing [55].  

2.5.2 Polymer-Based Dressing Materials 

Polymer-based wound dressing materials exhibit various fascinating qualities that 

can be advantageous in the treatment of chronic injuries. Various polymers can be 

used to create ideal wound dressing materials. They are divided into two types: 

natural (biopolymers) and synthetic polymers [56].  

2.5.2.1 Natural Polymers 

Chitin, dextran, alginate, chitosan, hyaluronic acid (HA), cellulose, gelatin, and 

other natural polymers are examples of biopolymers. These polymers have great 

biodegradability, good biocompatibility, non-toxicity, hemostatic effects, and 

wound healing qualities. In addition, some biopolymers exhibit antibacterial 

efficacy. On the other hand, biopolymers have weak mechanical characteristics 

[57]. To improve their mechanical performance, natural-based polymeric wound 

dressing materials are frequently cross-linked or blended with synthetic polymers.  
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Poly(lactic-co-glycolic acid), poly(ethylene glycol), poly(vinyl alcohol), 

polyurethanes, polylactide, polyglycolic acid, poly(hydroxyethyl methacrylate), 

polyvinyl pyrrolidone, and poly(ethylene oxide) are examples of synthetic 

polymers that are used with natural polymers in wound dressing formulations [58]–

[61]. 

2.5.2.2 Synthetic Polymers  

Wound dressing has undergone modernization with time and its main component 

is synthetic polymers. Dressings which are made from synthetic polymers are 

separated into two groups: passive and interactive. Passive synthetic polymer 

dressings are non-occlusive and used to cover wounds and support the recovery of 

function beneath the polymer coating. Gauze and tulle are examples of such 

materials. On the other hand, occlusive or semi-occlusive interactive synthetic 

polymer dressings act as a barrier to prevent bacterial entry into the wound. 

Examples of this group are hydrogels, foams, and hydrocolloids [62].  

In recent years, scientists have concentrated on developing novel polymeric 

materials that contain antibacterial properties to enhance the wound healing. The 

antibacterial activity of these polymers mostly depends on electrostatic interaction 

between positively charged antibacterial polymers and negatively charged bacterial 

cell walls. Consequently, produced material attaches to the bacteria and minimizes 

its side-effects [5]. Cationic polymers are inherently antibacterial due their positive 

charges. P(4-VP), polyhexamethylene biguanide, poly(2-dimethylaminoethyl 

methacrylate) as cationic polymers are some examples of such polymers [63]. 

2.5.2.3 Poly(4-vinylpyridine) (P4VP) 

P4VP (Figure 2.7) is a polybase with intriguing features derived from the vinyl and 

aromatic pyridine ring. After the quaternization of nitrogen atoms that are located 

on the pyridine rings, the polymer becomes positively charged and offer significant 

benefits for various applications such as the strong affinity of the pyridyl group to 

metals, hydrogen bonding ability with polar surfaces, and self-antibacterial 

properties. Therefore, it has the potential to be used in wound dressing materials.  
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Figure 2.7 Chemical structure of P4VP  

The ability of diverse chemistries to modify the nitrogen atoms on repeating units 

of P4VP-based materials, are critical for advanced materials design [64]. 

2.5.2.4 Poly(lactic-co-glycolic acid) (PLGA) 

Polylactide-polyglycolide (PLGA) belongs to a category of synthetic copolymers 

that are biodegradable and biocompatible. It is commonly used to produce 

resorbable sutures, surgical clips, and controlled-release implants. These 

copolymers have been employed in implantable and injectable drug delivery 

systems with excellent outcomes. It is also FDA-approved and safely used in human 

populations. Once it is introduced to the human body, PLGA undergoes hydrolysis 

of its ester linkages via minimal inflammation and lactic-glycolic acids are the side 

product of it. Furthermore, the biodegradation rate of PLGA is directly proportional 

to the lactide to glycolide ratio [65]. Electrospinning techniques are often employed 

to create PLGA nanofiber membranes that possess favorable mechanical properties, 

controlled degradability, and drug-release capabilities. Despite its numerous 

advantages, PLGA also exhibits certain limitations in biomedical applications, 

including inadequate hydrophilicity and cell affinity [10]. 

2.6 Secondary Active Components Used in Dressing Materials 

The copolymerized or cross-linked dressings might have insufficient biological 

functions and wound-healing abilities, which makes them unsuitable for treating 

any type of wounds. Therefore, encapsulating secondary active compounds in 

polymer-based bandages is a potential strategy for treating wounds to promote 

effective wound healing, especially in chronic wounds [66].  
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Anti-inflammatory medicines, antibiotics, synthetic nanoparticles, plant extracts, 

stem cells, growth factors, antioxidants, (such curcumin, etc.), and vitamins are 

among the bioactive compounds used in wound healing applications. Transdermal 

patches, foams, hydrogels, films, membranes, nanofibers, and other polymeric 

wound dressings are examples of those that are loaded with the aforementioned 

compounds [67].  

2.6.1 Synthetic Active Components in Wound Dressing 

One of the primary domains of scientific investigation is nanotechnology and its 

concern the design, production, and manipulation of particles at the nanoscale. The 

final product of nanotechnology is called nanomaterial and typically possesses at 

least one exterior dimension or particle size ranging from 1 to 100 nm. Silver, gold, 

and synthetic polymeric nanoparticles find extensive utilization in wound dressing 

applications to augment the process of wound healing [68]. Nanoparticles (NPs) 

exhibit considerable potential in expediting wound healing and contributing to 

injury treatment. They offer substantial advantages such as antibacterial-microbial 

activity and minimal side effects. Consequently, they can be utilized to reduce the 

spread of antibiotic-resistant bacteria. Moreover, NPs have the ability to absorb 

exudates, function as an antibacterial agent, emulate the ECM structure, and 

maintain a moist wound environment [69]. 

