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Abstract 

Surgical Staple Pins (SSPs) play a significant role during the wound healing of surgical site 

infection in the medical world. This project focuses on enhancing the biocompatibility and 

performance of surgical staples through the synthesis of a specialized coating. Surgical staples 

are widely used in various medical procedures for wound closure and tissue approximation, 

offering advantages such as speed, consistency, minimal tissue reaction, and reduced scarring. 

However, to further improve their effectiveness, we aimed to develop a coating with specific 

properties. The selected materials for the coating include chitosan (matrix) i.e., biocompatible, 

and biodegradable polymer, nanohydroxyapatite (nHA), and zinc oxide nanoparticles (ZnO) 

(fillers). Chitosan's properties make it suitable for wound healing applications, with 

antibacterial, analgesic, and hemostatic qualities. Bioactive glasses and nHA promote soft 

tissue regeneration and are known to expedite skin regeneration by encouraging angiogenesis 

and collagen deposition during the wound healing process. ZnO nanoparticles provide 

antibacterial properties and can enhance corrosion resistance. The incorporation of these 

materials into the coating aims to create a surface that is biocompatible, antibacterial, and 

conducive to wound healing. It must have good or improved corrosion resistance. This coating 

process has the potential to reduce the risk of tissue irritation, inflammation, and infections 

while promoting faster and more efficient healing. Therefor the composite was prepared and 

was coated through Electrophoretic deposition Method on SSPs. The treated / coated SSPs 

were then evaluated and compared, with non-treated / uncoated SSPS acting as the control. The 

corrosion resistance samples were carried out using Hank’s solution having pH of 

approximately 6.8. The corrosion resistance properties were improved having the lower values 

of Icorr of the treated SSPs with Ch /nHA /ZnO Composite films as compared to the untreated 

and SSPs. The antibacterial activity of these samples was also observed against bacterial strains 

of Escherichia coli and Staphylococcus aureus. In vitro antibacterial tests of these coated SSPs 

were carried out. The Ch/ nHA /ZnO coated SSPs showed promising antibacterial activity. 

Through this study, it was found that the Surgical Staple Pins coated with Ch /nHA /ZnO 

Composite films have improved corrosion resistance and antibacterial properties, and they have 

the potential to be used for wound healing.  
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Chapter 1:  

Introduction  

1.1 Biomedical science 

Biomedical science is a scientific discipline focused on understanding the intricacies of the 

human body at the molecular level. Its primary objective is to advance medical knowledge and 

discover novel treatments for various infections and diseases. Within the realm of biomedical 

sciences, research extends to the field of drug delivery methods for combating diverse 

infections. Additionally, clinical epidemiology falls under the umbrella of biomedical science, 

which encompasses healthcare and public health. The central mission of biomedical science is 

to safeguard human health. 

In contemporary times, biomedical science has become an expansive field that plays a pivotal 

role in supporting modern medicine. It involves in-depth analyses of the human body in both 

its healthy and diseased states. A major emphasis of biomedical science is on studying diseases 

and their associated symptoms within the human body. Recent advancements in biomedical 

science have led to the development of highly effective antibacterial and anti-inflammatory 

medications, particularly in the context of wound healing applications. Modern medical 

techniques and treatments derived from biomedical science have proven immensely beneficial 

in managing a wide array of illnesses. 

Microbiology is a fundamental component of biomedical science, involving the study of 

various microorganisms, including bacteria, fungi, and parasites, which have the potential to 

cause infections. By thoroughly investigating infections, biomedical scientists can identify 

appropriate interventions, such as the use of antibiotics or antibacterial drugs, to target and treat 

infections effectively at the source. 
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1.1.1 Types of Biomedical Science 

Biomedical science is a broad and multidisciplinary field that encompasses several main 

disciplines or areas of study. These main disciplines within biomedical science include: 

 

Figure 1: Main Disciplines of Biomedical Sciences 

These main disciplines within biomedical science work together to advance our understanding 

of human health and disease, develop innovative medical treatments, and improve healthcare 

outcomes. They often overlap and collaborate to address complex biomedical challenges. 
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1.2 Biomedical Applications 

Biomedical science boasts a wide array of applications, including the development of 

innovative drug delivery systems. One noteworthy approach involves incorporating anti-

microbial or anti-inflammatory drugs into surgical sutures, which greatly enhances the wound 

healing process. This method harnesses the potent antimicrobial properties to combat diverse 

bacterial strains responsible for various infections. 

Biomedical science spans a wide range of applications, from enhancing wound healing through 

drug delivery to enabling real-time observation of biological activities via bioimaging and 

facilitating the precise detection of target analytes using biosensors. These applications 

underscore the field's far-reaching impact on healthcare, diagnostics, and scientific research. 

Some key biomedical applications are shown in figure below: 

 

Figure 2: Biomedical Applications 
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1.3 Wounds 

A "wound" is typically defined as a type of injury to the body's tissues, typically involving a 

break in the skin. It refers to injuries that cause damage to our body's cells and tissues. They 

can be classified in various ways based on the time it takes for them to heal. Broadly speaking, 

wounds are primarily categorized into two main types: open wounds and closed wounds. 

Open wounds and closed wounds result from sudden actions, such as cuts, falls, or impacts. 

Examples of wounds include cuts, grazes, and lacerations. Cuts, for instance, are typically 

caused by sharp objects like knives, glass, or even very sharp and thin sheets of paper when 

they meet the human body. 

Wounds can result from a variety of causes, including accidents, surgery, burns, or diseases. 

There are different types of wounds, such as: 

In Open wound, the skin is broken, and the underlying tissues may be exposed. Examples 

include cuts, lacerations, and puncture wounds. 

Close wounds do not involve a break in the skin, but they may still result in damage to the 

underlying tissues. Examples include contusions (bruises) and hematomas (localized collection 

of blood). Acute wounds are typically caused by a sudden injury and go through a predictable 

healing process. Chronic wounds are those that take longer to heal and are often associated 

with underlying health conditions, like diabetes or vascular disorders. 

These are wounds created intentionally during surgery. They are typically closed with sutures, 

staples, or other methods to promote healing. 

The treatment and management of wounds depend on their type, size, location, and the 

underlying health of the individual. Effective wound care is crucial to prevent infections and 

facilitate the healing process. It often involves cleaning the wound, applying appropriate 

dressings, and, in some cases, sutures or other medical interventions. 
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1.4 Wound Healing 

Wound healing is the natural biological mechanism by which the body repairs and rejuvenates 

damaged or injured tissues after an injury or wound occurs. It is a complex and highly 

orchestrated series of events that aims to restore the structural and functional integrity of the 

affected tissue. The primary goal of wound healing is to close the wound, replace damaged 

tissue with healthy tissue, and ultimately restore normal function. 

1.5 Stages of Wound Healing 

It involves several stages, which can overlap and vary in duration depending on the type of 

them  and how severe it is, as well as The general well-being of the individual [1, 2]. The 

typical stages of wound healing are: 

1.5.1 Hemostasis  

This is the initial stage that begins immediately after a wound occurs. It encompasses the 

inherent physiological reaction of the body to halt bleeding. Blood vessels constrict 

(vasoconstriction) to reduce blood flow, and platelets form clots to plug the wound 

(hemostasis). This temporary barrier helps prevent excessive blood loss. 

1.5.2 Inflammation 

After hemostasis, the body enters an inflammatory phase. Inflammation is a necessary response 

to injury as it helps remove debris and pathogens from the wound site. During this stage, white 

blood cells (neutrophils and macrophages) are recruited to the area to fight infection and begin 

cleaning the wound. Inflammation is often characterized by redness, swelling, heat, and pain. 

1.5.3 Proliferation  

This stage involves the rebuilding of damaged tissue. Fibroblasts, specialized cells, start 

producing collagen, a structural protein that forms the foundation for new tissue. New blood 

vessels also form in a process called angiogenesis, which provides oxygen and nutrients to 
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support tissue growth. Epithelial cells from the surrounding wound edges move to encase and 

close the wound. 

1.5.4 Remodeling (Maturation) 

The final stage of wound healing can last for months or even years. During this stage, the 

recently developed tissue undergoes remodeling and maturation. Collagen fibers are rearranged 

and strengthened, and the scar tissue becomes less prominent and more like the surrounding 

tissue. This stage aims to improve the wound's overall strength and functionality. 

It's important to note that not all wounds heal perfectly, and factors such as age, overall health, 

and the presence of underlying medical conditions can affect the healing process. Some wounds 

may result in noticeable scars, while others may heal with minimal scarring. Proper wound 

care, including keeping the wound clean and protected, can help facilitate the healing process 

and reduce the risk of complications. In some cases, medical interventions such as sutures, 

staples, or wound dressings may be necessary to aid in wound closure and healing. 

 

Figure 3: Wound Healing Steps 
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1.6 History of Treating Wounds 

The history of treating wounds is a rich tapestry of human ingenuity, evolving from 

rudimentary practices to sophisticated medical techniques. In ancient civilizations, such as 

Egypt, Greece, and Rome, wound care often relied on natural substances like honey, which 

exhibited antibacterial properties, as well as wine and herbal concoctions. The application of 

these substances was based more on tradition and intuition rather than scientific understanding. 

