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Dip Coating of Metal Implants with Antibacterial
Polymer Matrix for the Prevention of Implant

Associated Infections

Abstract

The recent increase in life expectancy and changing living conditions have led to a
rise in developments regarding implants, particularly in orthopedic implants. It is
important to note that this statement is based on objective evidence and not
subjective evaluations. Despite these advances, issues with metallic implants such as
Ti, Ti alloy, Co-Cr alloy, and stainless steel (AISI 316L), which are currently
preferred, persist. There are several limitations to implant materials, including
corrosion due to the physiological environment, bacterial infection, and biofilm
formation. Although these limitations have not been extensively studied, they
prevent the attainment of the desired level of implant material and result in a lifespan

of approximately 20 years for currently used implants.

Despite their biocompatibility and biohardness, implant-related infections can occur
due to bacterial colonization. Staphylococcus aureus is known to colonise foreign
bodies and increase the risk of implant-related infection. Infections caused by S.
aureus can delay the healing process, cause bone loss, and require long-term
antibiotic use. It is widely accepted that 40% of S. aureus strains are resistant to
antibiotics. The development of drug resistance can increase and lead to implant
replacement, which may result in infections and even death. Negative changes in
implant performance often occur due to reactions between the implant and

surrounding tissue, which are caused by the physical and chemical properties of the



implant surface. Therefore, modifying the surface properties of materials, both
chemically and physically, shows great potential in improving implant integration.
Additionally, with the rise of antibiotic-resistant infections and limited treatment
options, there is growing interest in integrating antibacterial properties into

biomaterials.

Coating technologies are preferred for overcoming the limitations associated with
implants. These include plasma spraying, biomimetic deposition, electrochemical
deposition, electrophoretic deposition, and sol-gel coating. The primary goal of these
coating technologies is to increase biocompatibility and create an antibacterial effect.
Complex organic, inorganic, or hybrid materials, using a combination of these two,
are preferred for implant coatings. Polymers and metal/metal oxide nanoparticles are

examples of organic and inorganic materials, respectively.

This study aims to create a surface coating for K-Wires using the dip coating or sol-
gel method. The coating matrix use polyvinyl alcohol (PVA) due to its economic and
solubility advantages. PVA is a preferred polymer for implant surface adhesion.
Quaternary ammonium silanes (QAS) are inorganic materials that possess
antibacterial properties. When combined with PVA, these hybrid materials can
provide antimicrobial properties without the need for additional binders. Due to their
low toxicity and antibacterial properties, QAS can be a preferred material for

preventing post-implantation infections.
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Imlantla Iliskili Enfeksiyonlarin Onlenmesi I¢in Metal
Implantlarin Antibakteriyel Polimer Matrisli Daldirma

Kaplamasi
Oz

Son zamanlarda ki yasam beklentisinin artmasi ve yasam sartlarinin degismesi ile
birlikte implantlarla ilgili gelismelerde artmaktadir. Ozellikle bu artis ortopedik
implantlarda yasanmaktadir. Su anda 6zellikle tercih edilen Ti, Ti alagimi, Co-Cr
alasimi1 ve paslanmaz ¢elik (AISI 316L) gibi metalik implantlarla ilgili sorunlar tiim
bu ilerlemelere ragmen hala devam etmekdir. Fizyolojik ortamdan kaynakli
korozyonlarin meydana gelmesinden bakterilerle ilgili enfeksiyon ve biyofilm
olusumuna kadar bir ¢ok smirlamalar mevcuttur. Bu sinirlamalar {izerine ¢alismalar
yapilsa da istenilen diizeyde implant malzemesi elde edilememistir ve su anda
kullanilan implanlarin yaklasik 6mrii 20 yi1l kadardir. Ancak implant malzemelerinin
biyouyumluluguna ve biyolojik sertligine ragmen bakteriyel kolonizasyon ve
ardindan implantla iligkili enfeksiyonlar meydana gelebilir. Ozellikle S. aureus'un
yabanci cisimleri kolonize ettigi ve implantla iliskili enfeksiyon riskini arttirdig:
bilinmektedir. S. aureus'un neden oldugu enfeksiyonlar iyilesme siirecini
geciktirebilir, kemik kaybina neden olabilir ve uzun siireli antibiyotik kullanimini
gerektirebilir. S. aureus suslarmm %40'min antibiyotiklere direngli oldugu yaygin
olarak kabul edilmektedir. Sonug olarak, ila¢ direncinin gelisimi artmakta, implantin
degistirilme olasilig1 artmakta ve ampiitasyon ve hatta Oliimle sonuglanabilecek
enfeksiyonlara yol agabilmektedir. implant performansindaki olumsuz gelismeler

cogu zaman implant ile ¢evre doku arasindaki reaksiyonlardan kaynaklanmaktadir.



Bu reaksiyonlar tipik olarak implant yizeyinin fiziksel ve kimyasal 0zelliklerinden
kaynaklanmaktadir. Bu nedenle, malzemelerin yiizey ozelliklerinin hem kimyasal
hem de fiziksel olarak degistirilmesi, implant entegrasyonunu arttirmada biiyiik umut
vaat etmektedir. Es zamanli olarak, antibiyotige direngli enfeksiyonlar arttikca ve
tedavi segenekleri smirlandik¢a, antibakteriyel 6zelliklerin biyomateryallere dahil

edilmesine olan ilgi de artiyor.

Implantlar iligkili sinirlamalarin iistesinden gelmek igin kaplama teknolojileri tercih
edilmektedir.Bunlar plazma puskirtme, biyomimetik biriktirme, elektrokimyasal
biriktirme, elektroforetik biriktirme, sol-jel kaplama seklinde siralanabilir. Bu
kaplama teknolojileri ie biyouyumulugu arttrmak ve antibakteriyel etki olustumak
oncelikli hedef haline gelmistir. Implant kaplamalar1 i¢in olusturan kompleksler
organik, inorganik veya bu ikisinin birlesiminin kullanilig1 hibrit malzemeler tercih
edilmektedir. Organik olanlara polimerler, inorganik olanlara ise metal ve metal oksit

nanoparcaciklar 6rnek verilebilir.

Sonug olarak bu ¢alismada sol jel kaplama yonteminin daldirma kaplama metodu ile
K-Wirelar i¢in yiizey kaplamasi olusturulacaktir. Kaplama matrisinde hem ekonomik
acidan hem de ¢oziiniirlik agisindan avantajli olan PVA tercih edilecektir. PVA
kaplama soliisyonun implant yiizeyine yapismasinda tercih edilen bir polimer
olmustur. Antibakteriyel Ozellik agisindan inorganik malzeme olan QAS tercih
edilmistir. Bu iki hibrit malzeme olan PVA ve QAS birlikte kullanildiginda baglayic1
olarak herhangi bir etken maddeye ihtiyag duymadan antimikrobiyal 6zellikler elde
edilebilmektedir. Bu 0Ozellikleri ve diisiik toksisiteleri nedeniyle, implantasyon
sonrasi enfeksiyonlarin iistesinden gelmeye yardimei olacak ve bakterisidal 6zellikler

saglayacak bir malzeme olarak QAS tercih edilebilir.