2.6.1.1 Silver Nanoparticles 

Silver nitrate, known by the chemical formula AgNO3, is a chemical compound 

utilized extensively in the creation and formulation of various silver compounds 

such as silver halides and silver oxide. This compound exhibits remarkable 

reactivity as its nitrate ion which can be substituted by other chemical groups. The 

reason behind this is that silver is inert in its metallic form, but it is ionized after the 

reaction. Consequently, it holds significant value as a precursor to numerous silver 

derivatives, particularly in the fields of nanoscience, medicine and tissue 

engineering  [70].  
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Figure 2.8 Schematic representation of silver nanoparticle usage areas [71] 

Silver nanoparticles are one of the silver nitrate derivatives and good antibacterial 

agents. They can also be incorporated into the wound dressing materials thanks to 

their numerous physical and chemical characteristics, such as environmental 

friendliness, low volatility, and excellent thermal stability. These features make 

AgNPs an effective antibacterial agent [72]. As a result of this, silver NPs are easily 

preferred in many fields, especially in pharmaceuticals which is shown in Figure 

2.8 [71]. 

AgNPs exhibit an effective antibacterial function due to their significantly large 

surface area, which enables better contact with the membrane of bacteria. The 

interaction between AgNPs and bacteria is as follows: The nanoparticles enter 

within the bacterium and cling to the cell membrane. Then, they interact with sulfur-

containing proteins found in the bacterial membrane as well as phosphorus-

containing substances like DNA in the cell. After that, AgNPs create a low 

molecular weight zone in the core of the bacteria and cannot protect itself. As a 

result of this, membrane permeability is reduced by replacing hydrogen cation, cell 

division is stopped, and cell death is occurred [67]. 
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2.6.2 Natural Active Components in Wound Dressing 

Plant-based approaches continue to play an essential role in primary health care 

around the world. In recognition of their enormous potential for managing and 

treating wounds, several plants and their extracts have been employed in traditional 

and modern medicine. These chemicals possess anti-inflammatory, antimicrobial, 

and cell-stimulating properties, making them valuable additions to wound healing 

treatments alongside synthetic active ingredients or even as alternatives to them 

[68]. In light of their medicinal qualities, cost-effectiveness, and absence of side 

effects, natural chemicals have been extensively employed in wound healing 

procedures for thousands of years. These substances induce healing and tissue 

regeneration through numerous interconnected mechanisms. Natural substances 

may also be helpful for treating aberrant healing, including keloids and 

hypertrophic scars. Chrysin, propolis, bromelain, Calendula officinalis, Punica 

granatum L. and others are some examples of natural compounds utilized in tissue 

engineering due to their antibacterial and antioxidant properties [73].  

2.6.2.1 Chrysin 

In addition to providing antibacterial properties, it is crucial for a dressing material 

to facilitate an ordered wound healing process. The use of antioxidants in the 

structure of the dressing material can aid in proper wound healing. Chrysin (5,7-

dihydroxyflavone) is a natural polyphenol with antioxidant properties found in 

honey, propolis, various herbs, and fruits such as bitter melon (Momordica 

charantia) or wild Himalayan pear (Pyrus pashia). It has various beneficial effects, 

such as reducing oxidative stress in the organism, antiviral properties against 

viruses, ability to alleviate psoriasis-like skin lesions, and anticancer activity that is 

shown in Figure 2.8. It is believed that incorporating chrysin into the dressing 

material can help to protect the surrounding tissue from damage caused by bacterial 

oxidative stress [74]. 
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Figure 2.9 Resources and benefits of chrysin [75] 

 

2.7 Wound Dressing Material Production with Electrospinning 

There are numerous ways to produce wound treatment products, including 3D 

printing, chemical dissolution, over-drying into multilayer films, etc. One of these 

methods is ES, which is a simple technique aimed to produce nanofibrous structures 

with controlled porosity, diameter, and thickness. In ES, ultrafine nanometric fibers 

are produced by charging and ejecting a polymer melt or solution via a spinneret 

under a high-voltage electric field. Then, it is solidified or coagulates to form a 

filament. This technique is used in different applications such as filters, protective 

clothes, sensors, energy storages and batteries, catalyst, and especially tissue 

engineering, scaffolds, and wound dressing due to their characteristic properties 

such as a high surface area-to-volume ratio, highly interconnected porous 

architecture, adaptive material properties, as well as ease of adding drugs to NFs 

during electrospinning which is displayed in Figure 2.9 [76]. 
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Figure 2.10 The diverse applications of nanofibrous meshes in various 

biomedical fields [77] 

ES involves the utilization of a power supply and electrodes to establish a high-

voltage electric field between an injection needle and a collecting surface. As the 

polymer solution is gradually pushed out of the needle, it forms a hemispherical 

droplet.  

This droplet then elongates into a cone-like shape known as the Taylor cone. 

Increasing the voltage leads to a gradual rise in the surface charge of the polymer 

droplet. Once the surface charge reaches a critical point, a polymer jet initiates, 

accompanied by the vaporization of the solvent within it. This vaporization further 

increases the surface charge of the jet, causing its destabilization. Consequently, the 

polymer jet undergoes geometric division, initially splitting into two jets and 

eventually fragmenting into numerous smaller jets. The formation of nanofiber 

patterns is facilitated by the electrostatic force, which influences the continuous 

splitting of polymer droplets [78]. 

A typical electrospinning system comprises essential components such as a 

spinneret with a metallic needle, syringe pump, high-voltage power source, and 

grounded collector which are shown in Figure 2.10. This system enables the 

production of various polymeric fibers, capitalizing on the processing flexibility 

offered by electrospinning [79]. 
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Figure 2.11 Schematic representation of the electrospinning method [80] 

There are different types of parameters that affect the ES process, and they are 

separated into three main categories which are listed in Table 2.2. 

 

Table 2.2 Effecting parameters of the electrospinning process [81] 

Electrospinning Parameters 

Solution Parameters Processing Parameters Ambient Parameters 

➔ Concentration 

➔ Molecular Weight of 

Polymer 

➔ Viscosity 

➔ Surface Tension 

➔ Conductivity/Surface 

Charge Density 

➔ Voltage 

➔ Flow Rate 

➔ Collectors 

➔ Distance between the 

Collector and the Tip 

of the Syringe 

➔ Temperature 

➔ Humidity 

➔ Type Atmosphere 

➔ Pressure 

 

 

All the innate qualities of the solution, manufacturing method, and ambient 

conditions have an impact on the diameter and shape of electrospun nanofibers. 
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The shape and final diameter of the electrospun nanofibers are significantly 

influenced by the inherent properties of the solution, including concentration, 

viscosity, molecular weight of the polymer, electrical conductivity, elasticity, as 

well as polarity, and surface tension of the solvent. Optimum solution concentration 

is necessary to obtain smooth and homogenous nanofibrous biomaterials during 

electrospinning. Unwanted droplets may occur when low concentration solutions 

are employed; this could be due to surface tension effects. Additionally, the creation 

of the fibers would be also difficult at large concentrations due to the high viscosity 

of the solution. Besides that, the average fiber's diameter decrease may as well as 

the polymer concentration rises [82].  