While some of these practices had merit, they were limited in their effectiveness. 

The turning point in wound care came in the late 19th century with the groundbreaking 

discoveries of germ theory and antiseptic principles. Louis Pasteur's germ theory established 

the link between microorganisms and infections, fundamentally altering our perception of 

wound management. Joseph Lister, a British surgeon, further revolutionized the field by 

introducing the use of carbolic acid (phenol) as an antiseptic during surgeries. This marked the 

beginning of sterile surgical techniques, drastically reducing the risk of infection during 

procedures [3, 4]. 

As the 20th century dawned, wound care saw remarkable advancements. The discovery and 

widespread use of antibiotics, most notably penicillin, transformed infection control. Now, 

physicians can treat bacterial infections that had previously been lethal. Sterile gauze and 

adhesive bandages also became fundamental tools in wound dressings, offering protection 

while facilitating the healing process [5]. 

Surgical techniques for wound closure continued to evolve. Stitches, or sutures, became a 

cornerstone of wound closure. These sutures, made from various materials such as silk, nylon, 

or absorbable materials, allowed healthcare providers to meticulously bring together wound 

edges for optimal healing. Sutures have remained a mainstay in wound closure for decades, 

employed in a wide range of surgical procedures and wound management scenarios [6]. 

However, in recent decades, alternative methods for wound closure have gained prominence. 

One notable advancement is the use of staples. Surgical staplers are used in specific situations, 

such as large incisions or deep wounds, where suturing might be more challenging. Staples 
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offer several advantages, including speed, precision, and reduced tissue trauma. They are 

particularly useful in surgical settings and can be a valuable alternative to traditional sutures. 

1.7 Surgical Sutures and Types 

Surgical stitches, also known as sutures, are a crucial part of wound closure in medical 

procedures. They are used to bring together the edges of a wound or incision to facilitate 

healing and minimize scarring. Surgical sutures are at risk of bacterial infections and the 

development of biofilms [7]. Furthermore, the presence of sutures can lead to pain and 

unwanted, excessive inflammation at the wound site, which can hinder the healing process [8]. 

There are various types of surgical sutures, each designed for specific applications based on 

factors like the location of the wound, the tissue being sutured, and the desired outcome. Some 

common types of surgical stitches include absorbable sutures and non- absorbable sutures. 

Absorbable sutures are designed to break down and be absorbed by the body over time. They 

are typically used for internal tissues that don't require long-term support. 

Non- absorbable sutures are designed to remain in the body indefinitely and may require 

removal once the wound has healed.  

In some cases, tissue adhesives (glues) or staples may be used instead of traditional sutures, 

especially for superficial wounds or in situations where suturing may be impractical. 

1.8 Surgical staples 

The focus of our project is the surgical staples. Surgical staples are medical devices commonly 

used in various surgical procedures for wound closure and tissue approximation. They offer a 

quick and efficient means of closing incisions and are particularly useful in situations where 

sutures may be impractical or time-consuming. These devices are commonly utilized as 

alternatives to traditional sutures. They offer several advantages, including the ability to 

efficiently seal sizable wounds or incisions with reduced discomfort for patients compared to 

stitches. These devices are frequently employed in minimally invasive surgical procedures [9]. 
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Additionally, they are beneficial for suturing wounds in regions where the skin closely adheres 

to bone, as well as in surgeries involving the removal of organs or the reconnection of various 

internal organ parts. 

1.9 Aims of the Project 

The aim of the project is to synthesize a composite material which should be biocompatible, 

have anti-bacterial properties, help in skin regeneration, and thereby accelerate the wound 

healing process. This synthesized material is then coated over the surgical staple pins to 

enhance their performance and biocompatibility through a specific coating process, thereby 

improving the corrosion resistance and antibacterial properties of the surgical staple pins. 

These coatings serve several important purposes. Firstly, they reduce the risk of tissue irritation 

and inflammation by providing a smooth and biocompatible surface that minimizes friction 

against the surrounding tissues. Secondly, some coatings are antibacterial, helping to prevent 

infections at the site of staple placement. 

These coatings play a crucial role in ensuring the safety and effectiveness of surgical staple 

pins in a wide range of medical procedures. 
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Chapter 2:  

Literature Review  

 

Wound closure is a common surgical practice, with over 80% of procedures utilizing various 

methods. The choice of technique depends on factors such as wound type, location, patient age, 

and tissue characteristics. Surgical sutures, the most widely used method, have limitations, 

including dehiscence and scarring. They also require skilled personnel, risking poor blood 

supply and bacterial colonization [10] .  

 

2.1 Surgical staples 

Surgical staples have gained attention due to their efficiency, mechanical strength, and low 

infection risk, especially during the COVID-19 pandemic. Although no ideal staple has been 

developed to address all complications, they offer an appealing alternative [11]. 

Surgical staples are the medical devices used to deal with deep wounds that require stitching. 

The use of staples for intestinal anastomosis is a widely adopted and common practice in 

modern surgery [12-14]. 

Surgical staplers are commonly employed in medical procedures to secure incisions in the 

abdomen and uterus, particularly in the context of Cesarean deliveries (C-sections). Their use 

in these cases facilitates faster healing and reduces the formation of excessive scar tissue. 

Surgeons also turn to surgical staplers when they must excise a segment of an organ or create 

incisions through diverse organs and tissues within the body [15]. 

These devices are crucial for connecting or reconnecting internal organs within a specific organ 

system. Surgeons commonly employ surgical staplers in procedures related to the digestive 

tract, including the esophagus, stomach, and intestines. During these procedures, a portion of 
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these structures may undergo removal, necessitating the reconnection of the remaining sections 

using surgical staples. 

Surgical staplers operate by compressing tissue, joining two pieces of tissue with staggered 

rows of B-shaped surgical staples, and, in certain models, excising excess tissue to achieve a 

tidy closure of the surgical wound.  

Different designs exist for various surgical procedures, with the majority classified as either 

linear or circular [16]. 

When employing linear staplers, the surgeon utilizes the handles situated at one end to shut the 

"jaws" of the stapler at the opposite end over the tissue. Upon firing the stapler, a series of 

staples secures the tissue, and a blade cuts the tissue between the staples. This procedure 

effectively seals the open wound, preventing bleeding. 

Linear staplers are employed to link tissue in minimally invasive surgeries or to extract an 

organ. Circular staplers are frequently utilized in surgeries related to the digestive tract, 

spanning from the throat to the colon. 

Circular staplers discharge two staggered rows of staples from a circular cartridge. This 

configuration enables the stapler to join two segments of the intestine or another tube-like 

structure following the removal of a portion. 

The staples result in the tissue gathering into rings or donuts between them. Subsequently, an 

integrated blade cuts off the overlapping tissue, finalizing the new connection. Surgeons 

monitor the closed wound for approximately 30 seconds to ensure proper compression of the 

tissue and verify the absence of any bleeding [11].  

There are several types of surgical staples, each designed for specific purposes. Skin Staplers 

are used for closing skin incisions. They have a unique design with two prongs on each side of 

the staple, which helps distribute tension evenly across the skin. Linear staples are typically 

used for internal tissues, such as the stomach or intestines. They form a straight line of staples 

along the incision. Circular staplers create a circular pattern of staples and are commonly used 
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in gastrointestinal surgeries, particularly for creating anastomoses (connections between two 

parts of the gastrointestinal tract). 

To achieve an ideal staple material, it is imperative to conduct degradation studies for 

confirming its stability. Two widely recognized standards for evaluating material degradation 

are ASTM F1635-04a and ISO 10993-13:2010. These standards assess degradation 

performance in physiological and oxidative wound environments, respectively [17] . 

 In addition to the physical and chemical attributes of the staple material, it is equally essential 

to finely tune its biological properties to prevent significant biochemical processes that may 

lead to chemical leaching and the generation of toxic substances [18] . 

Biological properties should be tuned to prevent significant biochemical processes, chemical 

leaching, or the generation of toxic substances. Ideal staple materials should minimize such 

biological interactions. 

Surgical staples are classified based on their fabrication materials and design. In terms of 

fabrication materials, they are broadly divided into metallic and polymeric staples. Metallic 

staples, including Stainless steel (SS), magnesium (Mg), zinc (Zn), titanium (Ti), and nickel-

titanium (NiTinol), offer strength and biocompatibility but face challenges such as corrosion, 

hydrogen gas production, and stress-induced corrosion [19] [20]. Polymeric staples, like PLA, 

PGA, and PLGA, are biodegradable and biocompatible but have lower mechanical strength 

than their metallic counterparts[21]. Notably, FDA-approved polymeric staples have shown 

promise in reducing operative time and improving patient compliance. The choice of staple 

design is also vital, with U-shaped and B-shaped designs being prevalent for their simplicity. 