Anahtar Kelimeler: Daldirma Kaplama, QAS, PVA, Antimikrobiyal, K-Wire
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Chapter 1

1. Introduction

1.1 Implant Infection

In recent times, the rise in life expectancy and changes in lifestyle have contributed
to a significant increase in the number of surgical implant treatments. With the rise in
demand for enhanced performance of medical devices coupled with advancements in
technology, the biomedical and biomaterial industry has led significant growth and
expansion in recent years. Today, approximately 1.5 million joint replacements are
performed annually in Europe and 7 million in the United States[1]. Based on this, it
is seen that the mentioned case is more related to the devices used in orthopedic
surgery[2]. Metallic materials such as Ti, Ti alloy, Co-Cr alloy and stainless steel
(AISI 316L) are predominantly preferred over ceramic and polymeric materials in
implants due to their high fatigue resistance and high strength. Titanium and its
alloys, for example, are widely preferred in hard tissue construction due to their
biocompatibility, good mechanical properties, low Young's modulus, non-magnetic
behavior, good resistance to corrosion and light weight [3, 4] . Another example is
the use of stainless steel in many implant applications such as bone screws and
fracture plates. However, it has often been reported that stainless steel is subject to
cracking and galvanic corrosion due to the nature of the physiological environment.
When stainless steel corrodes, metal ions are released, which can cause systemic
effects and lead to the loosening of the implant[3]. Implant failure can be caused by
negative immune system reactions, biofilm formation, and biocompatibility issues.
These factors can lead to a range of problems, including implant rejection and other
complications[1]. However, despite numerous studies aimed at improving and
developing existing biomaterials, they have not yet been produced to the desired

level in terms of mechanical, chemical, and biocompatibility properties. Based on
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this, the lifespan of implants used today might reduce. This increases the need for
implant revision, particularly for young patients, which poses economic and social
challenges[1]. However, despite the biocompatibility and biorigidity of implant
materials, bacterial colonization and subsequent implant-related infections can occur.
S. aureus, in particular, is known to colonise foreign bodies and increase the risk of
implant-related infections[5]. Infections caused by S. aureus can delay the healing
process, cause bone loss, and require long-term antibiotic use. It is widely recognised
that 40% of S. aureus strains are resistant to antibiotics[6]. Consequently, the
development of drug resistance increases, the likelihood of implant replacement and
may lead to infections that could result in amputation or even death [6]. Negative
developments in implant performance are often caused by reactions between the
implant and the surrounding tissue. These reactions are typically due to the physical
and chemical properties of the implant surface. Therefore, modifying the surface
properties of implant materials, both chemically and physically, shows great promise
in enhancing implant integration[1]. Simultaneously, as antibiotic-resistant infections
are on the rise and treatment options become limited, there is growing interest in

incorporating antibacterial properties into biomaterials[7].

Osteogenic implants, alternatively referred to as trauma implants, are orthopedic
prostheses that are employed to mend and realign fractured bones. Implants used in
orthopaedic surgeries are categorised into two groups: external and internal. Internal
fixators are utilised in the treatment of fractures, and can include plates, screws,
nails, rods, wires and pins. They aid in the healing of fractured structures by limiting
movement during the treatment of fracture processes. Bioinert materials, rather than
bioactive ones, are generally preferred for these implants as tissue adhesion is not
desired. External implants are inserted into the body through a small incision outside
the body. They have minimal impact on soft tissue damage and can be adjusted after
placement. However, they have limitations, such as the risk of malunion in fractures.
Therefore, external implants are typically preferred for short-term treatments that do
not require surgery[8]. Introduced by Martin Kirschner in 1909, Kirschner wires,
also known as K-wires, are commonly used in orthopaedic and veterinary surgery to
hold bone fragments together (pin fixation) or for skeletal traction. K-Wires are easy
to place, cause minimal damage to soft tissues such as tendons and neurovascular

structures, and are cut and fixed so that they remain outside the tissue[9]. Given the



various applications of K-wires, they may serve as a possible route for bacteria to
travel from the skin to the bone, leading to infection[7]. For instance, the occurrence
of infection in hand and wrist fractures ranges from 1.9% to 34% [9]. Superficial
infections can be treated with regular dressings or oral antibiotics. However, in more
severe cases, the pin may need to be removed, which can lead to complications if the
fracture has not healed. Hospitalization for intravenous antibiotic therapy or further
surgery may be necessary for more severe infections such as osteomyelitis [9].

1.2 Orthopedic Implant-Associated Staphylococcal

Infections

The presence of a foreign body triggers bacterial colonisation and initiates
competition between bacterial cells and tissue cells, according to the surface race
theory. The presence of a foreign body triggers bacterial colonisation and initiates
competition between bacterial cells and tissue cells, according to the surface race
theory. If the tissue cells win the race, colonisation is less likely to occur. However,
if the bacterial cells win, bacterial toxins disrupt the structure of the tissue cells [10].
The adhesion of bacterial and tissue cells to biomaterial surfaces is typically
evaluated using the same method. The number of bacterial cells may initially

increase, leading to a decrease in host cell numbers [11].

S. aureus is a gram-positive pathogen that causes numerous human infections.
Critical to surface recognition and adhesion is the presence of microbial surface
components that recognise adhesive matrix molecules on the membrane of S. aureus.
Biophysically, the attachment of bacteria to surfaces is a two-stage process. The first
stage is cell-surface interaction, where mostly non-specific forces are effective. The
second stage is secondary short-range interactions, where a specific bond is formed.
After the formation of the secondary bond, cell-surface coupling is experienced at
higher levels, and mechanical and chemical effects are needed to destroy the bacteria
[12].

The colonisation of host tissue and spread to other sites by S. aureus is dependent on

the production of various virulence factors. These factors consist of helper

3



cytoplasmic, surface, and secreted components that are regulated at the
transcriptional level in response to endogenous and environmental cues, such as cell
density, pH, and sub-inhibitory concentrations of antibiotics [13]. In cases of such
infections, high-dose and long-term antibiotic treatment is necessary. However, it is
unfortunate that the implant material must be surgically removed after prolonged
antibiotic treatment[14].

The use of antibiotics greatly improved human health in various areas, including
orthopaedic surgery and implant results. Prior to their use, infections caused by S.
aureus often resulted in death or amputation. Antibiotics significantly reduced the
number of fatalities and surgical procedures, leading to an improvement in people's
living standards. Over the vyears, the discovery, proliferation, and misuse of
antibiotics have facilitated the emergence of antibiotic-resistant bacteria. Recently,
antibiotic production has decreased considerably due to government policies and the
uncertain life cycle of antibiotics. Antibiotic resistance has been discovered shortly
after the discovery of new antibiotics. Methicillin was introduced in 1959 and
Methicillin-resistant S. Aureus (MRSA) was identified in 1961. Since then, MRSA
has become the leading cause of hospital-acquired infections and has spread
worldwide, leading to antibiotic resistance being recognised as a major threat to
human health. The antibiotic-resistant bacteria currently described include
Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter microorganisms, collectively known as
'ESKAPE'. These microorganisms cause significant mortality and morbidity. In the
United States, the Centers for Disease Control and Prevention (CDC) has categorized
multidrug-resistant (MDR) organisms into three threat categories: immediate, severe,
and alert [15].