The key consideration in determining fiber morphology is solution viscosity. Very 

low viscosity makes it impossible to produce continuous, smooth fibers, whereas 

very high viscosity causes the hard ejection of jets from the solution, proving the 

need for an appropriate viscosity for electrospinning. Typically, the concentration 

of the polymer in the solution can be changed to tune the viscosity, resulting in the 

production of various products. A separate polymer or oligomer solution has a 

different range of viscosity that can be used for electrospinning. It is crucial to 

understand the relationship between viscosity, polymer concentration, and 

polymer’s molecular weight.  

Surface tension is the main cause of the formation of beads or beaded fiber in low 

viscosity solutions [83]. Many different polymers can be used to successfully 

generate fibers with diameters ranging from 3 nm to 5 mm. The main purpose of 

the dressing material is to mimic the fiber structure of the natural surrounding tissue 

[65]. Since the collagen fibers forming the skin layer are also in fiber structure, it is 

very advantageous to use the electrospinning method in the production of wound 

dressing films. So far, electrospinning has been used with many synthetic and 

natural polymers, including PLGA, PVA, polycaprolactone (PCL), PVDF, 

polyhydroxybutyrate (PHB), polyethylene glycol (PEG), collagen, silk fibroin, 

chitosan, gelatin, and hyaluronic acid (HA) [84]–[90]. 
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3 

MATERIALS AND METHOD 

 

3.1 Materials 

Table 3.1 Materials used in the experiments 

Material Source 

4VP Sigma Aldrich 

1-bromohexane Sigma Aldrich 

PLGA (MW=190-240 kg/mol) Sigma Aldrich 

Silver Nitrate (AgNO3), Sigma Aldrich 

Sodium Borohydride (NaBH4) Sigma Aldrich 

Ethyl Alcohol Sigma Aldrich 

Diethyl Ether Sigma Aldrich 

Dimethylformamide (DMF) Sigma Aldrich 

Tetrahydrofuran (THF) Sigma Aldrich 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich 

Trypsin-EDTA (0.25%) Sigma Aldrich 

Chrysin BLDpharm 

Dulbecco's Modified Eagle Medium 

(DMEM/F12) 
Capricorn Scientific 

Fetal Bovine Serum (FBS) Capricorn Scientific 

Penicillin-streptomycin Capricorn Scientific 

MTT [3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide] 
Biomatic 

Fibroblast cell (L929) 
YTU, Bioengineering Department, Cell 

Culture Laboratory 

PBS (Phosphate Buffer Solution) Sigma Aldrich 

L. Bertani (LB) broth medium Capricorn Scientific 

L. Bertani (LB) agar medium Capricorn Scientific 

Sterile cotton swab Fischer Scientific 

Tryptone AppliChem 

NaCl Multicell 

Agar Biolife 

Yeast extract AppliChem 
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     3.2 Equipment 

Table 3.2 Equipment used in the synthesis and analysis of the samples 

Equipment Brand  

Precision Scale Precisa 

Magnetic Stirrer Heidolph, MR 3000, Germany 

Electrospinning Machine Nanofen Electrospinning System 

Laminar Flow Cabin Faster 

Incubator Binder 

Centrifuge Himac 

Shaking Water Bath N-BIOTEK/GFL 

FTIR with ATR attachment Thermo Scientific / Nicolet iS10 

SEM IEM 11 

Ion Sputter Coater COXEM, SPT-20 

Image Investigation Software Fibraquant 

Inverted Microscope Olympus 

Microplate Reader Multiskan™ FC 

Incubator Memmert 

Laminer flow cabin N-BIOTEK Leading Biotechnology 

 

3.3 Experimental Method 

The experimental steps, listed item by item below and also shown in the diagram 

3.1, were performed to reach the targeted materials. 

1. Synthesis of P4VP 

2. Electrospinning of P4VP-PLGA-chrysin nanofiber matrix  

3. Reduction of AgNPs on P4VP-PLGA nanofiber matrix 
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Figure 3.1 Schematic representation of experimental method 

3.3.1 Synthesis of P4VP 

The cationic polymer of P4VP was synthesized using free radical polymerization 

which is based on the work of Gokkaya et al. as shown in Figure 3.2 [91]. To begin, 

2 M of 4VP was dissolved in DMF and the solution was purged with N2 gas for 20 

minutes to remove dissolved oxygen.. Then, the solution was heated to a 

temperature of 70℃. The polymerization process was initiated by adding an AIBN 

(azobisisobutyronitrile) solution to the monomer solution. The initial molar ratio of 

the monomer to the initiator ([M]0/[I]0) was 500:1. The free radical polymerization 

reaction was allowed to proceed for 24 hours. 
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Figure 3.2 Free radical polymerization of poly(4VP) 

After the reaction, the polymer formed was precipitated using excess cold diethyl 

ether. To further purify the polymer, it was dissolved in methanol and then 

precipitated once again using excess cold diethyl ether.  

This additional purification step aimed to remove any remaining unreacted 

monomers and DMF from the polymer. The final product was vacuum dried for 24 

hours at 50℃.  

FTIR spectroscopy was used to analyze the chemical structure of the polymer, while 

the molecular weight (MW) and MW distribution of the polymer were determined 

using Gel Permeation Chromatography (GPC). 

3.3.2 Preparation of P4VP and PLGA Nanofiber Matrix 

Electrospinning of P4VP 

P4VP based nanofibers were prepared using electrospinning technique. For this 

purpose, 0.75 g of P4VP was dissolved in 2.5 ml of DMF by stirring at room 

temperature for 2 hours. After the dissolution of the polymer, 5.5 µl of 1-

bromohexane was added to the solution to achieve quaternization of pyridine rings 

to obtain cationic and inherently antibacterial dressing material. In this ES study, 

the distance, voltage and feed rate were 10 cm, 18 kV and 0.8 ml/h, respectively. 
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Electrospinning of PLGA 

PLGA based nanofibers were prepared using electrospinning technique. For this 

purpose, 0.3 g of PLGA was dissolved in 2.5 ml of a 1:1 mixture of DMF and THF 

by stirring at room temperature for 2 hours. After the preparation solution, PLGA 

was electrospun to obtain nanofiber matrix. In this ES study, the distance, voltage 

and feed rate were 10 cm, 18 kV and 0.2 ml/h respectively. 