The appropriate design selection depends on factors like tissue type, thickness, depth, and 

wound location. Ensuring proper design is essential to prevent undesirable deformation and 

achieve effective wound closure. Surgical staples made stainless steel and of titanium and 

titanium alloys are frequently used to repair the intestinal tract and the stomach[22]. Staples 

are used in gastrointestinal anastomosis to prevent surgical complications, shorten operating 

times, and ease patient suffering. However, the human body cannot absorb and hold onto these 

provided Ti essentials for an extended period. Furthermore, the Ti staples cause artefacts on 
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CT scans and other imaging tests, raising the possibility of a false positive. Conversely, a 

bioabsorbable staple composed of polymers that may break down in the environment of the 

human body serves as a substitute. Skin closure is currently offered with subcuticular 

absorbable staples made of polylactic and polyglycolic acid[23] . 

Stainless steel (SS), titanium (Ti), and cobalt-chromium-molybdenum (CoCrMo) alloy are the 

most extensively used materials in biomedical engineering because of their biocompatibility 

and mechanical properties[24, 25] . 

Austenitic stainless steel is commonly used in biomedical applications like surgical instruments 

and orthopedic implants due to its cost-effectiveness, ease of fabrication, biocompatibility, 

mechanical strength, and corrosion resistance[26-28]. 

Low carbon AISI 316L SS (meeting ASTM F138 and F139) with high molybdenum (2–3%) 

and chromium (17–20%) content, along with low carbon (less than 0.03%), is prone to 

increased local and intergranular corrosion[29]. 

Despite its common use in biomaterials and generally good biocompatibility, stainless steel 

(SS) lacks inherent bio functional properties like blood compatibility, osteoconductivity, and 

bioactivity due to the harsh conditions of the human body's biological environment[30] . 

The adsorption of organic molecules, like proteins, on surfaces can trigger biofilm formation, 

potentially leading to corrosion or acting as a source of bacterial contamination[25] . 

Furthermore, achieving additional bioactivity, such as drug release or selective cell capture, 

may be desirable. To attain these desired properties without compromising crucial bulk 

characteristics, stainless steel (SS) needs to be coupled with an active compound, such as a 

drug or antibody[31] . The bacterial infection on stainless steel is also noted as a significant 

drawback[32] 

The residual tension left on the surface by stapling can affect the corrosion behaviour of the 

material in a physiological context. The number of research that consider this residual stress 

following staple insertion is very low[19]. It could be possible that material use for surgical 
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staple pins may corrode or degrade while the wound is still not properly healed. It is known 

that pins may act as a contact between the external environment and the tissues, muscles, and 

bones. So, infections can be one of the main complications[33] . Superficial infections are 

treated with local measures and oral antibiotics. If the infection progresses to the bones, causing 

pin loosening, more extensive measures like pin removal, replacement, and long-term 

intravenous antibiotic therapy are required, escalating both complexity and costs[34] .  

Prior clinical studies have investigated various pin materials (ceramic, stainless steel, titanium) 

and coatings (hydroxyapatite, HA with FGF-2, silver, iodine). Despite extensive research on 

hydroxyapatite (HA) coating, the effectiveness of these materials in reducing infections 

remains unclear[34, 35] .  

In most cases, surgical staples are designed to be left in place indefinitely and do not require 

removal. However, some staples used on the skin may need to be removed after a specific 

healing period, typically 7-14 days. A healthcare professional will remove them using a staple 

remover tool [36]. 

While surgical staples are widely used and generally safe, there can be complications, such as 

staple line leaks or infections. Surgeons meticulously assess staple selection considering the 

procedure, patient variables, and intended results. 

In conclusion, surgical staples serve as invaluable instruments in contemporary surgical 

procedures, offering a prompt and efficient method for closing incisions and wounds. They are 

used across various medical specialties and have contributed to improved surgical outcomes 

and patient recovery times. The choice between staples and other closure methods, such as 

sutures or tissue adhesives, depends on the nature of the surgery and the surgeon's expertise 

[9]. 

2.2 Selection of materials 

The materials are selected depending upon their properties which were desired for the 

composite material and ultimately the coating on Surgical staple pins. 
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The aim was to synthesize a composite material which when coated on our substrate will 

accelerate the wound healing process thereby helping in skin regeneration when applied on the 

wound plus it must improve corrosion resistance of the substrate. It must also bear antibacterial 

properties against specific bacteria. It must be strong enough against E. coli and Sauers to 

prevent their growth or kill them. 

2.2.1 Chitosan  

We used a Chitosan as a matrix, while nHA and ZnO NPs were used as fillers. Chitosan was 

purchased through Sigma Aldrich while the nanoparticles of hydroxyapatite and zinc oxide 

were prepared through a specific synthesis route. Characterizations like SEM, XRD, FTIR were 

performed over the purchased and synthesized materials and then we proceeded towards the 

synthesis of our composite material and the coating. 

Additionally, chitosan serves as an effective chelating agent owing to its capability to bind with 

cholesterol, fats, proteins, and metal ions. This chelating property makes it useful in various 

applications, such as water treatment and pharmaceutical formulations, where the removal or 

sequestration of these substances is essential [17, 18] 

Nanofibers derived from chitin and chitosan, typically with diameters ranging from 50 to 500 

nanometers, exhibit biocompatibility and biodegradability. This makes them well-suited for 

applications as hemostatic agents and wound healing materials [37]. 

Chitosan possesses notable antibacterial activity, as evidenced by studies. Furthermore, it 

demonstrates antifungal effects and exhibits mucoadhesive qualities [38]. Chitosan also offers 

analgesic properties and has been found to have hemostatic attribute [39]. 

Chitosan demonstrates biocompatibility when applied in various biomedical applications, 

including sutures and artificial skins, as supported by studies [38]. Importantly, it has received 

approval from the Food and Drug Administration (FDA) for use in wound dressings [40]. 
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Chitosan, with its remarkable properties, is employed in a wide range of biomedical 

applications, including artificial skin, surgical sutures, controlled drug release systems, and 

even as an antibacterial agent [41]. 

Also, the Nano composite coatings having chitosan in them have been proved to improve the 

corrosion resistance of the substrate material [42, 43]. 

2.2.2 Bioactive Glasses (BG) / Nanohydroxyapetite (nHA) 

The second material to be selected must have the properties to aid the soft tissue regeneration 

i.e, skin regeneration during the wound healing process. For that purpose, bioactive glasses 

play an important role. Bioactive glasses have shown the capability to expedite the process of 

skin regeneration by promoting angiogenesis and increasing collagen deposition during the 

proliferation stage, while also demonstrating beneficial impacts on the crucial phases of wound 

healing [44]. 

Bioactive glasses are capable of adhering to rigid tissues like bone, contributing to tissue 

regeneration through the creation of a calcium-phosphate-like layer on their surfaces. The 

development of this apatite layer facilitates a connection between the hard tissue and the glass, 

ultimately promoting bone healing [44]. 

Nonetheless, patients with compromised immune systems face a multitude of factors that 

contribute to slow healing, ultimately leading to the development of chronic wounds, 

particularly in diabetic individuals who are constantly at risk of inflammation and potentially 

life-threatening infections [45].  

To facilitate the healing process, it becomes imperative to expedite blood clotting, prevent 

infections, and promote vascularization, as these three elements significantly influence the 

success of wound healing. 

Ionically doped bioactive glasses (BGs) can accelerate these critical processes by incorporating 

various metallic oxides into the glass matrix to alter its chemical and physical properties. 

Subsequently, the release of ions as a result of the dissolution of the glass in biological 
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environments can bestow hemostatic qualities (e.g., Ca2+) and antimicrobial attributes (e.g., 

Ag+ and Cu2+) [46-48]. 

The potential of bioactive glasses (BGs) to stimulate angiogenesis presents an attractive 

alternative to the expensive growth factors traditionally utilized to stimulate the development 

of new blood vessels in damaged tissues.  

Recently, BGs have found application in wound treatment and have exhibited significant 

potential in the realm of wound healing. Some specific BG compositions can be employed to 

accelerate the healing process by assisting in the various stages of wound recovery [44]. 

 

 

Figure 4: Wound Healing Stages on Bioactive Glass 

Bioactive glass (BG) appears to promote wound healing, in part, by influencing and regulating 

the inflammatory responses during the wound healing process. It also plays a role in enhancing 

the paracrine interactions between macrophages and the cells involved in the repair process 

[49]. 
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In short, bioactive glasses have a diverse range of potential applications in wound healing, from 

enhancing fibroblast activity and angiogenesis to modulating inflammatory responses and 

promoting hemostasis. These findings hold promise for the development of innovative 

biomaterials to improve wound care and healing in various clinical settings [44]. 

Rather than using bioactive glasses or synthesizing them, we decided to use something that 

work same as they do.  

Biomaterials play a crucial role in the field of medicine by providing non-living materials that 

can be used to restore or replace dysfunctional tissues and organs. Over the last half-century, 

there has been significant progress in the science and engineering of biomaterials, driven by 

substantial investments in the development of innovative products [50]. 

Biomaterials can be categorized into two main types: natural and synthetic materials. As 

previously mentioned, the survival of stem cells necessitates a specific environment. Therefore, 

biomaterials provide a promising approach to replicate the in vivo microenvironment, enabling 

the regulation of stem cell destiny through interactions with the cell-matrix [51]. 

We decided to use nano-hydroxyapetite instead of the bioactive glasses as it disassociates as 

Calcium and phosphate ions just like bioactive glasses breaks as the pH increase.   