Multidrug-resistant strains of S. aureus acquire resistance through three internal
mechanisms. The first mechanism is the reduction of permeability of the outer
membrane. When the permeability of the cell membrane decreases, bacteria are
affected, and drug permeability also decreases. For instance, the resistance of S.
aureus to aminoglycosides is caused by membrane permeability, and drug resistance
is achieved in this way. Secondly, in efflux systems, genes that activate efflux

systems are activated after stimulation by substrates in the environment, and the



ability to expel drugs is gained, and this is how drug resistance occurs. There are
three types of drug pumping proteins for S. aureus: QacA, NorA, and Smr. QacA is
also considered to be a significant factor in MRSA. Excessive [(-Lactamase
Production is an enzyme that catalyses the hydrolysis of -lactam antibiotics and is
coded by bacterial chromosomal genes. B-lactam antibiotics cause bacterial death in
two ways, and [P-Lactamase inactivates antibiotics in two ways: firstly, by
hydrolysing the antibiotics, and secondly, by secreting excessive p-Lactamase, which
compresses and prevents the antibiotics from passing into the intracellular space.
This results in the development of antibiotic resistance in MRSA [16].

Another resistance mechanism is acquired resistance, which is obtained through
mutation or horizontal gene transfer from a previously susceptible bacterium.
Horizontal gene transfer occurs in three ways, one of which is transformation.
Transformation is a form of genetic recombination where free DNA fragments from
a dead bacterium enter the recipient bacterium and are incorporated into its
chromosome. Only a few bacteria can be naturally transformed. Transformation
involves the uptake of free DNA fragments from a dead bacterium by a recipient
bacterium, which are then incorporated into its chromosome. This fragment describes
three mechanisms of horizontal gene transfer in bacteria: transformation,
transduction, and conjugation. Transduction, on the other hand, involves the transfer
of genetic material between a donor and a recipient bacterium by a bacteriophage.
Finally, conjugation is considered the most important mechanism of horizontal gene
transfer. This process involves the transfer of genetic material from one bacterial cell

to another through direct physical contact between the cells [17].

Adaptive resistance is the resistance to one or more antibiotics induced by a specific
environmental signal, such as stress, growth status, pH, ion concentrations,
nutritional conditions, or lower inhibitory levels of antibiotics. The resistance
mechanism may be epigenetic rather than genetic. It can be restored when the stimuli
are removed, but a gradual increase in the MIC value of the antibiotic can be
observed [17].

S. aureus cause a variety of infections [18]. The formation of bacterial biofilms is
significant in initiating infectious processes around implant surfaces. In implant-

related infections, bacterial attachment and biofilm formation may vary depending on
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the microorganism species and implant surface characteristics. For instance, it has
been observed that biofilm-forming strains exhibit greater adhesion than non-
biofilm-forming strains. S. aureus colonises or adheres differently depending on
whether it forms a biofilm or an adhesive layer on the implant. Additionally,
differences in implant surface topography, such as micro-roughened and
electropolished surfaces, may affect S. aureus adhesion. The ability of S. aureus to
adhere to components of the extracellular matrix and to plasma proteins deposited on
the surface of biomaterials can ultimately lead to the formation of a biofilm, which is
the major cause of implant-related infections [19].

Biofilm formation occurs in three stages: initial adhesion to the surface, microcolony
formation, and biofilm maturation through the separation of bacteria. During the first
step of biofilm formation in the human body, S. aureus expresses several microbial
surface components that recognize and bind to extracellular matrix molecules, such
as fibrinogen and fibronectin proteins [14]. On the positive side, the plasma proteins
that adhere to the surface of the implant provide a physiological environment for the
adaptation to the host tissue [20]. Matrix proteins can also be adsorbed to the surface
of medical devices after implantation and become targets for specific binding to
staphylococcal surface components, providing an excellent scaffold for colonisation
and infection[14, 20]. For this purpose, bacteria have evolved a number of surface-
associated proteins called MSCRAMM (microbial surface components that recognise
adhesive matrix molecules), each binding to a specific set of host proteins. The most
widespread group of surface proteins that bind to extracellular matrix and plasma
proteins is the MSCRAMM protein family. Protein A (SpA) is an important
MSCRAMM that is expressed at high levels in S. aureus [21].

Reversible interactions, driven by physical forces such as van der Waals forces and
steric-electrostatic interactions, are responsible for initial bacterial adhesion to
surfaces. Bacterial cells then bind irreversibly to substrates through hydrogen bonds,
ionic bonds and dipole-hydrophobic interactions. Bacterial cell surface structures,
including lipopolysaccharides (LPS) and exopolysaccharides, play a role in these
interactions [14]. Once attached to the plasma protein-coated device, the bacteria
multiply, grow and produce polymeric molecules to form an extracellular matrix.

Biofilm polymers include polysaccharides, proteins, extracellular DNA (eDNA),



teichoic acids and other molecules. They form an aqueous gel-like material with

favourable mechanical properties and resistance to external impacts [20].

Treatment of S. aureus infections is typically limited to conventional antibiotics, but
failures are common due to the emergence of antibiotic-resistant strains, as well as
intrinsic antibiotic resistance following biofilm formation. The biofilm is composed
of several layers of bacteria that are coated and interconnected in an extracellular
matrix, forming a complex three-dimensional structure. This structure protects
against host defences and limits the therapeutic efficacy of all available antibiotics
[18]. Therefore, new and effective anti-biofilm antibiotics must be able to penetrate

the biofilm structure and have a high level of antimicrobial resistance[20] .
1.3 Type of Coatings

Recently, over 90% of the elderly population has been affected by bone and bone-
related disorders. Therefore, there is a need for implant materials that possess
specific properties, such as high biocompatibility, durability, low elastic modulus,
and high strength. Metallic implants, particularly Ti implants and alloys, meet most
of these requirements. However, titanium implants still have limitations. For
example, they can leave residues that lead to bone resorption, or there is a high risk

of infection after implantation.

To overcome these limitations and achieve the desired properties, surface
modifications can be applied. Recently, bioinert and bioactive coatings have been
used, with bioactive HAp being the most favoured. The Food and Drug
Administration (FDA) describes the coating conditions, which must meet properties
such as thickness, crystallinity, phase purity, Ca/P ratio, density, heavy metals,
tensile resistance, shear strength, and abrasion. While various methods, including
sol-gel coating, plasma spraying, biomimetic deposition, electrochemical deposition,
and electrophoretic deposition, are found in the literature, only plasma spraying is

commercially approved by the FDA [22].



Coating types can be listed as follows; plasma spraying, biomimetic deposition,
electrochemical deposition, electrophoretic deposition, sol-gel coating. In addition,
sol-gel coating is divided into three types: spray coating, spin coating and dip
coating.

1.3.1 Plasma Spraying

The basic principle of the plasma spray coating technique consists of heating HAp
particles at very high temperatures with the plasma flame generated by the electrical
discharge between the electrodes. The process involves depositing molten HAp
particles onto the substrate surface, which are then rapidly cooled to form a coating
layer [23]. This technique has been observed to provide a strong interface between
the coating and the alloy, promoting bone growth and mineralisation [24].

However, plasma sprayed HA coatings face challenges such as phase separation and
amorphous phase formation. For instance, the high temperature has been observed to
cause the formation of undesired phases such as a/B-TCP or CaO/TTCP [25].
Nevertheless, new methods have been attempted to overcome these limitations [24,
25].

1.3.2 Biomimetic Deposition

Researchers have recently developed various types of coatings to increase the
biocompatibility and lifespan of implants, as well as to prevent bacterial colonization
and biofilm formation. Biomimetic coatings have been extensively studied for their
potential in improving implant success rates and for their strong antimicrobial
properties [26, 27].

Biodegradable nanoparticles based on bovine serum albumin (BSA) are an excellent
choice for drug delivery due to their high transport efficiency and biocompatibility.
These nanoparticles can overcome coating limitations that lead to antibacterial
resistance or toxic effects, such as physical adsorption, chemical grafting, polymer

coating containing antibacterial drugs, and silver-containing coatings.