 

Electrospinning of the mixture of P4VP/PLGA 

The solution of P4VP and PLGA was prepared with a total polymer concentration 

of 15% (w/v).  For this purpose, 0.2 g PLGA (85:15) and 0.1 g P4VP were dissolved 

in a 1:1 mixture of DMF and THF. 5.5 µl of 1-bromohexane was added to this 

mixture and stirred at room temperature for 2 hours. Thereafter, the electrospinning 

process was started to obtain the nanofibers from P4VP and PLGA mixture. The 

distance, voltage and feed rate were 10 cm, 22 kV and 1.0 ml/h, respectively. 

 

Electrospinning of the mixture of P4VP/PLGA/Chrysin 

The solution of P4VP, PLGA and Chrysin was prepared with a total polymer 

concentration of 15% (w/v).  For this purpose, 0.2 g PLGA and 0.1 g P4VP were 

dissolved in a 1:1 mixture of DMF and THF. 5.5 µl of 1-bromohexane and 50 mg 

of chrysin were added to the solution and stirred at room temperature for 2 hours. 

Then, the electrospinning process was started to obtain the nanofibers from P4VP 

and PLGA mixture. The distance, voltage and feed rate were 10 cm, 22 kV and 1.0 

ml/h, respectively. 

3.3.3 Reduction of AgNPs on Mixed Nanofiber Matrix 

After the electrospinning process, silver nanoparticles were introduced into the 

polymeric nanofiber matrix through the following procedure. 

The precursor used in this method was a 10 mM AgNO3 aqueous solution to be 

reduced for production of the nanoparticles. The binding of silver ions to the fiber 

surface was achieved through the complexation of silver ions by nanofibers.  
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The mixed nanofiber matrix was immersed in a 10 mM AgNO3 solution for an 

entire day. After the incubation process, the nanofiber matrix was washed with 

water, and then the silver ions were reduced with a 25 mM NaBH4 aqueous solution 

for three minutes. After reduction of Ag ions, the color of nanofiber matrix turned 

from white to brown after washing and drying it. The color change is the indicator 

of the development of Ag nanoparticles which is anchored on the fiber surface. 

3.3.4. Characterizations 

The chemical structure and functional groups of the polymer and produced 

materials were investigated using the FTIR spectroscopy. The spectra were 

acquired with a scanning range of 4000-400 cm-1 at a resolution of 4 cm-1. 

The Viscotek TDA302 GPC system equipped with refractive index and light 

scattering detectors was employed to determine the molecular weight and molecular 

weight distribution of the synthesized P4VP. The separation process utilized an 

Eprogen CatSEC300 column, with a flow rate of 0.2 ml/min. For the mobile phase, 

a 0.1 M acetic acid solution containing 0.15 M NaCl was used. Prior to analysis, 

the samples were filtered through a 0.45 μm syringe filter. 

The morphology of the nanofibers was examined using a SEM with an acceleration 

voltage of 20 kV. Prior to imaging, the samples were cut into suitable sizes and 

coated with gold and palladium for approximately 120 seconds using an ion sputter 

coater. The average fiber diameter and distribution were determined using image 

software of Fibraquant. 

The water absorption behavior of the materials were investigated for all the 

produced nanofiber membranes. Equal-weight samples were immersed in 

phosphate buffered saline (PBS) with a pH of 7.4, at 37 °C. At various time intervals 

(3, 6, 9, 12, 15, 20, 25, 45, 60, 75, 90, 120, 150, and 180 minutes), the samples were 

withdrawn from the PBS solution and weighed. The water absorption ratios (%) 

were then calculated with the Equation 1. This study was performed in triplicate. 

 

Water absorption (%) =
Weight of the membrane after incubation (mg) 

Initial weight of the membrane (mg) 
𝑥100 (3.1) 
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3.3.5. In Vitro Assays  

After analyzing the physicochemical characteristics of all produced fiber matrices, 

in vitro biological assays were conducted to determine the antibacterial activity, 

biocompatibility, and wound healing characteristics of the produced materials. 

3.3.5.1. Investigation of Antibacterial Efficacy of Produced Electrospun Mats 

The antibacterial effects of the produced nanofiber mats were examined against 

gram-negative Escherichia coli (E.coli) and gram-positive Staphylococcus aureus 

(S.aureus) bacteria which were selected as model organisms. The following 

procedures followed to achieve this goal: 

 

Preparation of medium 

For 1 l, 5 g of yeast extract (AppliChem), 10 g of tryptone (AppliChem), 10 g of 

NaCl (Multicell), and 12 g of agar (Biolife) were added to 1 l of distilled water and 

stirred. Next, the media was sterilized in an autoclave set at 121°C for 15 minutes. 

The broth was then rapidly cooled to +4°C. The agar-containing petri dishes were 

poured, allowing them to reach a near-temperature state, and subsequently, they 

were covered with parafilm and stored at +4°C [92]. 

 

Preparation of samples 

Samples cut into 1x1 cm dimensions were sterilized with UV light for 45 minutes 

before the experiment. The antibacterial properties of the samples were investigated 

using the disk diffusion method against S. aureus and E. coli bacteria [93]. The 

bacteria were cultured in LB broth medium, and their concentrations for the 

experiment were adjusted to 108 CFU/mL using a UV spectrophotometer. 

Subsequently, the bacterial cultures were evenly spread in three directions on LB 

agar petri dishes using a swab. The samples were then placed in the center of the 

bacterial petri dishes using sterile forceps, and the petri dishes were incubated for 

24 hours in an oven set at 37°C.  
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After this incubation period, the diameters of the inhibition zones formed in the 

petri dishes were measured using a caliper, and images of the petri dishes were 

captured. The antibacterial activities among the experimental groups were 

compared based on the zone diameters. 

3.3.5.2. Preparation of Cell Cultures 

L929 fibroblast cells were used for the analysis of cell viability and in vitro wound 

healing assays. These cells were cultured in DMEM/F12 growth medium 

containing 10% FBS and 1% penicillin-streptomycin. The incubator was adjusted 

to the conditions of 95% humidity, 5% CO2, and 37°C, and it was used for the 

experiment [94]. Once the cells reached 70-80% confluency in a 75T flask, they 

were passaged. During the passaging process, the cell medium was first washed 

with 1X PBS. Subsequently, the cells were collected in a Falcon tube using 0.25% 

trypsin-EDTA solution and centrifuged. After centrifugation, the supernatant was 

discarded, and the remaining cell pellet was suspended in 1 ml of growth medium. 