In the pursuit of emulating the 3D extracellular matrix (ECM) to influence stem cell behavior, 

various natural biomaterials have been employed to facilitate stem cell proliferation and 

differentiation. These materials encompass a range of substances such as collagen, gelatin, 

hyaluronic acid hydrogels, fibrin, glycosaminoglycans (GAGs), alginate, matrigel, silk, and 

hydroxyapatite (HA), among others [50]. 

nHA serves as a source of localized calcium delivery, on the growth, proliferation, 

differentiation, and extracellular matrix production of human dermal fibroblasts, keratinocytes, 

and human mesenchymal stem cells (hMSCs) [52]. 

the provision of calcium ions by nanoHA had a significant positive effect on cellular growth 

and proliferation rates. Additionally, it exhibited a preventive action against the adhesion of 
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pathogenic bacterial strains commonly found in the human skin flora. Furthermore, hMSCs 

exhibited the capability to differentiate into both osteogenic and adipogenic lineages [53]. 

Moreover, hydroxyapetitehase has considerably good corrosion resistance properties 

antibacterial, wound healing properties. When incorporated with other material i,e; forming a 

composite with other materials considerably enhanced properties are observed [53, 54]. 

Therefore, the selected material nHA was synthesized through a specific synthesis route. 

2.2.3 Zinc Oxide Nanoparticles (ZnO) 

The third material selected was the zinc oxide nanoparticles because of their good wound 

healing antibacterial properties. When they are coated over a substrate, they enhance the 

corrosion resistant properties [55]. Zinc oxide nanoparticles exhibit several distinct properties, 

including luminescence, the release of Zn2+ ions in aqueous environments, particularly in acidic 

conditions, generation of reactive oxygen species (ROS), especially upon exposure to UV light, 

versatile surface chemistry, and a straightforward and cost-effective synthetic process that 

enables precise control over particle size and shape.  

These characteristics render zinc oxide nanoparticles a highly versatile material, whether used 

independently or in conjunction with other elements. Consequently, ZnO nanodevices find 

applications across a wide spectrum of scientific domains, with a particular emphasis on 

biomedicine. The latest developments stemming from their utilization in the treatment of 

cancer and diabetes, their effectiveness against bacteria, fungi, and inflammation, as well as 

their potential in wound healing [56].  

A noteworthy characteristic of ZnO nanomaterials is their low toxicity and biodegradability. 

Zn2+ is an essential trace element for adults, participating in a range of metabolic processes. 

The recommended daily intake of Zn2+ is 11.0 mg for adult men and 9.0 mg for adult women 

in the United States. Furthermore, ZnO surfaces are chemically rich in -OH groups, which can 

be easily modified or functionalized with various surface-binding molecules [57, 58]. 
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Moreover, its composite with other materials further resulted in enhanced properties, like 

antibacterial, corrosion resistance etc. [54].  

Therefore, the selected materials were Chitosan, nanohydroxyapetite and zinc oxide 

nanoparticles depending upon their required properties. 
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Chapter 3:  

Materials and Methods 

 

3.1 Synthesis route: 

There are many methods/approaches that could be used to synthesize the nanoparticles and 

nanocomposite coating. There are two approaches that have been used to synthesize 

nanoparticles and these are, top-down approach and bottom-up approach. Top-down methods 

include lithography, milling, and repeated quenching. An inherent limitation of this method is 

its lack of effective control over both the structure and particle size. The bottom-up approach 

is widely employed in nanoparticle synthesis, wherein the material is constructed 

incrementally, proceeding from atoms, molecules, to clusters. In this approach, chemical 

reactions are used to synthesize the materials in a bottom-up approach. Various metal 

nanoparticles are synthesized through the reduction of metal salts by. To synthesize Zinc oxide 

nanoparticles, hydroxyapatite nanoparticles and Chitosan - hydroxyapatite - zinc oxide 

composite wet- chemical synthesis (a bottom up approach) was used.  

3.1.1 Wet- chemical synthesis 

Targeted material is prepared by adding precursor into a specific solvent and the reaction takes 

place within the solution. Surfactants or capping agents are used which serve to regulate the 

size, shape, and structure of the targeted product. The most extensively used wet chemical 

processes for the nanomaterials’ synthesis are Template synthesis, hydrothermal synthesis, 

solvothermal synthesis, self-assembly of nanocrystals, soft colloidal synthesis etc [59]. 

Advantages: 

• Wet chemical techniques are better at controlling the shape of nanomaterials. 
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Disadvantages: 

• A single layer of 2D nanosheets is difficult to obtain/achieve. 

The wet chemical method is used for the synthesis of both metal oxide nanoparticles and 

hydroxyapatite nanoparticles because of the controlled size, form, and morphology of the 

desired product. 

3.2 Methods for coatings 

There are a variety of coating methods containing different coating materials, for different 

coating applications. Available coating materials encompass rigid and durable metallic alloys, 

bio-glasses, ceramics, polymers, and other engineered plastics. These materials provide 

freedom to choose accordingly. There are various coating methods that have be introduced and 

investigated, and these are [60, 61]: 

• Chemical/Physical Vapour Deposition 

• Micro-arc oxidation  

• Sol-gel  

• Thermal spraying 

• Spin coating 

• Electro-deposition coating 

3.2.1 Electrodeposition Coating 

It is the deposition of metallic ions on the substrate, which involves an ion transfer in a unit 

cell due to potential difference between cathode and anode poles. Over time, a layer of coating 

is developed on the submerged substrate by receiving ions from the opposite electrode. [62]. It 

has two types: 

• Electrolytic deposition (ELD) 

• Electrophoretic deposition. (EPD) 
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3.2.1.1 Electrolytic deposition 

It is an electrochemical procedure employed to create a dense metallic coating with a uniformly 

distributed thickness on a substrate, and substrate should be conductive. The substrate and the 

materials for deposition are designated as the cathode and anode, respectively, and are 

positioned within an electrochemical unit cell. Potential difference is applied between both 

poles and the metallic ions thus move towards the substrate through working electrolyte.  

The concentration of metallic ions in the electrolyte remains consistent. 

Advantages: 

• Decorative and high corrosion resistance 

• High temperature applications, wear applications. (46, 47 ref. from paper)  

Disadvantages: 

• Works for conductive substances/substrates. 

3.2.1.2 Electrophoretic deposition 

It’s a multiphase technique in which using an electric field like ELD, thin films are formed on 

the substrate by clotting of colloidal particles [63-65].  

• The external electric field drives suspended particles of electrolyte to either the cathode 

or anode through electrophoresis. 

• These particles start to accumulate in one of the electrodes and thus form a coagulated 

particle. 

• The larger particles are deposited on one of the electrodes, which would be our to-be- 

coated substrate. 

Advantages: 
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• Up till now, EPD has various applications that may include coating, selective 

deposition, biomedical application and many more. Borides, carbides, oxides, 

phosphates, metals etc. are commonly used in EPD. 

Disadvantages: 

• Works for conductive substances/substrates. 

3.3 Aims and Objectives 

The aim of this study is the surface modification of surgical stapler pins (SSPs) made of 

Stainless steel 316L for biomedical applications. It includes: 

• Synthesis of zinc oxide (ZnO) nanoparticles via wet-chemical process. 

• Synthesis of hydroxyapatite nanoparticles (nHA) via wet-chemical process. 

• Synthesis of nanocomposite coating using ZnO, nHA, chitosan. 

• Deposition of coating via electrophoretic deposition method. 

• Corrosion resistance testing of the prepared coated material. 

• Antibacterial testing of the prepared coated material.  

• Furthermore, this product will help to accelerate the wound healing process and can be 

used in emergency medical situations. 

 

3.4 Synthesis of ZnO Nanoparticles: 

Zinc oxide nanoparticles were synthesized by wet-chemical method by using Zinc Nitrate 

(Z(NO3)2.6H2O) and Sodium Hydroxide (NaOH) as precursors. In this experiment, 0.1M 

solution of zinc nitrate was magnetically stirred to completely dissolve zinc nitrate in DI water 

for almost 1hr. 1M aqueous solution of NaOH was prepared in the same way and stirred 

magnetically for 1hr. 1-2mL acetic acid is used as a caping agent. After the complete 

dissolution of zinc nitrate, 1M NaOH was added drop by drop under constant stirring till the 

solution turns milky. pH was checked time to time and should between 7- 12. As the solution 
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turns milky, stop further addition of NaOH. The reaction was allowed to proceed for 2 hrs at 

90 ̊C. After the completion of reaction, the beaker was sealed, and the solution was allowed to 

settle down overnight at room temperature. 

The supernatant solution was separated carefully, and the remaining solution was centrifuged 

at 4000 rpm for 20 mins. The precipitates were removed and further cleaned by washing with 

Deionized water and ethanol to remove by-products if left any with the NPs. The Nano particles 

were then dried at 60 ̊C. During this process, Zn (OH)2
 is converted into ZnO.  After drying the 

particles were annealed for 4hrs at 350 ̊C. The prepared ZnO nanoparticles were then 

characterized through FTIR, XRD and SEM [66]. 