Creating a biomimetic natural extracellular matrix (ECM) microenvironment on the
surface of bone implants has been a recent focus. This is due to the demonstrated
ability of ECM proteins to regulate cell adhesion, proliferation, and differentiation.
Another biomimetic coating, inspired by natural mussel chemistry, is polydopamine
(pDA), which effectively facilitates adhesion to the material surface through
adhesive proteins [28].

To achieve compatibility with bone tissue, a coating must be applied to the metal
implant surface. HA and calcium phosphate coatings are widely used to improve the
compatibility between hard tissue and metal implants. Biomimetic approaches that
imitate the mineralisation process of bone to produce calcium phosphate coatings
have gained significant attention due to their effectiveness. Supersaturated aqueous
solutions with an ionic composition similar to that of human plasma are the preferred
method for coating complex-shaped materials. Simulated body fluid calcification

solution (SBF) is widely recommended in the literature for this purpose [27].

Another biomimetic method is to use silk fibroin from the Bombyx mori silkworm to
make a coating by mixing AgNP, which is favored as an antibacterial, with
gentamicin, which has been shown to have a synergistic effect. Because of its
capacity to recognize substrates and be biocompatible, SF is typically chosen in

biomedical coatings [29].

Sharklet micro-patterned surfaces are a spectacular illustration of the biomimetric
technique. The goal here is to either prevent bacterial adhesion with micro and
nanotoprophils or to destroy bacteria through contact. The wing biomimetry of the
cicada (Psaltoda claripennis) fly is equally efficient against Gram-positive and Gram-
negative bacteria. Furthermore, nanowire topographies inspired by cicada wings have
been demonstrated to be quite effective, particularly against Gram-negative bacteria
[26].

1.3.3 Electrochemical Deposition

Electrochemical deposition (ECD) is a highly effective method that involves the
precise movement of charged particles or polymer macromolecules towards an

electrode under the influence of an electric field, ensuring optimal results.



Nanoparticles such as Ag, Cu, and ZnO have been successfully utilized in treating
implant-related infections in recent years. To enhance biocompatibility, nanoparticles
are frequently combined with polymers, such as chitosan, which is synthesized by
deacetylation of chitin, the second most abundant natural polysaccharide. The
materials occur naturally and have a biocompatible structure similar to that of
hyaluronic acid and glycosaminoglycan extracellular matrix molecules. Chitosan
coating techniques include solution casting, layer-by-layer deposition, and
electrochemical deposition [30]. Electrochemical deposition enables the production
of tunable and homogeneous coatings, making it an attractive method for chitosan
and chitosan-based coatings. This has resulted in a recent surge of interest in this
field[31].

HA was used to promote bone osteogenesis, while Ag and chitosan were
incorporated to provide antibacterial properties. Pulsed electrodeposition was
employed, resulting in a significant increase in surface coating efficiency when the

speed was controlled[30] .

Coating the implant surface with nanotube structures is a preferable solution to
overcome limitations with implants. This is due to the fact that tissues are more
likely to encounter a biocompatible material such as nanotubes, rather than a hard
structure such as an implant, which can decrease the likelihood of implant failures.
Graphene, with its two-dimensional nanostructures, is commonly used in many fields
and can be preferred for its anti-bacterial effect. It is important to note that increasing
amounts of graphene may have toxic effects. To determine the optimal surface
dosage, we utilized the electrochemical deposition method and continued the process

until bacterial inhibition was achieved without causing toxicity [32].

ECD possesses several advantages over other techniques. These include low costs,
high product purity, high deposition rates, homogeneous coating distribution, the
ability to combine different monomers to obtain copolymers with a wide range of
compositions (e.g. electropolymerisation), the possibility of using complex substrate
geometries, waste reduction, ease of process control and automation. By controlling
the ECD operating conditions, such as initial pH, electrolytic solution composition,
current density, deposition time and temperature, electrochemical cell typology or

experimental design, it is possible to obtain polymer coatings with customised
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morphology and assemblies in a simple manner. These outstanding issues represent
current research challenges that need to be addressed. Electropolymerisation and
electrodeposition typically result in the formation of a dense polymer. However, the
growth of a passivating polymer film inhibits further polymer deposition (in
electroposition) or monomer migration (in electropolymerisation) on the electrode
surface, resulting in only very thin coatings. To create highly porous structures or to
achieve thick coatings on titanium, additional techniques must be employed [33].

1.3.4 Electrophoretic Deposition

Electrophoretic deposition (EPD) is the preferred method for depositing inorganic
particles, biopolymers, and hybrid combinations of both. EPD is based on the
movement of charged particles or molecules in a liquid medium by the action of
direct current applied between two electrodes. It offers numerous advantages such as
low cost, short processing time, and simple installation. Additionally, it can be used
to coat complex shapes with ease. The process is highly versatile and can be used for
the processing of biological molecules and drugs, as it can be carried out at room
temperature. It is capable of depositing particles of various sizes, ranging from
nanometres to microns, as well as for deposition on substrates and multilayer
coatings with large surface areas. Consistent coatings can be easily created by
adjusting the deposition voltage, time, and inter-electrode distance, or by modifying
the suspension properties such as concentration, pH, and stability. This allows for
precise control of coating thickness and the amount of antimicrobial deposited [34,
35].

Similarly, HA, which has biocompatibility and bioactive qualities similar to bone
structure, is recommended as a coating material. Cu ions have been proposed as an
antibacterial agent. Cu ions, which are also present in metabolic fractions, provide
antibacterial activity in three ways. The first is the binding of metal ions to proteins,
which neutralizes bacteria; the second is metal ions passing through the
microorganism membrane, which causes structural changes in bacteria; and the third
is metal ions interacting with microbial nucleic acid, which prevents bacteria from

multiplying. Oct is the accumulation of suspended particles charged by
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electrophoretic forces on the electrodes, in addition to the benefits of EPD, and the

manufacture of appropriate coatings [36].

Different antimicrobial coatings in EPD coatings have been studied. For example,
release-killing antibacterial coatings are classified as organic or inorganic. First,
there are organic antibacterial coatings. It includes broad-spectrum antibiotics like
gentamicin, vancomycin, and levofloxacin, as well as phytotherapeutics like
curcumin and ferulic acid that do not cause drug resistance, or carrier systems like
titania nanotubes, mesoporous silica-based nanoparticles, polymer particles, and
magnetic nanoparticles that are used to extend drug release time. Inorganic
antibacterials are metallic nanoparticles, bioactive glasses, carbon nanotubes,
graphene oxide and others. Cationic substances (quaternary ammonium compounds
(QACs), chitosan, antimicrobial cationic peptides (AMPs), etc.) or antimicrobial
enzymes (AMES) are used to make contact-Kkilling coatings [34].

1.3.5 Sol—-gel Coating

The sol-gel technique is a low-temperature wet chemical approach for generating
inorganic or biologically modified glass and ceramic oxides. The creation of sol, a
stable colloidal suspension of small nanosized particles in aqueous or alcohol
solution, is the first step in the procedure. Hydrolysis and partial condensation of
inorganic metal salts or metal-organic compounds, primarily metal alkoxides, yields
sol. These sol precursor chemicals are often dissolved in an alcohol-water solution,
where water hydrolyzes them. Alcohol is frequently used as a homogenizer.
Condensation reactions begin once the hydrolysis products are generated, and the
two events might occur concurrently. The persistence of condensation processes and
particle aggregation within the sol results in the creation of a 3D network that holds
leftover solvents and water. With increasing viscosity, the transition from sol to gel
becomes obvious. Water or other solutes are removed from the gel as it forms,

causing observable changes in the gel.