Cell counting was performed using a Thoma chamber with trypan blue staining. 

The required number of cells for the experiments was then suspended in growth 

medium and used for cell seeding. 

3.3.5.3. Biocompatibility Assay 

The biocompatibility of the nanofibers was analyzed using the ISO 10993-12 

standard extract method (indirect) on L929 fibroblast cells [95].  

For this purpose, the fibers were first cut into 2 cm2 dimensions and then subjected 

to UV sterilization. Subsequently, sterilized fibers belonging to each experimental 

group were transferred to separate tubes at a concentration of 2 cm2/ml in the growth 

medium. The tubes were then placed in a shaking water bath adjusted to 130 RPM 

and 37°C for 72 hours. After this period, the growth medium containing the fibers 

was collected and stored at +4°C for use in cell culture studies. 

The effects of fibers on cell viability were analyzed using extract media. The cell 

viability analysis was conducted using the MTT method. In this method, the 

tetrazolium component present in the MTT salt is converted to formazan by 

mitochondrial enzymes in live cells. Thus, the resulting formazan density provides 

information about cell viability [96]. 
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For the cell viability analysis, fibroblast cells were seeded in 96-well plates with 

104 cells per well, and the plates were then incubated for 24 hours. After this period, 

the medium in the wells was aspirated.  

The control group wells were replaced with fresh growth medium, while the 

experimental group wells were replaced with extracts where the fibers had been 

kept. Each group was tested in triplicate (n=3). Subsequently, the plates were 

incubated for 24 and 72 hours, and at the end of these periods, the MTT test was 

performed. 

For this test, 10 µl of MTT solution prepared with PBS at a concentration of 10 

mg/ml was added to each well, and the plates were incubated in the dark for 4 hours. 

During this time, live cells converted the yellow tetrazolium compound into purple 

formazan. Then, to dissolve the insoluble formazan crystals, 100 µl of DMSO 

solvent was added to each well, and the plates were kept in the dark for 30 minutes. 

The optical densities (OD) of the formazan crystals in the wells were measured at 

570 nm using a microplate reader. The average absorbance values were calculated, 

and ±SD was determined. Additionally, using the obtained absorbance values, cell 

viability (%) was calculated with Equation 2. 

 

Cell viability (%) =  
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100   (3.2) 

 

3.3.5.4. In Vitro Wound Healing Experiment 

The scratch method was used to investigate the effects of fibers on in vitro (2-

dimensional environment) wound healing [97]. For this experiment, L929 

fibroblast cells were first seeded in a 24-well plate with 105 cells per well, and the 

plates were incubated under appropriate conditions for 24 hours. After this period, 

the medium in the wells was aspirated, and a 200 µl sterile pipette tip was used to 

create scratches in the wells. Subsequently, the wells were washed with PBS to 

remove detached cells from the surface. While fresh growth medium was added to 

the control group wells, the experimental group wells received extracts of the fibers. 

Then, the initial states (0 hours) of the scratches in the wells were visualized and 

recorded using an inverted microscope.  
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This process was repeated at 24 and 48 hours. The wound areas in the wells of the 

control and experimental groups were measured using ImageJ software. The 

obtained data were used in Equation 3 to calculate wound closure (%) in which G(0) 

is the initial wound area and G(t) is the wound area at t hours after scratching. 

 

Wound closure (%) =  
(𝐺(0)/𝐺(𝑡))

𝐺(0)
 𝑥 100   (3.3)
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4 

     RESULT AND DISCUSSION 

 

The thesis aims to develop a functional nanofiber-structured wound dressing 

material to effectively treat common wounds which have the potential to progress 

into chronic conditions due to various pathogens. For this purpose, the cationic 

P4VP was synthesized and electrospun together with PLGA and chrysin to form a 

nanofibrous system. Then, AgNPs were formed on the nanofibers to form the final 

antibacterial and antioxidant nanofibrous wound dressing material.  

Initially, P4VP was synthesized using free radical polymerization. The produced 

polymer was characterized with FTIR spectroscopy and GPC. Figure 4.1 displays 

the GPC chromatograms of P4VP obtained from the RI and RALS detectors. The 

chromatogram exhibits a unimodal peak at 2.4 ml, which corresponds to the 

polymer. Additionally, small positive and negative peaks observed between 3.4 and 

3.9 ml are injection-sourced peaks commonly present in all chromatograms. The 

GPC analysis yielded a MW of 75 kDa and polydispersity index (PDI) of 1.377 for 

the P4VP polymer, confirming the successful polymerization.  
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Figure 4.1 GPC chromatograms of P4VP acquired from RI and RALS detectors 
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After the GPC analysis, the polymer was characterized with FTIR spectroscopy. In 

Figure 4.2, FTIR spectrum of the synthesized P4VP is given in which the band at 

1595.32 cm-1 belongs to the pyridine ring stretching. The pyridine is also 

characterized with the band at 1414.53 cm-1. The band at 3023.35 cm-1 belongs to 

the C-H stretching in aromatic pyridine ring, while the presence of C-H groups in 

the backbone of the polymer is observed by the band at 2917.23 cm-1. Aromatic C-

H groups display out-of-plane deformation vibrations at 819.60 cm-1. It is obvious 

that aliphatic C-H groups are present in the final product after polymerization which 

reveals the aliphatic backbone of the polymer, which is absent before the 

polymerization. 
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Figure 4.2 FTIR spectrum of synthesized P4VP 

The FTIR spectrum and GPC chromatograms clearly exhibits the successful 

synthesis of P4VP which can be used in the electrospinning of the nanofibers for 

production of the wound healing materials. 

After preparation of P4VP, the nanofiber based wound healing materials are 

produced using electrospinning technique. For this purpose, different combinations 

of the components were electrospun to better understand the biological effect of the 

component.  
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Figure 4.3 gives the images of nanofiber mats obtained after electrospinning P4VP 

and PLGA individually and combined together with AgNPs and CHR in different 

combinations. As seen in Figure 4.3A-B, individual P4VP and PLGA nanofiber 

matrices obtained on aluminum surface are white colored materials. 