 

Figure 5: Synthesis of Zinc Oxide Nanoparticles 

3.5 Synthesis of Hydroxyapatite Nanoparticles (nHA) 

Wet-chemical method was used to prepare the Hydroxyapatite nanoparticles. nHA was 

prepared by using Diammonium hydrogen phosphate (NH4)2HPO4 as a source of phosphorous, 

Calcium nitrate tetrahydrate (Ca (NO3)2 .4H2O) as a source of calcium and ammonia solution 

as an agent to control pH. 55 mL of distilled water was used to dissolve 3.8 grams of 
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diammonium hydrogen phosphate with continuous stirring at 80 ̊C until the whole salt was 

dissolved. Ammonia solution was added to adjust the pH up to 12. 13g of calcium nitrate 

tetrahydrate was dissolved separately in 80mL distilled water at 80 ̊C under continuous stirring 

until the salt was dissolved. (Ca (NO3)2 .4H2O) solution was added drop by drop in 

(NH4)2HPO4 solution under continuous stirring and the resultant solution was subjected to 

stirring for 2 hrs at 80 ̊C. Rate of reaction must be controlled for the desired crystal structure. 

After the completion of reaction, the beaker was sealed, and the solution was left to settle at 

room temperature for particles to precipitate. After that, washing with distilled water and 

ethanol was done. The powder was then collected and dried at 80 ̊C for 24 hrs for the removal 

of any by-products. It was then calcinated at 850 ̊C for 3hrs. The prepared hydroxyapatite 

nanoparticles were then characterized through FTIR, XRD and SEM. 

 

Figure 6: Synthesis of Nanohydroxyapatite 
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3.6 Selected Coating Method 

Electrophoretic deposition method was selected for the synthesis and deposition of our coating 

because of the flexibility in the selection of materials and its applications in biomedical. For 

this purpose, a suspension was prepared by adding our synthesized nanoparticles along with 

other materials and specific solvents. Following is the method for the suspension preparation. 

3.6.1 Suspension preparation 

Chitosan, Zinc oxide NPs, Hydroxyapatite NPs, distilled water, and ethanol were used to 

prepare the suspension, while acetic acid is used as an agent to control the pH which should be 

less than 6.  A suspension of 10mL was prepared by adding in 1.6mL distilled water in 8.2mL 

ethanol with further addition of 0.2mL acetic acid and the whole solution was stirred 

continuously at 30 ̊C. After that 0.025g of Chitosan was added to the prepared solution and 

stirred magnetically for 30 mins and ultrasonically dispersed for 10 mins. In the next step, 

0.0025g of HA nanoparticles were added to the solution and magnetically stirred for 6 hrs at 

30 ̊C and ultrasonically dispersed for 10 mins.  

 

Figure 7: Suspension Preparation 

Finally, to prepare the three-component suspension 0.01g of ZnO nanoparticles were added to 

the two- component suspension (0.025g Chitosan, 0.0025g HA NPs) and magnetically stirred 



28 

 

for 24hrs followed by the ultrasonically dispersion of 10mins. The powder was extracted by 

centrifugation of the suspension, washing the obtained powder with distilled water (2 times, 

4000 rpm) and then drying them at 80 ̊C. The obtained powder was then characterized through 

FTIR, XRD, SEM. 

3.7 Electrophoretic deposition 

The Surgical staple pins (SSPs) of 316L stainless steel were used as a substrate as well as the 

counter electrode in EPD cell. SSPs were first attached to silver/copper wire and then to the 

terminals of the DC power supply through crocodile clips. The applied voltage between the 

electrodes was 15V and the deposition time was 3mins. Four suspensions were prepared: three 

-one component suspensions having chitosan, HA NPs and ZnO NPs alone, and one - three 

component suspension having chitosan, HA NPs and ZnO NPs altogether. The samples were 

dried at room temperature and are characterized by FTIR, XRD, SEM. 

 

Figure 7: Electrophoretic Deposition 

 

 



29 

 

Chapter 4:  

Characterization Techniques  

4.1 Scanning Electron Microscope (SEM) 

A fine beam of electrons is focused over the surface of a specimen in this technique. As a result, 

photons or electrons are ejected from the material's surface. The electrons that have been 

knocked off are then focused on the detector. The detector's output modulates the brightness of 

the cathode ray tube (CRT). A subsequent point on CRT is plotted for each point where the 

beams interact, and the material's image is produced [67]. 

The interaction between electrons and surfaces leads to the emission of secondary electrons 

(SE), backscattered electrons (BSE), and X-ray [68]. Secondary electrons are a common form 

of detection for SEMs. These electrons are discharged from the sample's surface. Thus, a clear 

and pronounced image of the sample is obtained. It can disclose sample information as little as 

1 nm. Also, incident electrons undergo elastic scattering and liberate backwards scattered 

electrons. They originate from deeper sites than secondary electrons. Therefore, their resolution 

is relatively low. When an inner shell electron is ejected from its shell, distinctive x-rays are 

emitted [69]. 

We employ SEM because it allows us to determine important characteristics about our samples, 

including their morphology, chemistry, crystallography, and plane orientation quickly and 

easily. The SEM may be adjusted to any magnification between 10 and 500,000 times. 

FESEM analysis and morphological examination of the materials were conducted on a (JEOL-

JSM- 6490LA) (MIRA3 TESCAN). The elemental make-up was analysed with the use of an 

EDS detector coupled to a FESEM.  
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4.2 X-RAY Diffraction (XRD) 

It is used to determine the material's crystal structure. It is a non-destructive technique that 

provides fingerprints of crystalline materials' Bragg reflections. It comprises of three major 

components. A detector, sample container/holder, and cathode tube. Heating a filament element 

accelerates electrons towards a target, where they clash with target material to create X-rays. 

Crystal consists of several layers and surfaces. Therefore, x-rays with wavelengths comparable 

to these planes are reflected so that the angle of incidence equals the angle of reflection. The 

phenomenon of "diffraction" is described by Bragg's Law: 

2dsinθ = nλ 

When Bragg’s law is satisfied, it means there is constructive interference, and “Bragg’s 

reflections” will be picked up by the detector. These reflections positions tell us about inter-

layer spacing-ray diffraction tells us about the phase, crystallinity, and sample purity. By this 

technique, one can also determine lattice mismatch, dislocations, and unit cell dimensions. 

X- ray diffractions were performed by STOE diffractometer at SCME-NUST. The scan angle 

was taken between 5̊ to 90̊ [70]. 

4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

It is a physio chemical spectroscopic technique which helps in determining the functional 

groups of organic and non-organic compounds by determining their vibrations. When the n 

material is exposed to IR radiation, the molecules in it get excited and show different vibrations 

in different frequency ranges. In case of composites, FTIR helps in determining the presence 

of fillers as well as chemical bonding of materials [71]. 

In electromagnetic spectrum, infrared region lies in the range of (14000-10) cm-1 and can be 

further divided as: 

• Near IR (400-10) cm-1 
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• Mid IR (4000-400) cm-1 

• Far IR (14000-4000) cm-1 

Mid IR region is also called finger-print region. The IR active molecules show their 

characteristic primary vibrations in this region which ultimately helps in 

determining/identifying the functional groups. 

In this technique, the analyte is exposed to the range of wavelengths and the molecular bonds 

show absorbance at specific wavelengths undergoing excitation which further leads to 

vibrations. These vibrations could be stretching and bending. Bending vibrations are also called 

contractions. The IR spectrum is plotted between wave numbers on X-axis while absorbance 

or transmittance on Y-axis. It follows Beer-Lambert law, 

A = ε.C.l 

Where, A= absorbance, ε = molar absorptivity, C= concentration, l = path length. 

4.4 Electrochemical Workstation 

Biologic VSP is the research-grade potentiostat present at SCME. Equipment consists of 

workstation, electrochemical cell, computer hardware, and software system. It is used for many 

applications including: 

• Battery testing 

• Fuel cell and biofuel cell 

• Liquid conductivity 

• Electrochemical deposition of thin film 

• Material impedance spectroscopy 

• Corrosion testing 
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• Photovoltaics and sensors 

• Capacitor and supercapacitor testing 

• Electrochemical Impedance Spectroscopy (EIS) 

Corrosion testing was performed in our case along with electrochemical impedance 

spectroscopy EIS. 

4.4.1 Corrosion testing 

Accelerated electrochemical corrosion was performed on coating substrate system to evaluate 

it in different stimulate environments. Different solutions can be used to stimulate certain type 

of environments depending upon the areas of application such as, 3.5% NaCl solution is used 

as an electrolyte to provide the marine environment and 0.2 molar aqueous solution of Na2SO4   

can be used to provide industrial environment. However, our area of application is the human 

body so in our case Hank’s solution was used to stimulate the required environment. The pH 

of this solution should be between 6.8-7.2. This solution was prepared in lab by a specific 

synthesis route. 

4.4.2 Hanks’s Solution 

To prepare Hank's Balanced Salt Solution (HBSS), begin by setting up an 800 mL container 

filled with distilled water. First, add 8 g of Sodium chloride to the solution, followed by 0.4 g 

of Potassium Chloride, 0.14 g of Calcium Chloride, 0.1 g of Magnesium Sulfate Heptahydrate, 

and 0.1 g of Magnesium Chloride Hexahydrate. To this mixture, incorporate 0.06 g of Sodium 

Phosphate Dibasic Dihydrate and 0.06 g of Potassium Phosphate Monobasic. Ensure the 

solution's vitality by adding 1 g of D-Glucose (Dextrose) and 0.35 g of Sodium bicarbonate. 