Various synthesis parameters influence the rate and degree of hydrolysis-
condensation, which in turn affect the final material's characteristics. The choice of
precursor, for instance, influences the degree of oligomerization or polymerization

through the hydrolysis and condensation reaction, thereby affecting the end product.
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Additionally, the relative rate of hydrolysis-condensation processes is affected by the
use of acid or base catalysts, which is determined by the pH. Reactions proceed
slowly in a neutral environment, while unreacted products are present in an acidic
environment, and severe branching gelation occurs in a basic environment. The ratio
of precursor water or solvents has little influence on the reactions. Temperature does
not affect reaction speed, but it does influence the evaporation of water and solvents
during the drying stages [1].

Highly porous, nanostructured controlled release materials processed using silica sol-
gels at room temperature have been extensively studied. These materials are
renowned for their unique properties[37]. The implant surfaces were made
biocompatible by coating them with a TiO2 sol-gel [38]. The antibiotic combination
was confidently coated with HA using the sol-gel method to achieve strong

antibacterial properties [39].
1.3.5.1 Spray-Coating

The sol-gel method can be combined with spray coating to deposit fine droplets of
the sol onto the substrate using a nozzle system. To achieve nebulisation, the sol
viscosity must be lower than that of the dip and spin coating technique. Coalescence
of fine droplets can occur if the surface is wettable. This technique is widely used in
industrial applications due to its speed and suitability for irregularly shaped
substrates, as well as its low waste of coating sol. It is important to note that the
system tip may become clogged over time due to solvent evaporation and resulting
sol gelation. However, this challenge can be overcome by implementing proper
maintenance procedures. Furthermore, coating hydrophobic surfaces can be
challenging, but with the right techniques and expertise, it can be achieved
successfully [1]. The spray coating used for implants and prostheses ranges from 30

to 100 microns in thickness, promoting bone growth and adhesion [40]
1.3.5.2 Spin-coating

In spin coating, drops of sol are dispersed onto the substrate surface and the substrate

is then spun at high speed. Sol viscosity, rotation speed and surface tension are the
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parameters that control the thickness and uniformity of the film. In general, spin
coating is preferred for flat surfaces [40].

Spin coating is a low cost process that can produce thin films with consistent
properties and has potential for process scale-up. Although generally preferred for
flat surfaces, it can be used with other coating types to create three-dimensional
frameworks. In addition, spin coating has been preferred to develop coatings using
simple systems or glass microparticle suspensions [41].

1.3.5.3 Dip-coating

Sol-gel dip coating is a highly effective and straightforward technique used in
coating technologies to coat the surface of regular materials. The process involves
three simple steps: dipping, residence, and withdrawal. Adhesion of the coating to
the substrate is a critical factor to consider in coatings. However, sol-gel dip coating
has successfully overcome this limitation, ensuring that coating properties are not

lost and living tissue is not damaged [4, 42].

Sol-gel dip coating has numerous advantages, such as high purity and homogeneity,
low processing temperatures, reduced thickness, and easy and inexpensive
preparation methods [43]. By incorporating organic components into the inorganic
sol, the limitations of inorganic sol-gel coatings, such as brittleness and relatively
high processing temperatures, can be overcome. This leads to the production of
organic-inorganic nanocomposite materials at low processing temperatures. The
molecular-level bonding of the two-phase materials enables homogeneity and the
formation of materials that exhibit a synergetic effect when combined. Two types of
hybrids can be obtained: Class | hybrids, characterized by weak bonds between the
two phases (such as hydrogen bonds and Van der Waals forces), and Class Il
hybrids, in which the components interact with strong bonds (such as covalent or
ionic-covalent bonds). The properties of materials, including thermal behaviour,
mechanical properties, stability and solution dispersion, are affected by the nature of

the bonds between the organic and inorganic phases [44].
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For the dip coating method, PVA polymers with a unique solution matrix and
excellent adhesion properties, film formation, high tensile strength, and flexibility are
the preferred choice [45]. PVA polymer is biocompatible and safe, as observed in
animal experiments, due to its inert and stable nature. Its unique properties such as
adhesion, durability, film formation, swelling, and security make it a popular choice
in various areas, including biomedical applications. The properties of PVA are
determined by various factors such as the preparation method, molecular weight,
arrangement in the polymer chain, degree of polymerization, and degree of
hydrolysis. By controlling these factors, the desired properties can be achieved [46].
Furthermore, when PVA is combined with antibacterial materials, it exhibits

antimicrobial properties without requiring any active substance as a binder [47].

The surface of Ti alloy implants is treated with the compound that utilizes direct
covalent bonding of amphiphilic QAS, without the need for auxiliary linkers [48].
Compound quaternary ammonium compounds were the preferred disinfectants for
uninjured skin surfaces, non-seriously damaged surfaces, and mucous membranes in
the study. SIQAC's hydrolysis products also demonstrated antimicrobial properties
against a wide range of microorganisms while chemically interacting with different
surfaces. QASs contribute to bacterial inhibition by negatively affecting the cell wall
and positively affecting this function [49]. The compound's antimicrobial activity is
due to its lengthy, lipophilic -C18 H37 alkyl chain, which permeates bacterial cell
membranes, resulting in autolysis and bacterial cell death upon direct contact [50].
Alkoxysilane-based QACs can be easily attached to various materials containing OH
groups, such as glass, titanium, cellulose, silicon, and PVA, as well as other materials
like polymers and metals, after a preparation process. The strong triple Si-O covalent
bond significantly enhances the solution's stability across a wide range of pH and
temperature. Antimicrobial properties can be achieved without the need for any
active substance as a binder when PVA and QAS are used together [47]. Because of
these properties and their low toxicity, quaternary ammonium silanes (QAS) may be
preferred as a material to help overcome post-implant infections and provide

bactericidal properties [50].
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Chapter 2
2. Materials and Methods

2.1 Preparation of Coating Solutions

2.1.1 Preparation of Polyvinyl Alcohol (PVA) Phase

The concentration of PVA was confidently adjusted to 5%. Absolute ethanol, which
acts as a cosolvent, was added to the solution in the same ratio as tetraethyl
orthosilicate TEOS (Mw208 g mol™) before adding the left part. Silica sol was
expertly produced by partially hydrolysing TEOS in acidified water using nitric acid
(HNO:3) as a catalyst, with a precise TEOS/H,O/HNOs volume ratio of 1/1/0.1. The
mixture was confidently stirred until a clear solution was obtained [51]. After
clarification, the pH was measured and it was observed that the hydrolysis reaction
occurred at pH 2. NaOH was then added to the mixture to bring the pH to 7, allowing
the condensation reaction to occur [50]. To achieve a coatable consistency for the sol
gel, we conducted brewings using different TEOS: WATER v/v ratios, specifically
1:6, 1:12, 1:18, and 1:24.