Electrospinning of the solution of P4VP/PLGA blend also resulted in white-colored 

material (Figure 4C). The incorporation of AgNPs by reducing Ag ions on the 

electrospun nanofiber matrix of P4VP/PLGA blend exhibited a brown-colored 

material (Figure 4D) in which the AgNPs caused the brown color. In the next 

combination of components, CHR was added to the solution of P4VP/PLGA blend 

and electrospun to form a white-colored material (Figure 4E). After combining all 

components together to form a nanofiber matrix from P4VP/PLGA/CHR blend 

with AgNPs, a light brown-colored material was obtained (Figure 4E) in which the 

AgNPs presence caused brown color. 

 

Figure 4.3 Nanofiber matrix pictures of (A) P4VP, (B) PLGA, (C) P4VP/PLGA 

blend, (D) P4VP/PLGA blend with AgNPs (E) P4VP/PLGA/Chrysin blend and 

(F) P4VP/PLGA/Chrysin blend with AgNPs 

After visually confirming the mat production, SEM was used to prove the nanofiber 

formations in the produced materials.  Figure 4.4 gives the SEM images of all the 

electrospun materials at 5 kX magnification. SEM images of electrospun materials 

gives information about the diameter and distribution of the fibers throughout the 

material.  
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As seen in all images of Figure 4.4, fibers are formed in all combinations of 

components and beads were not observed in any of these fibrous materials. 

However, a few junctions are seen only in the nanofibers produced from individual 

PLGA (Figure 4.4B).  

 

Figure 4.4 SEM images of (A) P4VP, (B) PLGA, (C) P4VP/PLGA blend, (D) 

P4VP/PLGA blend with AgNPs (E) P4VP/PLGA/Chrysin blend and (F) 

P4VP/PLGA/Chrysin blend with AgNPs acquired at 5kX magnification 

SEM images of the matrices were used to determine the average diameters of the 

fibers. Table 4.1 gives the average diameters of the fibers produced from all the 

combinations of components. In the Table 4.1, fibers produced from individual 

P4VP exhibits the largest diameter as 829 nm, while the fibers obtained by the 

electrospinning of individual PLGA have the smallest average diameter as 300 nm.  
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The blend of P4VP and PLGA resulted in an average diameter as 377 nm which is 

between the diameters of individual P4VP and PLGA. When the AgNPs are 

incorporated on the nanofibers from P4VP/PLGA blend, the average diameter 

increased to 392 nm. When the blend of P4VP, PLGA and CHR is electrospun, the 

produced fibers exhibited the average diameter of 509 nm which reveals that CHR 

causes in increase in the diameter of nanofibers. The addition of CHR into the 

polymeric nanofiber matrix has led to an increase in the average fiber diameter. It 

is thought that chrysin molecules adhered to the fibers during the electrospinning 

process and affected their dimensions. After incorporation of AgNPs on the 

nanofibers from P4VP/PLGA/CHR blend, the average diameter increased to 554 

nm. The addition of AgNPs to the nanofibrous structure causes an increase in the 

average diameters and the nanoparticles appear as distinct spots, indicating their 

presence within the matrix. The fiber diameters obtained in this study are 

compatible with similar studies such as the study of Gors et al. in which nanofibers 

with varying concentrations of AgNPs resulted in an average diameter within the 

range of 67-781 nm [98]. 

Table 4.1 Average fiber diameters of (A) P4VP, (B) PLGA, (C) P4VP/PLGA 

blend, (D) P4VP/PLGA blend with AgNPs (E) P4VP/PLGA/Chrysin blend and 

(F) P4VP/PLGA/Chrysin blend with AgNPs 

Sample ID 
Fiber Diameter (nm) 

Average Std. Dev. Median 

A 829 276 795 

B 300 133 258 

C 377 160 347 

D 392 178 366 

E 509 247 475 

F 554 237 515 

 

After proving the fiber formations in the produced materials, FTIR spectrometry 

was used to evaluate their chemical structures. Figure 4.5 depicts the FTIR spectra 

of the individual and combined samples of P4VP, PLGA, Chrysin, and AgNPs. 
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When examining the spectra of nanofibers from individual P4VP in Figure 4.5, it 

can be observed that the bands at 1598, 1558, 1496, and 1417 cm-1 in the spectrum 

attributed to P4VP represent the characteristic vibration peaks of the pyridine ring. 

Additionally, the peaks at 1068 and 962 cm-1 correspond to in-plane and out-of-

plane C-H bending vibrations, respectively. In addition, a new band appeared at 

1640 cm-1 which is different than the only P4VP. This band exhibits the quaternized 

pyridine ring, which forms by the reaction between 1-bromohexane and nitrogen 

atom of pyridine ring. The positive charge of the quaternized ammonium group 

makes the polymer positively charged. It should be noted that not all the pyridine 

rings are quaternized, since there is still a band at 1598 cm-1. The quaternization of 

pyridine ring with 1-bromohexane occurs at elevated temperatures as 60-80 °C, but 

during the electrospinning in situ quaternization reaction has been accomplished, 

which is a rare example of such reactions. 

 

Figure 4.5 FTIR spectra of the produced nanofiber matrices and pure CHR 

The spectrum of PLGA nanofibers exhibit bands for carbonyl stretching at 1747 

cm-1 and for C-O group in the range of 1093–1450 cm-1, indicating the presence of 

the ester group of PLGA.  
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The band at 3000 cm-1 is attributed to the aliphatic groups of PLGA. These bands 

provide evidence of the formation of a nanofiber matrix from PLGA. The spectrum 

of nanofibers from P4VP/PLGA blend in Figure 4.5 demonstrate characteristic 

bands of both P4VP and PLGA, which provides evidence of the incorporation of 

both polymers in the nanofiber formation. However, quaternized pyridine rings are 

not observed in this spectrum. The PLGA chains may have interacted with 1-

bromohexane molecules and prevented the quaternization reaction. 

CHR molecule is added in the P4VP/PLGA blend solution to electrospun nanofiber 

matrices. In the pure CHR structure, the bands at 2889 and 2628 cm-1 correspond 

to the stretching vibrations of =C-H and C-H bonds [99]. The carbonyl group 

vibrations are observed at 1651 cm-1 and aromatic ring vibrations are 1606, 1574 

and 1446 cm-1. In the nanofibers from P4VP/PLGA/CHR blend, the characteristic 

bands P4VP, PLGA and CHR were observed at 1597, 1750 and 1651 cm-1, 

respectively. The spectrum reveals the incorporation of all the components in the 

nanofibers. 