The final step is to adjust the volume to 1 liter (1 L) by adding additional distilled water. The 

resultant after continuous stirring is Hank’s solution. 

Hank's Balanced Salt Solution (HBSS) is a versatile buffer solution widely utilized in various 

scientific and medical applications, with corrosion testing being just one of its many uses. From 
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a medical perspective, HBSS is essential due to its ability to mimic the physiological 

environment within the human body. This balanced salt solution contains essential salts, 

minerals, and glucose, making it an ideal medium for maintaining cells and tissues in a healthy 

state during experiments and medical procedures. 

In corrosion testing, HBSS serves as a valuable tool to evaluate the compatibility and longevity 

of medical implants and devices within the human body. By subjecting these materials to the 

simulated physiological conditions provided by HBSS, researchers can assess their resistance 

to corrosion and degradation, ensuring the safety and effectiveness of medical devices like 

orthopedic implants, stents, and prosthetics. The use of HBSS in corrosion testing is pivotal in 

upholding the high standards of safety and performance in the field of medical technology, 

ultimately benefiting patients and healthcare practitioners alike. 

4.5 Antimicrobial testing 

Antimicrobial susceptibility testing has applications in drug discovery, epidemiology, and 

therapeutic outcome prediction. A lot of methods can be used to perform the in vitro 

antimicrobial activity of material. Common methods for antimicrobial testing include the disk 

diffusion method and broth or agar dilution methods. Diffusion methods encompass agar disk 

diffusion, antimicrobial gradient methods (e.g., Etest), agar well diffusion, agar plug diffusion, 

cross streak method, and poisoned food methods. Dilution methods involve broth dilution and 

agar dilution. Additional techniques, like poisoned food methods, can be employed for 

antifungal testing [72]. 

4.5.1 Diffusion method 

Diffusion is the movement of molecules from the area of higher concentration to the area of 

lower concentration.  Diffusion methods in antimicrobial activity basically disk diffusion 

methods. The disc diffusion method (DDM) falls under agar diffusion methods (ADM), where 

the tested substance diffuses from a reservoir, typically a filter paper disc, across agar medium 

inoculated with the test microorganism. After incubation, a zone of inhibition forms around the 
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disc if the tested material is microbiologically active. The diameter of this zone indicates the 

antimicrobial effectiveness of the substance. [72-74]. 

4.5.2 Dilution method 

The dilution test determines the minimum concentration (in mg/ml) of an antimicrobial agent 

needed to inhibit or kill bacteria. This involves applying varying dilutions of the antimicrobial 

agent directly to an agar pour, a broth tube, or a micro-broth panel. The lowest concentration 

that prevents observable growth of the organism is referred to as the Minimum Inhibitory 

Concentration (MIC)[75]. 

Dilution and diffusion methods are further subcategorized depending upon the protocols. 

4.5.3 Colony Forming Unit (CFU) 

CFU can be used to find or check the antibacterial activity of the coatings. CFU stands for 

"Colony Forming Unit." It is a term commonly used in microbiology to quantify the number 

of viable microorganisms, such as bacteria or yeast, in a given sample [76].  

A single CFU represents one microorganism or a group of microorganisms that are capable of 

forming a visible colony when grown under specific conditions, such as on a solid agar 

medium.  

Counting CFUs is a fundamental method for determining the concentration or density of viable 

microorganisms in a sample and is widely used in research, quality control, and clinical 

microbiology [77, 78].  

The Colony Forming Unit (CFU) method is a widely used technique to assess the antibacterial 

or antimicrobial activity of coatings. Here's how it typically works: 

First, the coatings that are to be tested for their antibacterial properties are applied to substrates 

or surfaces. These coatings may contain antibacterial agents, such as nanoparticles, chemicals, 

or other substances. 
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Known quantities of bacteria (usually pathogenic or target bacteria) are inoculated onto the 

coated surface. The bacteria are evenly spread, and the sample is left to incubate. 

The coated samples with the bacteria are incubated under controlled conditions. This allows 

the bacteria to grow and form colonies on the coated surface. 

After the incubation period, the samples are assessed to determine the quantity of bacterial 

colonies present on the coated surface. This is typically done by visual inspection, or in some 

cases, with the help of automated image analysis. 

The number of bacterial colonies (CFUs) is counted and recorded. CFU refers to the colony-

forming units, and it represents viable bacteria capable of reproducing. 

The CFU count on the coated surface is compared to a control or untreated surface. This 

comparison allows for an assessment of the antibacterial efficacy of the coating. 

The CFU method provides a quantitative measure of the coating's ability to inhibit bacterial 

growth and is a standard approach for evaluating the antibacterial effectiveness of various 

materials, including coatings used in medical devices, food packaging, and other applications 

where bacterial contamination is a concern [78]. 
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Chapter 5:  

Results and Discussion 

5.1 X-Ray Diffraction 

 

Figure 4: XRD of ZnO NPs  

Figure 8 shows the XRD of ZnO nanoparticles. The ZnO exhibited distinct diffraction peaks, 

confirming its crystallinity. The XRD pattern of ZnO nano particles contains 11 prominent 

diffraction peaks. All these peaks correspond to Bragg reflections (100), (002), (101), (102), 

(110), (103), (200), (112), (201), (004), and (202). The observed reflections are in good 

agreement with the reference code 36-1451 [79].  
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The Debye-Scherrer equation, also known as the Scherrer equation, was used to estimate the 

average crystallite size of a material based on the broadening of X-ray diffraction peaks.  

The crystal structure was wurtzite hexagonal. The crystallite size was 40.3 nm. 

 

Figure 5: XRD of nHA  

The graph demonstrated that nHA has 16 distinct peaks. The diffraction pattern matches 

reference code 0240033 quite well. The Characteristic peaks are (002), (211), (112) and (113). 

The crystallite size calculated through Debye-Scherrer equation turned out to be 27.23 nm [80]. 



38 

 

 

Figure 6: XRD of Chitosan  

The powder XRD graph of chitosan shows 3 prominent peaks which are indexed as (020), 

(121) and (120). The XRD pattern is in accordance with JCPDS card number 39-1894. The 

crystallite size was 19.5 nm [81]. 



39 

 

 

Figure 7: XRD of Ch/ nHA/ ZnO 

The figure depicts the XRD pattern of composite. Chitosan is present in the composite and is 

indicated by the peaks at 11.5 and 19.1o, which are indexed as (020) and (121) respectively. 

The diffraction peaks 25.2, 39.4, and 43.6o correspond to nHA with diffraction plans (002), 

(310), and (113). The peaks observed at 31.5, 36,5, 64.3 and 68.1o attributed to ZnO and 

indexed as (100), (101), (103) and (202) respectively. The characteristics peaks of chitosan, 

nHA, and ZnO  are present and confirmed the successful formation of composite. 

5.2 Fourier Transform Infrared Analysis 

The FT-IR spectra of chitosan was observed within the range of 4000 cm-1 to 500 cm-1. The 

infrared spectrum for chitosan is shown in the fig.  The peak around 3448 cm-1 is attributed to 

the stretching vibrations of -OH bond overlap with N–H stretching vibration in chitosan [82, 
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83]. The peaks observed around 2924.13 cm-1 showed stretching vibrations for that for C–H 

bond.  

The absorption peaks observed at various wavenumbers, such as 1656.88 cm-1, 1571.05 cm-1, 

1422.53 cm-1, and 1378.16 cm-1, are indicative of specific molecular vibrations. Specifically, 

these peaks are associated with the C=O stretching of the amide I band, bending vibrations of 

the N–H (in N-acetylated residues, corresponding to the amide II band), C-H bending, and OH 

bending, respectively.  

Additionally, the peak at 1157.31 cm-1 is attributed to the anti-symmetric stretching of the (C–

O–C) bridge, while the peaks at 1075.33 cm-1 and 1025.18 cm-1 are linked to the skeletal 

vibration involving C–O stretching [84].  

 

Figure 8: FTIR of Chitosan  
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The Fig shows the FTIR analysis of ZnO NPs. 

FT-IR transmission spectra of ZnO NPs in the 500–4000 cm-1 range were measured. (Main) 

The peak around 3437.8 cm-1 represents the stretching vibration of O-H bond. This may be due 

to the oscillations of water molecules [85-88]. 

The peak observed at 2925.8 cm-1 was related to –CH2 vibration [85, 89]. The transmission 

peaks observed around 1595 cm-1 were due to C=O symmetric stretching [89]. The 

transmission peaks observed at 1383.5 cm-1 and 1355.5 cm-1 were bending vibrations, and these 

are the vibrational modes of CO2 [90]. The peak at 1005.3 cm-1 is related to H-O-H bending 

vibration. It is mainly due to the presence of water of crystallization [89]. The peak observed 

around 863.3 cm-1 was also due to the deformation vibration of water molecules [88, 91]. The 

transmission band observed at 575.9 cm-1 was due to Zn-O stretching modes. 