2.1.2 Mixing of Silane Content with PVA Solution

The concentration of PVA was confidently adjusted to 5%. Absolute ethanol, which
acts as a cosolvent, was added to the solution in the same ratio as TEOS before
adding the left part. Silica sol was expertly produced by partially hydrolysing
(TEOS) in acidified water using nitric acid (HNO3) as a catalyst, with a precise
TEOS/H2O/HNO3 volume ratio of 1/1/0.1. The mixture was confidently stirred until
a clear solution was obtained[51]. The Dimethyloctadecyl[3-
(trimethoxysilyl)propylJammonium chloride solution (Mw496.28 g mol™?) and
TEOS (Mw208 g mol™t) were combined in a 1:1 mol ratio and added to the QAS

16



solution while keeping the silanol constant in volume [49, 52]. After clarification, the
pH was measured and it was observed that the hydrolysis reaction occurred at pH 2.
NaOH was then added to the mixture to bring the pH to 7, allowing the condensation
reaction to occur [50].

2.2 Dip Coating Process

When using the dip coating method, it is important to carry out each step with care.
For instance, it is crucial to wait for the part to become fully wet and for the
necessary chemical processes to take place. Additionally, the substrate should be
pulled vertically through the liquid at a controlled speed, temperature, and pressure.
Environmental conditions, such as solution chemicals, temperature, and humidity,
can affect the film thickness and the mentioned processes [53]. The dip coating
process tested dipping speeds of 100, 60, 50, and 40 mm/min, with waiting times of
30, 60, 80, and 99 seconds for the surface in the solution. To optimize coating
thickness, the second and third coats were applied either immediately on top of the

first coat or after it had dried, in one, two, or three coats.
2.3 Characterization of Dip Coated Surfaces

The coating solution and coated surface underwent physicochemical characterization
using methods such as contact angle, SEM, surface cation density, Raman and

rheological analysis. Further details are provided in the following sections.
2.3.1 Rheological Analysis

Non-Newtonian and Newtonian properties of the coating solution were analyzed
with the Hybrid Rheometer Discovery HR-2 Device to evaluate. Rheological
analysis studies are carried out to evaluate the surface coating capability of the

coating solutions prepared.
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2.3.2 Scanning Electron Microscope (SEM) Analysis

SEM analysis was performed to investigate the thickness and evenness of the coating
layers. For this purpose; The slides coated with a dip were observed using a scanning
electron microscope (SEM) (Carl Zeiss 300VP, Germany) operated at 5 kV. To
reduce the sample arc size during SEM observation, a thin layer of gold was coated
on the glass slide surface using an automatic sputter coater (Emitech K550X). For

this analysis, coatings were prepared and analyzed using SEM.
2.3.3 Surface Cation Density (NHs/cm?) Analysis

Surface cation density is important for providing bactericidal activity through
electrostatic interaction with bacteria that have a negative surface charge. For this
purpose, we investigated surface cation density values. The cationic charge density
of the sample surfaces was determined by means of fluorescent staining. Circular
coupons with a diameter of 12 mm were coated and immersed in 2 mL of 1%
fluorescein (disodium salt) solution in demineralised water. The samples were then
shaken at 60 rpm for 10 minutes. After that, the samples were washed three times
with 2 mL of demineralised water to remove any dye that did not complex with
cationic charges. The samples were placed in 2 mL of a 0.1 wt% solution of
cetyltrimethylammonium bromide in distilled water and sonicated for 5 minutes.
They were then shaken at 60 rpm for 5 minutes to desorb the complex fluorescent
dye. 200 mL of 100 mM phosphate buffer (pH 8) was added, followed by measuring
fluorescence using a T70+ UV/VIS Spectrometer at a wavelength of 501 nm. This
process was repeated three times to ensure accuracy. The formula used to estimate

surface cationic density is as follows:

ABS (2.1)
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DYExVxN (2.2)

Charge Density = 1

ABS is the fluorescein optical density at 501 nm, V: is the volume, L is the length of
a polystyrene cuvet(1 cm), N: Avogadro number (6.023x 102 mol?), V is the
volume of the extraction solution (1,5 mL), A is the surface area of the sample and &:
fluorescein molar absorptivity or molar extinction coefficient (77 L mM™* cm™) [54,
55].

2.3.4 Contact Angle

Hydrophobicity and hydrophilicity analysis was conducted on the coated surfaces
using the Attension Theta device, which has a contact angle measurement range of
0°-180° and an accuracy of +0.1°. The contact angle analysis is provided results on
the hydrophilicity and hydrophobicity of the coated surfaces. These results are used

to evaluate the adhesion of bacteria to the surface or cell profiling [56].
2.3.5 Raman Spectrometry Analysis

Raman scattering is the result of inelastic scattering caused by the vibration of
bonded atoms in a molecule or crystal lattice when exposed to a powerful laser
source. The Renishaw Raman Spectrometer interacts with the incoming beam to
produce this effect. The peaks in the spectrum obtained from scatterings can provide
information about the functional groups that make up the structure of the material, as
well as qualitative and quantitative analysis of the material. This is achieved by
examining the bond structures of organic or inorganic substances in the sample. The
samples prepared for coating were taken to the Raman spectrophotometer for
bonding structure analysis. The coating solution composed of the formed of Si-O-Si
bonds through the pH effect is examined [49, 52, 57]. It also detects the presence of
NH., which provides antibacterial activity was also evaluated in order to solid the

potency of antibacterial activity of the coating layers.
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2.4 In vitro Studies and Cytotoxicity Studies

2.4.1 In vitro Antibacterial Studies

The study employed Gram-positive S. aureus ATCC 29213. The bacteria were
distributed on agar plates and incubated at 37°C overnight after being taken from
frozen stocks stored at —80°C. Following overnight incubation on tryptic soy agar
(TSA), a single colony was selected and transferred to 5 mL of tryptic soy broth
(TSB). The culture solution was incubated overnight at 37°C on an orbital shaker
(180 RPM). After 18 hours, the refresh process was performed by adding 200 pl of
post-incubation bacterial solution to 5 ml of TSB. The mixture was then left to
incubate for an additional 2 hours at 37°C and 180 RPM. Following this, 100
microliters of clean TSB and 100 microliters of bacterial solution were added to the
96-well plate. OD adjustment was performed at a wavelength of 600 nm on the
BioTek Synergy HTX multi-mode reader device. The bacterial stock was adjusted to
108 CFU/ml.

2.4.1.1 Investigating the Bacterial Cell Adhesion on K- Wire

PVA-TEOS-QAS was tested for its antibacterial potential against S. aureus ATCC
29213 using TSB and TSA as liquid and solid growth media, respectively. The
Alamar Blue Assay was performed using ready-to-use Resazurin (R&D Systems,
USA). Bacteria were adjusted to a concentration of 10° CFU/mL in test tubes. K-
wires, adjusted to 1.5 cm in length, were incubated for 6 hours at 37 °C in 2.5 ml of
bacterial solutions. After the incubation period, 100 microliters were transferred into
96-well plates. Then, 10 uL of ready-to-use resazurin (R&D Systems, USA) was
added to each well. The plates were incubated with resazurin for 2-4 hours, and
fluorescence intensity was measured at excitation values of 540 and emission of 600
using the BioTek Synergy HTX multi-mode plate reader. Bacterial solutions were

serially diluted and colony counts were determined on agar plates.

In the next stage, the K-wires removed from the bacterial solution were washed three
times with PBS. Then, PBS was added to the K-wires and sonication for 30 seconds,
followed by vortexing for 30 seconds. This process was repeated three times to

ensure that the bacteria adhering to the K-wire were in PBS. Subsequently, 100
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microliters of the solution were transferred into a 96-well plate, and 10 pL of ready-
to-use resazurin (R&D Systems, USA) was added to each well. After incubating with
resazurin for 2-4 hours, fluorescence intensity was measured using the BioTek
Synergy HTX multi-mode plate reader with excitation values of 540 and emission of
600. Colony counting was performed on the agar plate through serial dilution,

following the same process as before.