In the spectra of nanofibers from P4VP/PLGA blend with AgNPs and 

P4VP/PLGA/CHR blend with AgNPs, the bands of P4VP, PLGA and CHR are 

observed. However, a distinctive band of AgNPs could not be observed in both 

spectra, which reveals that a further technique is required for chemical 

characterization of AgNPs [99]. 

Figure 4.6 illustrates the water absorption ratios of the electrospun nanofiber matrix. 

In all matrices, the materials absorb water in the first 3-6 minutes and then lose 

weight until 180 minutes of the experiment. The weight loss of the materials can be 

the result of dissolution of P4VP in the water or degradation of PLGA. P4VP based 

nanofiber matrix absorbed the least amount of water, which can be due its high fiber 

diameter causing smaller pores between fibers and less absorption. The nanofibers 

produced from PLGA absorbed more water than P4VP based nanofibrous materials. 

PLGA nanofibers are much smaller than the P4VP nanofibers and PLGA matrix 

have larger pores between fibers which may have caused more water penetration 

into the material.  
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When P4VP and PLGA blend was electrospun, the diameter of the fibers were 

between the individual P4VP and PLGA fiber diameters, and the water absorption 

of the P4VP/PLGA blend nanofibers is between the water absorption values of the 

individual P4VP and PLGA. When AgNPs were added to the nanofiber matrix of 

P4VP/PLGA blend, the water absorption reached to a maximum value, which can 

be the result of increase in the interaction between nanoparticles and water. It was 

also shown in the study of Liu et al. that AgNPs addition to the nanofibers increased 

the swelling capacity of nanofiber structures [100]. However, CHR addition to the 

structure of P4VP/LGA blend with AGNPs slightly decreased the water absorption. 

 

Figure 4.6 Water absorption ratios of (A) P4VP, (B) PLGA, (C) P4VP/PLGA 

blend, (D) P4VP/PLGA blend with AgNPs (E) P4VP/PLGA/Chrysin blend and 

(F) P4VP/PLGA/Chrysin blend with AgNPs 

After production and characterization of the electrospun mats, their biological 

activities were evaluated. Firstly, antibacterial activity of the materials were 

determined against S. aureus and E. coli.  
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Secondly, biocompatibility of the electrospun mats were investigated on L929 cells 

and finally, wound healing efficacy of the produced materials were determined via 

scratch test. 

Table 4.2 shows the petri images of all the samples after incubated with E. coli and 

S. aureus. As seen in the Table 4.2, P4VP mats exhibited antibacterial activity only 

against S. aureus. The activity of P4VP is caused by the positive charges on the 

polymer backbone, which allows the polymer interact with the negatively charged 

bacterial membrane and disrupt the cell. However, P4VP did not exhibit activity 

against E. coli.  

PLGA is a biocompatible and biodegradable copolymer and showed antibacterial 

activity against both bacteria. This polymer also exhibited a slight antibacterial 

activity in the study of Liao et al. [101]. The antibacterial activity of the polymer 

can be attributed to the acidic degradation products of the polymer. 

When P4VP and PLGA combined together, the formed electrospun mat exhibited 

antibacterial activity against both bacteria. Adding AgNPs to the P4VP/PLGA 

blend mat increased the antibacterial activity considerably, which is caused by the 

antibacterial efficacy of the AgNPs and diffusion of Ag ions. 

CHR addition to the P4VP/PLGA blend mats did not prevent antibacterial activity 

and the electrospun mats were still active against both bacteria. CHR and AgNPs 

incorporated P4VP/PLGA mats exhibited a high antibacterial activity against both 

bacteria. 

Table 4.2 Images of agar plates of all the produced samples showing bacterial 

inhibition zones against E. coli and S. aureus 

Sample Microorganism 

E. coli S. aureus 

P4VP 
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Table 4.3 Images of agar plates of all the produced samples showing bacterial 

inhibition zones against E. coli and S. aureus (continued) 

PLGA 

  

P4VP+PLGA 

  

P4VP+PLGA+AgNPs 

  

P4VP+PLGA+CHR 

  

P4VP+PLGA+CHR+AgNPs 

  

 

Figure 4.7 gives the inhibition zone values of the samples acquired from the disc 

diffusion assays against S. aureus and E. coli. As seen, AgNPs incorporation into 

the P4VP/PLGA blend nanofiber considerably increased the antibacterial activity 

of the material. However, when CHR is added to P4VP/PLGA blend nanofiber, a 

slight increase in antibacterial activity was observed. When both CHR and AgNPs 

are added to the P4VP/PLGA blend nanofiber, the resulting antibacterial activity 

was slightly less than P4VP/PLGA blend nanofiber with only AgNPs.  
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It is obvious that CHR interacts with AgNPs and causes a decrease in the total 

antibacterial activity. It can be said that the produced nanofibers containing CHR 

and/or AgNPs are antibacterial materials that are effective against both S. aureus 

and E. coli.  

 

Figure 4.7 Inhibition zone diameter of the electrospun samples against S. aureus 

and E. coli acquired from disc diffusion assays 

The introduction of a secondary active compound into the nanofiber matrix has led 

to an increase in antibacterial efficiency. The effect of AgNPs is significantly 

greater than that of CHR. Consequently, it can be inferred that the increased 

antibacterial activity results are directly attributed to the presence of AgNPs. Upon 

comparing the results with the existing studies, researchers also observed that 

AgNPs have the potential to reduce biofilm formation, and their inhibition zones 

varied between 7.7 mm and 24 mm depending on the types of bacteria [102]. Thus, 

the obtained results align with those reported by previous researchers [16].  

The biocompatibility of the electrospun materials were evaluated using an indirect 

method by incubating the extracts of the samples with L929 fibroblast cells. Figure 

4.8 shows the cell viabilities after 24 and 48 h incubation of samples’ extracts with 

the L929 cells.  
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After 24 hours of incubation, all the electrospun matrices were biocompatible on 

L929 cells. Moreover, the cell viabilities of all samples were higher than the control 

sample, which indicates that the electrospun materials increase the proliferation of 

the cells in the first 24 h. After 72 hours incubation of the samples with the cells, 

cell viabilities decreased to values lower than the control sample. However, the 

samples that do not contain CHR caused approximately 80% viability of the cell, 

which can be accepted as biocompatible. The samples containing CHR were toxic 

after 72 hours of incubation with cells. It was also demonstrated that an elevated 

concentration of CHR is toxic to human breast adenocarcinoma cells, particularly 

after 48 and 72 hours, surpassing critical thresholds [103]. 