 

Figure 9: FTIR of ZnO 
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The figure shows the FTIR spectra of the prepared sample nHA. The peak observed around 

3568 cm-1 is the ion stretching vibration and confirms the presence of a hydroxyl group, OH- 

[92, 93]. The stretching vibrations of carbonyl groups and phosphate groups were also observed 

[94]. The peak at 1461 cm-1 shows the asymmetric stretching of CO3 
2-. The peak observed 

around 1041 cm-1 is the asymmetric stretching of PO4 
3-. The peak at 869 cm-1 is the bending 

mode of CO3 
2-, which is out of plane bending. The peak at 570 cm-1 shows the asymmetric 

bending vibration of PO4 
3- [95, 96]. 

 

Figure 10: FTIR of nHA 

The FTIR spectra of the composite material in fig 15 showed the presence of the 

characteristic bands that were present in the individual IR spectra of the individual materials 

Chitosan, nHA, ZnO with minor shifts of the peaks is observed. The peak broadening around 

3400 cm-1 observed which showed the interaction of NH and OH groups of Chitosan, nHA, 

and ZnO. The peaks observed around 2978.6 cm-1 and 2829.8 cm-1 showed the stretching 
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vibrations for that for C–H bond. Similarly, the stretching and bending vibrations of various 

bonds are observed in the composite. The phosphate and carbonate bonds for the nHA are 

also present along with ZnO bond. The peak at 1455 cm-1 showed the asymmetric stretching 

of CO3 2- while the peak around 878.2 cm-1 in the range of CO3 2- bending vibration. The 

peak observed around 1047 cm-1 is within the range of asymmetric stretching of PO4 3-. The 

peak around 649.3 cm-1   is within the range of ZnO stretch.  No extra peak was observed 

indicating that no other reaction took place. 

 

 

 

Figure 11: FTIR of Ch/ nHA/ ZnO 



44 

 

5.3 Scanning Electron Microscopy (SEM) 

SEM analysis was used for the morphology and crystal structure analysis of our prepared 

samples. SEM was performed at SCME, NUST. The SEM analysis of our samples is as 

follows: 

 

Figure 12: SEM of Chitosan  

The SEM image shows the Chitosan nanoparticles we purchased from Sigma Aldrich. The size 

of the nanoparticles was in submicrons. 

              

Figure 13: SEM of ZnO NP  
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The ZnO nanoparticles were synthesized by co-precipitation method.  Zinc Nitrate and Sodium 

Hydroxide as precursors. Acetic acid was used as a caping agent. The resulting nanoparticles 

are highly aggregated having a rough surface. The particles have hexagonal wurzite structure 

having a particle size in submicrons. 

In the hexagonal wurtzite structure, O2− ions are situated in the hexagonal close packing (hcp) 

arrangement of lattice sites, while Zn2+ ions position themselves in alternate tetrahedral holes.  

This is in contrast to the zinc blende structure, where O2− ions form a cubic close packing (ccp) 

array, and Zn2+  ions occupy tetrahedral voids [97]. 

According to a recent study, agglomeration of ZnO nanoparticles can occur during synthesis 

using the co-precipitation method [98]. 

             

Figure 14: SEM of nHA  

Hydroxyapatite nanoparticles (HAnps) are synthesized by wet chemical precipitation method. 

The materials used were calcium nitrate tetrahydrate [Ca (NO3)2∙4H2O] and di-ammonium 

hydrogen phosphate (NH 4)2 HPO4. The morphology analysis revealed the clustering of 

spherical hydroxyapatite particles (HAPs), with an average nanoparticle size of approximately 

34.95 nanometers [93, 99].  
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Figure 15:SEM of Ch/ nHA/ZnO 

The SEM analysis of our composite material showed an amorphous matrix with nanoparticles 

embeded inside. It shows a porous structure with nanoparticles embeded inside. 

Nanohydroxyapetite and zinc oxide fillers embed within a chitosan matrix.  

              

Figure 16: SEM of ZnO coated on SSP 

The analysis of the SSPs coated with ZnO showed that these nanoparticles are coated or 

deposited in the form of sheets. The sheets are not uniform as the particles feels like somehow 

suspended. As per a research article published in the Archives of Civil and Mechanical 

Engineering, investigations have been conducted on the suitability of atomic layer deposited 

ZnO films on stainless steel for biomedical applications. [100, 101]. 
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The study also tested the corrosion resistance of the ZnO layer on the substrate made of 316 

LVM steel and found that it had a beneficial effect on the substrate [100, 101]. 

The hydroxyapatite is not in the form of sheets but as suspended nanoparticles in a liquid 

medium. This method allows for the precise deposition of HA onto stainless steel surfaces, 

enabling the creation of coatings with desired properties and thickness for various applications, 

such as biomedical implants or corrosion resistance. 

      

Figure 17: SEM of nHA on SSP 

SEM images of HAP-coated substrates reveal cauliflower-like structures on the surface. 

Additionally, the HAP coatings formed do not provide complete coverage of the substrate 

surface. [102].  

Electrophoretic deposition (EPD) was used to deposit charged particles onto a substrate. 

Hydroxyapatite (HA) coatings can be deposited on stainless steel substrates using the EPD 

method. The HA coatings can be used to improve the biocompatibility of stainless-steel 

implants. 
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Figure 18: SEM of Ch/ nHA/ ZnO coated  on SSP 

The SEM analysis showed our composited is coated in a form of thin layer on stainless steel 

pins. It is a thin layer nano- scale coating containing chitosan as a matrix with nHA and ZnO 

NPs embedded inside.  The SEM image showed a thin film formation over our SSPs substrate. 

The coatings exhibited uniformity, and the image revealed no segregation of particles at any 

point. [103]. 

 

Figure 19: SEM of Ch/ nHA/ ZnO coated on SSP(closer view) 
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This image shows the closed image of our coating. This shows what is inside the film. The 

observation of a flower-like structure and cluster morphology indicates the effective mixing 

and presence of nHA and ZnO NPs in the coating [103]. Within the film, a notable flower-like 

structure and clustered morphology are discernible, signifying the proper integration of 

nanoscale hydroxyapatite (nHA) and zinc oxide nanoparticles (ZnO NPs) within the porous 

coating. This observation further reinforces the presence of coalescence in certain areas of the 

composites, a phenomenon commonly observed in natural polymer composites where voids 

tend to be filled with complementary components. 

5.4 Electrochemical corrosion in Hank’s Solution 

Hank’s solution was used as an electrolyte for our case. It was prepared according to the method 

mentioned before. Our working electrode was the surgical staple pin (coated and uncoated), 

the reference electrode was Ag/AgCl while platinum wire was used as auxiliary electrode or 

counter electrode. First the stability of the solution was checked [104].  

The working electrode was dipped into the electrolyte for 30 mins to stabilize the circuit 

potential. The Potential window was set between (-1.6 to 0.2) V. The electrodes were dipped 

into electrolyte and the test was performed using our different samples as working electrode 

one by one. The samples include uncoated stainless-steel pin (SSP), SSP coated with chitosan, 

SSP coated with ZnO Oxide nanoparticles (coated in the form of sheets after analyzing in 

SEM), SSP coated with nanohydroxyapatite, and SSP coated with the composite of three 

meaning Ch /nHA/ ZnO Composite. 

The table 1 indicates that corrosion potential is increasing negatively in case of coatings as 

compared to the bare sample, while there is a considerable decrease in the Icorr values. This 

means more potential is required for corrosion to start as indicated by Ecorr values and once 

the corrosion starts the corrosion rate is slow as indicated by the decreasing Icorr values. 

The results demonstrate that the corrosion resistance of the substrate is enhanced with the 

coated materials. The corrosion rate exhibits a direct correlation with the values of Icorr, with 

a noticeable reduction in the corrosion rate accompanying a decrease in Icorr values, in 
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accordance with Faraday’s Law. According to this law, rate of corrosion is directly related to 

the Icorr values. 

The findings unequivocally establish that the application of our selected materials as coatings 

on the substrate results in a decrease in the corrosion rate.  

The corrosion rate in all instances of coating application exhibits a notable reduction, with 

particular significance observed in the case of our Ch/ nHA/ ZnO composite when compared 

to the uncoated (Bare) sample. 

The improved corrosion resistance can be attributed to the protective barrier created by these 

coatings when applied to stainless steel. This barrier effectively mitigates the corrosion rate of 

the underlying metal by shielding it from direct contact with corrosive agents, such as moisture, 

chemicals, and salts. 

The results clearly indicated that corrosion rate is decreased if any of our selected materials is 

coated over the substrate.  

The increasing order of Icorr values is as follows: 

Bare > Zinc Coated > Chitosan Coated > nHA Coated > Ch/ nHA/ ZnO Coated.   

The corrosion resistance is improved with coating. Corrosion rates in any case of coating have 

decreased especially with our composite Ch/ nHA/ ZnO compared to Bare Sample. The reason 

for the improvement is that when coatings are applied over stainless steel, they create a 

protective barrier that reduces the corrosion rate of the underlying metal.  