After sonication and vortexing, 100 ul of the solution was taken and incubated in a
clean TSB environment at 37°C and 180 rpm for 18 hours. The aim of this
experiment was to determine whether the bacteria adhering to the K-wire could be
recultured. After 18 hours of incubation, 100 microliters of the sample were
transferred into 96-well plates. Then, 10 pL of ready-to-use resazurin (R&D
Systems, USA) was added to each well. The fluorescence intensity was measured at
excitation values of 540 and emission of 600 using the BioTek Synergy HTX multi-

mode plate reader after 2-4 hours of incubation with resazurin.
2.4.1.2 Investigation of In vitro Antibiofilm Effect

The antibiofilm potential of PVA-TEOS-QAS against S. aureus ATCC 29213 is
evaluated for effectiveness. The starting bacterial culture for biofilm development
was 10° CFU/mL of the diluted bacterial culture. To promote biofilm development,
0.2% (w/v) glucose was added to the culture. Next, 500 puL of the prepared bacterial
solution was placed in each well of the 24-well plate, and 1.5 cm long K-Wires were
placed on the flat bottom of the plate. The plate was then placed on an orbital shaker
for 24 hours at 37°C and 180 rpm.

This study investigates the prevention of S. aureus bacterial biofilm formation on K-
Wire coated with PVA-TEOS-QAS. K-Wires were incubated for 24 hours to form S.
aureus biofilms. After incubation, the biofilms were washed with PBS to remove
loosely attached bacteria. A resazurin assay was performed by adding 10% Alamar
Blue solution to the total PBS volume. The fluorescence intensity was determined
using HTX multi-mode rendering, with measurements taken at 540 excitation and
600 emission. Following the resazurin analysis, crystal violet analysis was
conducted. To do this, the wells were washed and dried before incubating 200 pL of

2.3% wl/v crystal violet solution at room temperature for 5 minutes. The stain was

21



then removed, and the wells were washed twice with distilled water. The biofilms
were diluted in 200 pL of 96% ethanol. The plates were then incubated at room
temperature for 1 hour. After incubation, 100 pL of each sample was taken for
spectroscopy examinations. The absorbance was measured at 595 nm to assess
biofilm mass and viability, with an untreated biofilm control used as a reference [58].

2.4.2 In Vitro Cytocompatibility Investigations

Noncoated wire, PVA-TEOS and PVA-TEOS-QAS is evaluated in terms of
biocompatibility. To this end; UV-sterilized coated K-Wire were immersed in 5 mL
Dulbecco’s modified Eagle medium (DMEM; Sigma Aldrich) supplemented with
10% fetal bovine serum (FBS; Sigma Aldrich) and 1% penicillin—streptomycin
(10,000 units/mL penicillin, 10,000 lg/mL streptomycin) for 24 h in a cell culture
incubator at 37°C under 5% CO; to extract the reservoir for cytotoxicity
investigations. Cytotoxicity studies were conducted following SO 10993-5
standards. A volume of 635 microliters of cell medium with a concentration of 125
mm?/ mI* was added onto a 1.5 cm K-Wire. The K-Wire was then incubated at 37°C
under 5% CO for 24 hours while being shaken at 180 rpm [59].

In vitro cytotoxicity tests are performed on L929 rat fibroblast cells. The L929 cell
lines are cultured in DMEM, which contains 4500 mg/L glucose, L-glutamine,
sodium pyruvate, and sodium bicarbonate. This medium is sterile filtered and
suitable for cell culture, as described on the company website. Additionally, the
DMEM medium is supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin before being added to the cells.

The cells are incubated in a cell incubator at 37°C under 5% CO2 with high relative
humidity (90 to 95%). The cell culture medium is refreshed every two days. Once the
cell density reaches 80%, they are treated with trypsin and then seeded into 96-well
plates at a concentration of 10* cells per well. The cells are incubated overnight to
attach to surfaces. The extracted samples is then be added to cells at rates of 100%,
50%, and 25%, following ISO 10993-5 standards [59]. The cells are incubated for 24
hours at 37°C under 5% CO.. Afterward, 10 pL of ready-to-use resazurin (R&D
Systems, USA) is added to each well.
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The fluorescence intensity is measured at excitation values of 540 and emission
values of 600 using the BioTek Synergy HTX multi-mode plate reader after 2-4

hours of incubation with resazurin.
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Chapter 3
3. Result and Discussion

3.1 Characterization of Coating Surfaces

3.1.1 Rheological Analysis

A review of the literature shows that the dip coating process behaviour of Newtonian
fluids has been investigated using various models. In these studies, the required
thickness values were also achieved with Newtonian fluids [56]. The rheological
analysis of two different liquids, PVA-TEOS and PVA-TEOS-QAS, was conducted
in the experiments. Both liquids were found to be fluid. Figure 3.1 shows the stress
and viscosity curves of PVA-TEOS, which exhibits two Newtonian types. Similarly,
Figure 3.2 shows the stress and viscosity curves of PVA-TEOS-QAS.
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Figure 3. 1: Rheological analysis of (a) Stress Curve and (b) Viscosity Curve of

PVA-TEQOS, where condensation reactions take place
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Figure 3. 2: Rheological analysis of (a) Stress Curve and (b) Viscosity Curve of

PVA-TEOS-QAS, where condensation reactions take place

3.1.2 Scanning Electron Microscope (SEM) Analysis

According to the literature, achieving a crack-free and homogeneous surface coating
is crucial when using the sol-gel dip coating method [43, 59, 60]. Figure 3.3 shows
that the coatings were initially applied in a single layer at a speed of 100 mm/min for
30 seconds, followed by a waiting time of 60 seconds. Alternatively, they were
applied in three layers without waiting for drying. Cracks were observed on the
surface of both coatings, regardless of the waiting time for single-layer coatings at a
speed of 100 mm/min. In three-coat coatings at the same speed, a deep crack
appeared on the coating surface with a waiting time of 30 seconds. The waiting time

of 60 seconds is relatively better in both coating types.
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Figure 3. 3: SEM analysis of (a) 100 mm/min 1x 30sec, (b) 100 mm/min 1x 60 sec,
(c) 100 mm/min 3x 30 sec (d) 100 mm/min 3x 60 sec of glass lam surface coatings
performed at different drawing speeds, single layer and triple layer and different

waiting times

Figure 3. 4: Light microscope image of the coatings applied on the glass lam surface
a) 40 mm/min 1x 60sec, (b) 100-80 mm/min 2x 30-60 sec
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It was found that the drawing speed had a negative impact on the surface coating,
resulting in gaps even when observed under a light microscope at a speed of 40
mm/min, as shown in Figure 3.4 (a). To prevent cracks in the 3-layer coating, a

second layer of coating was applied after allowing the first layer to dry. However, it
was observed that the dried surface separated from the surface with the second layer

of coating, as depicted in Figure 3.4 (b).

(®)

C

Figure 3. 5: SEM analysis of PVA-TEQOS coatings applied on glass lam surface in
one layer and two layers at different waiting times at a constant speed (a) 50 mm/min
1x 60 sec, (b) 50 mm/min 1x 80 sec, (¢) 50 mm/min. min 1x 99 sec (d) 50 mm/min
2x 60 sec (e) 50 mm/min 2x 80 sec, (f) 50 mm/min 2x 99 sec

Following the dip coating process, we conducted single and two-coat coatings at
waiting times of 60, 80, and 99 seconds, as shown in Figure 3.5 Our aim was to

optimize the waiting time and number of layers, with the ideal speed being 50
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mm/min. We were able to obtain flawless and homogeneous coatings with a speed of

50 mm/min, a dwell time of 60 seconds and a single layer.