 

Figure 4.8 The effect of the produced electrospun samples on the viabilities of 

L929 cells after 24 and 72 h incubation 

After evaluating the biocompatibility of the samples, their effect on wound healing 

was evaluated in vitro using a scratch test. In this test, cells are separated via a 

scratch and the material is applied to this scratched area to observe any effect in the 

proliferation of cells in this area. Table 4.3 gives the microscope images of the 

scratched cell colonies after 24 and 48 hours of incubation with the electrospun 

samples.  
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Table 4.4  Invert microscope images (10x) of L929 fibroblast cells after scratched 

and incubated with the extracts of the samples at different time intervals 

Sample 

Time (h) 

0 24 48 

Control 

   

P4VP 

   

PLGA 

   

P4VP-PLGA 

   

P4VP-PLGA-

AgNPs 

   

P4VP-PLGA-

CHR 

   

P4VP-PLGA-

CHR-AgNPs 
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The area of the scratched regions given in Table 4.3 is measured by the image 

software to evaluate the cell proliferation to cover the scratched area. The obtained 

areas are proportioned to the initial scratched area and the wound healing ratio 

percentage is determined. Table 4.4 gives the wound healing values of the samples 

after applied to the scratched areas in vitro. P4VP increases the wound healing after 

both 24 and 48 hours compared to the control, which can be attributed to the positive 

charges of the polymer to increase interaction with the cells. On the other hand, 

PLGA based nanofibers decreased the wound healing after 24 hours but increased 

the wound heling after 48 hours. The electrospun matrix composed of a blend of 

these polymers was also effective in wound healing, inducing accelerated wound 

healing after both 24 and 48 hours. 

AgNPs incorporation onto the P4VP/PLGA blend nanofibers caused a considerable 

positive effect on wound healing, in which the scratched are almost completely 

healed after 48 hours. It was shown that AgNPs inhibit the production of 

proinflammatory cytokines and cause the down-regulation of proinflammatory 

cytokines leading to earlier wound healing [104]. Therefore, our results are 

compatible with the previous studies.  

CHR incorporation caused a negative effect in the wound healing process. Only 

after 24 h of incubation with the nanofibers from P4VP/PLGA/CHR caused a 

slightly positive effect on the wound healing. After 48 hours of incubation with the 

nanofibers from P4VP/PLGA/CHR decreased the cell proliferation. The nanofibers 

of P4VP/PLGA/CHR with AgNPs decreased the wound healing compared to the 

control after both 24 and 48 hours. The negative effect of CHR on the wound 

healing process can be the result of toxicity of the CHR molecule that inhibits the 

proliferation of the cells.  
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Table 4.5 In vitro percentages of wound healing on L929 fibroblast cells after 

incubation with the electrospun samples 

Sample 
Wound Healing (%) 

after 24 h after 48 h 

Control 62.47 90.09 

P4VP 77.83 98.22 

PLGA 57.80 92.30 

P4VP-PLGA 74.92 93.10 

P4VP-PLGA-AgNPs 83.37 99.87 

P4VP-PLGA-CHR 69.89 71.82 

P4VP-PLGA-CHR-AgNPs 55.80 75.13 
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     5 

     CONCLUSION 

 

The thesis introduces a novel approach by combining antioxidants and silver 

nanoparticles within a P4VP and PLGA based polymeric electrospun material, 

which can be used as a wound dressing material.  As a result of the findings, the 

following conclusions can be drawn: 

• P4VP polymer was produced and the results acquired from FTIR 

spectroscopy and GPC revealed that P4VP with 75 kDa MW and its PDI 

value was 1.377. Thus, unimodal distribution was successfully synthesized. 

• P4VP and PLGA were used to prepare electrospun nanofiber matrices in 

different combinations with AgNPs and CHR. The SEM images showed 

that nanofibers ranging between 300-829 nm were produced without beads 

and junctions. It was revealed that as the PLGA content increases, the 

average diameter of the matrix decreases.  

• The white colored nanofiber materials soaked in AgNO3 and then NaBH4, 

turned the color of material to brown after the treatment, which proves the 

successful silver reduction on the dressing material surface. Also, the 

average diameters of nanofibers were larger after treatment with silver, 

which also indicates the AgNPs formation on the nanofibers. 

• The produced nanofibers absorbed water up to maximum 375% depending 

on the material’s composition. It was shown that when AgNPs were added 

to the nanofiber matrix of P4VP/PLGA blend, the water absorption reached 

to a maximum value. 

• All the produced nanofibers exhibited antibacterial activity against E. coli 

and S. aureus, in which the only exception was the P4VP based nanofibers 

showing activity only against S. aureus. The antibacterial activity of the 

PLGA-based nanofiber matrix is attributed to its biodegradability. During 

the experiment, the fibers underwent biodegradation and experienced 

shrinkage.  
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Subsequently, this process led to the formation of inhibition zones. The 

addition of AgNPs into the nanofiber structure considerable increased the 

antibacterial efficacy of the nanofibers. 

• In the first 24 hours incubation of L929 cells with the produced materials, 

all the samples were biocompatible on the studied cell line. However, after 

72 hours of incubation, CHR containing nanofibers exhibited toxicity on the 

cells.  

• AgNPs containing nanofibers showed the highest wound healing effect 

while addition of CHR caused a considerable decrease in the wound healing 

capacity of the produced nanofiber-based materials. 

In conclusion, the produced P4VP-PLGA based nanofiber-based materials have the 

potential to be used as antibacterial wound healing materials. Incorporation of 

AgNPs into the structure considerably increased the antibacterial efficacy and 

wound healing capacity of the material, which indicates the importance of 

composite production.  

In the further studies, silver existence in the material should be characterized in 

advanced techniques such as XRF (X-ray fluorescence) to better understand the 

formed structure. Also, change in the concentration of AgNPs and CHR in the 

nanofiber matrices should be investigated comprehensively to exhibit their 

combined activity both in antibacterial and wound healing studies.   
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