Here are the plotted results for all the 5 samples,  
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Figure 20: Corrosion Testing Results 

The results were analyzed and Ecorr, Icorr, and Corrosion rate (mpy) were calculated.  

Table 1: Comparison of the Corrosion Properties 

Samples Icorr Ecorr Corr. Rate (mpy) 

Bare 3.160 µA -3.480 mV 812.6 

Chitosan coated 2.630 µA -179.0 mV 676.9 
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ZnO coated 3.140 µA -192.0 mV 807.2 

nHA coated 2.070 µA -213.0 mV 532.0 

Ch /nHA /ZnO 

coated 

1.040 µA -671.0 mV 266.5 

The table above indicated that corrosion potential is increasing negatively in case of coatings 

as compared to the bare sample, while there is a considerable decrease in the Icorr values. This 

means more potential is required for corrosion to start as indicated by Ecorr values and once 

the corrosion starts the corrosion rate is slow as indicated by the decreasing Icorr values. 

The results demonstrate that the corrosion resistance of the substrate is enhanced with the 

coated materials. The corrosion rate exhibits a direct correlation with the values of Icorr, with 

a noticeable reduction in the corrosion rate accompanying a decrease in Icorr values, in 

accordance with Faraday’s Law. According to this law, rate of corrosion is directly related to 

the Icorr values. 

These coatings act as a shield, preventing direct contact between the stainless steel and 

corrosive elements such as moisture, chemicals, and salts. The coatings on stainless steel 

substrates are proved effective in the prevention of corrosion and to increase the values of  

polarization resistance compared to uncoated samples [102].  

If we closely observe, the corrosion rate of bare SSPs was to be found as 812.6 mpy and the 

coatings over it reduced its corrosion rate to a significant value. The decreasing corrosion rate 

is: 

 Ch/ nHA/ ZnO Coated < nHA Coated < Chitosan Coated < Zinc Coated < Bare 

This indicates that the bare sample is more susceptible to corrosion as compared to other coated 

samples. In our case the Ch /nHA/ ZnO Composite is comparatively good against corrosion, 



53 

 

or we can say that it has good corrosion resistance against body fluids, we used hank’s solution 

in our case. The coating may survive until the injury is healed; because of the high protection 

it offers against corrosion [103, 105].  

When a coating is applied to a metal surface, it can affect the formation of the chromium oxide 

layer and the passivation process. This layer is formed on the surface metals that contain 

chromium. This layer is responsible for providing corrosion resistance to the metal [106, 107]. 

Passivation is a process that involves creating a protective layer on the surface of a metal to 

prevent corrosion. The passivation process can be affected by coatings, which can either 

enhance or reduce the effectiveness of the passivation layer [108]. 

Upon the application of a coating to a metal surface, it has the capacity to influence both the 

cathodic and anodic branches of the Tafel plot. The cathodic branch illustrates the reduction 

reaction taking place at the metal surface, while the anodic branch elucidates the oxidation 

reaction occurring at the metal surface. [109]. 

The effect of coatings on the Tafel plot depends on the type of coating and its properties. Some 

coatings can shift both branches of the Tafel plot to the right, which indicates that they increase 

the overpotential required for a given current density. This shift indicates that the coating has 

increased the activation energy for both reactions, which slows down both reaction rates and 

reduces corrosion 3. Other coatings can shift only one branch of the Tafel plot, which indicates 

that they affect only one of the electrochemical reactions. 

In summary, when a coating is applied to a metal surface, it can affect both the formation of 

the chromium oxide layer and the passivation process. The effect of coatings on corrosion 

depends on their properties and their effect on both branches of the Tafel plot. 

5.5 Antimicrobial activity 

Two tests were performed to check the antimicrobial activity for our powder material and also 

the coated material against the bacterial strains of Escherichia coli and Staphylococcus aureus. 
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For our powder material disc diffusion method was used, and for our coated SSPs Colony 

Forming Unit (CFU) was used.  

5.5.1 Disc Diffusion Method 

All the Lab ware to be used was autoclaved first. The bacterial strains were refreshed on Luria 

agar (L-agar) and were incubated for 24hrs. Already prepared Muller Hinton Agar (MHA) was 

poured over the petri dishes and was left for solidification.  

The inoculum of bacterial strains was spread over petri dishes. 16mg/ml, 20mg/ml, 24mg/ml 

and 28mg/ml dilutions of our Ch /nHA/ ZnO Composite powder in deionized water were 

prepared. The filter paper was dipped in our prepared dilution and was placed over the prepared 

petri dishes. The plates were then placed in incubator for 24hrs.the next day plates were 

observed. 

The composite powder showed maximum antibacterial activity at 24mg/ml and 28mg/ml for 

both bacterial strains. The inhibition zone calculated against Escherichia coli was 

approximately 15.3 mm and that against Staphylococcus aureus was approximately 17.3 mm. 

The figures below show the inhibition zones for powdered samples against E. coli and S. 

aureus.                         

               

 Figure 21: Incubation zones for against E. coli and S. aureus. 
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5.5.2 Colony Forming Unit (CFU) 

All the Lab ware to be used was autoclaved first. The bacterial strains were refreshed on Luria 

agar (L-agar) and were incubated for 24hrs. The next day the inoculum of both species was 

taken and added to separate falcon tubes having PBS solution. The tubes were vortexed. After 

that the ODI was checked. A total of four tubes were prepared, two for each bacterium (for 

treated and untreated samples). SSPs were immersed in the tubes and incubated for 24 hrs. The 

next day, the already prepared Muller Hinton Agar (MHA) was poured over the petri dishes 

and was left for solidifcation. Dilutions were prepared from the incubated tubes according to a 

specific method [72, 110-112]. A total of 20 dilutions were prepared, five for each case. 0.1 ml 

of each dilution was taken and spread over the petri plates. The plates were incubated, and the 

colonial growth was checked after 24 hrs. 

                

 

 

 

 

 

 

 

 



56 

 

 

Figure 26: Colonies Growth for treated and untreated S. aureus plates 

The graph in Fig 26 shows the colonies growth of Staphylococcus aureus against our treated 

and untreated meaning coated and uncoated SSPs. The graph clearly indicates that the cfu/ml 

for our coated SSPs dropped to a very smaller value as compared to the uncoated SSPs. The 

drop was clearly observed at second dilution. This is due to the introduction of Zn+2 ions, 

having antibacterial properties, from the coating which inhibited the growth of bacteria. The 

cfu/ml calculated for this dilution was 62 x 103 for coated samples and 600 x 103 for uncoated 

samples. Similarly in case of third dilution, the cfu/ml values for coated and uncoated samples 

are 10 x 104 and 57 x 104 respectively.  

The colonies for first dilution were uncountable for uncoated material while that for coated 

were comparatively low. This clearly indicated that our coated or treated sample inhibits the 

colonial growth of Staphylococcus aureus. 
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Figure 27: Colonies Growth for treated and untreated E. coli plates 
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The graph in Fig 27 shows the colonies growth of Escherichia coli against our treated and 

untreated meaning coated and uncoated SSPs. The graph clearly indicates that the cfu/ml for 

our coated SSPs dropped to a very smaller value as compared to the uncoated SSPs. The is due 

to the antimicrobial properties of Zn+2 ions, which upon releasing from the coating prohibited 

the growth of bacteria.  The drop was clearly observed at second dilution. The cfu/ml calculated 

for this dilution was 74 x 103 for coated samples and 780 x 103 for uncoated samples. Similarly 

in case of third dilution, the cfu/ml values for coated and uncoated samples are 13 x 104 and 

83 x 104 respectively. 

The colonies for first dilution were uncountable for uncoated material while that for coated 

were comparatively low. This clearly indicated that our coated or treated sample inhibits the 

colonial growth of Escherichia coli. 
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Conclusion 

The successful synthesis of a Ch/nHA/ZnO nano-composite material, demonstrating promising 

antibacterial and corrosion resistance properties, was achieved in our study. Surgical staple 

pins were employed as the substrate, which were effectively coated through the Electrophoretic 

deposition method. The composite coating applied to the surface of the surgical staple pins 

(SSPs) exhibited enhanced corrosion resistance as compared to their uncoated SSPs. Smaller 

Icorr values are indicative of reduced corrosion rates, consistent with Faraday's law, which 

establishes a direct relationship between corrosion rate and Icorr values, serving as an indicator 

of instantaneous corrosion rate. The coated SSPs exhibited substantially diminished Icorr 

values in comparison to the uncoated SSPs, thereby satisfying Faraday's Law. Consequently, 

the coated samples exhibited a noticeable decrease in the corrosion rate. Furthermore, the 

coating demonstrated effectiveness in suppressing the growth of E. coli and S. aureus colonies. 

Notably, the coated samples displayed fewer colonies of both bacterial species when compared 

to the uncoated samples. Subsequent evaluation of the antifungal properties of the coating is 

warranted. It is essential to highlight that the entire experiment was conducted in vitro. For an 

application-oriented perspective, future research should encompass in vivo testing. The 

surgical staple pins coated with the Ch/nHA/ZnO composite offer antimicrobial and corrosion 

resistance properties, which hold potential for improving surgical outcomes and supporting the 

wound healing process. 
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