(@ (®)

Figure 3. 6: SEM images of the determination of the surface topology and thickness
of the coatings applied to the glass lam surface (a) PVA-TEQS, (b) PVA-TEOS-
QAS, (c) PVA-TEOS-QAS T

The coatings of PVA-TEOS and PVA-TEOS-QAS were applied according to the
procedure illustrated in Figure 3.6 A single coat was applied at a speed of 50
mm/min, followed by a waiting time of 60 seconds. The coating solution was
optimised using PVA-TEQS, and the resulting coating thickness was measured at

2,409 micrometers in Figure 3.6 (c).
3.1.3 Surface Cation Density (NHa/cm?) Analysis

The calculation of surface cationic density was performed on a single layer coating
applied to a 12 mm diameter glass coupon. The coating was applied at a speed of 50
mm/min and left to settle for 60 seconds. The literature states that the absorbance
value corresponding to quaternary ammonium compounds that can form an ionic
complex with negatively charged ammonium molecules was measured. Calculations
were carried out as described, and the resulting value was 69.68x101" mmol/ cm?.
This value is significantly higher than the 10'* charge per cm? required to Kill

bacteria upon contact [55, 61, 62].
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3.1.4 Contact Angle

The literature suggests that modifying the surface hydrophobicity or hydrophilicity
of biomaterials can prevent bacterial adhesion and enhance biocompatibility. High
surface compliance is expected for implant tissue cells [63—65]. Hydrophilic coatings
can enhance the success of implants by supporting cell profiles. Figure 3.7 shows the
recorded values of 46,1° for glass lamellae, 64,4° for PVA-TEQS, and 78,4° for
PVA-TEOS-QAS.

Although the coating material causes a decrease in hydrophilicity, the values still
indicate hydrophilic properties, which can support cell proliferation on coated

implant surfaces.

In the literature, studies have been conducted on the binding of S. aureus to
hydrophilic and hydrophobic surfaces. The study found that S. aureus interacted with
both types of surfaces. Changing surface hydrophobicity during contact angle
measurement is an indication that its effectiveness in terms of bactericidal activity
has not changed[66].
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Figure 3. 7: Contact angle measurement of the coated surface and samples made with
coating solutions (a) Glass, (b) PVA-TEQOS, (c) PVA-TEOS-QAS

3.1.5 Raman Spectrometry Analysis

Figure 3.7 (a) shows the Raman data for PVA-TEOS-QAS at pH 2 and pH 7. The
condensation reaction was pH-dependent. The peak at 1100 cm? indicates the
formation of the Si-O-Si bond, consistent with literature. The sol-gel formation was
completed [52, 57].

Figure 3.8 (b) shows the Raman data for PVA-TEOS and PVA-TEOS-QAS at equal
pH values. The presence of cations on the surface is crucial for providing
antibacterial properties. According to the literature, the peak values at 1300 cm*

indicate the presence of cations [67].
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Figure 3. 8: Hydrolysis and condensation reactions were completed PVA-TEOS and
incorporated into the coating matrix of QAS, and Raman Spectrometry analysis was
performed (a) Si-O-Si Bond, (b) Ammonium Salts

3.2 In vitro Studies and Cytotoxicity Studies

3.2.1 Bacterial Cell Adhesion Research on K- Wire

Statistical analyses were performed using GraphPad Prism 8.4.2 One-way ANOV A
and p value style: GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***),
<0,0001(****). In the graph in Figure 3.9, the efficacy on bacteria after 6 hours was
determined by colony counting. However, as can be seen from the statistical analysis,
no significant results were obtained by colony counting. There was no decrease in
the bacterial LOG value. Literature studies have shown that K-Wires coated with
PVA-TEOS-QAS exhibit bacteriostatic activity and cause a decrease of less than 1
LOG [68].
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Figure 3. 9: Viability of S. aureus cells on K-Wires coated with as determined
CTRL, NC Wire, PVA-TEOS, PVA-TEOS-QAS by coloni counting. (p value style:
GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****),One-way
ANOVA)
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Figure 3. 10: Viability of S. aureus cells on K-Wires coated with as determined
CTRL, NC Wire, PVA-TEOS, PVA-TEOS-QAS by Alamar blue assay. (p value
style: GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****),One-way
ANOVA)

Statistical analyses were performed using GraphPad Prism 8.4.2. The experiments
were repeated three times. One-way ANOVA was used to determine the p-values.
The p-values were reported as follows: GP: 0.1234 (not significant), 0.0332 (*),
0.0021 (**), 0.0002 (***) and <0.0001 (****). Figure 3.10 shows the amount of S.
aureus ATCC 29213 determined by the Alamar Blue assay in the bacterial solutions
after 6 hours in the experiments repeated 3 times. The results indicate that PVA-
TEOS and uncoated wires did not show a significant change compared to the control
group. However, PVA-TEOS-QAS coated wires caused approximately 55% more

deaths than the control groups.

Figure 3.11 shows colony counts after the K-wires were removed from the bacterial
solution, washed three times, sonicated three times, and vortexed three times. The
results indicate a reduction in LOG for PVA-TEOS-QAS coated K-Wires, suggesting
a decrease in colonization potential. This is consistent with previous literature studies

that have observed bactericidal activity for this coating. Simultaneously, the Alamar
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Blue viability test was used due to its low bacterial adhesion detection limit, as
shown in Figure 3.12. Upon examination of the figure and comparison with the
control in Figure 3.10, it is evident that NC Wire, PVA-TEQOS, and PVA-TEOS-QAS
prevent bacterial adhesion. Additionally, bacterial activity was observed in K-Wires
coated with PVA-TEOS-QAS[68].

Bl NC Wire
HEl PVA-TEOS
El PVA-TEOS-QAS

Figure 3. 11: Viability of adhered S. aureus cells on K-Wires coated with as
determined NC Wire, PVA-TEQOS, PVA-TEOS-QAS by coloni counting. (p value
style: GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****))
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Figure 3. 12: Viability of adhered S. aureus cells on K-Wires coated with as
determined NC Wire, PVA-TEQOS, PVA-TEOS-QAS by Alamar Blue assay. (p value
style: GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****))

3.2.2 Investigation of In vitro Antibiofilm Effect

The capacity of biomaterials to inhibit S. aureus biofilm formation was tested using
the Resazurin assay for bacterial cell metabolic activity and crystal violet for
inhibition of biofilm formation. Crystal violet was chosen due to its ability to bind to
negative charges, making it effective against a wide range of bacteria and EPS
molecules. Figure 3.13 show that there was no significant difference in reducing
biofilm viability between uncoated wires and PVA-TEOS, PVA-TEOS-QAS coated

wires.
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Figure 3. 13: The bacterial cell viability of formed S. aureus biofilm on NC Wire,
PVA-TEOS, PVA-TEOS-QAS was determined by Alamar blue assay. (p value style:
GP: 0,1234 (ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****))

Figure 3.14 shows that there was no significant reduction in biofilm biomass between
uncoated wires and wires coated with PVA-TEOS or PVA-TEOS-QAS. Therefore,
there was no significant effect in inhibiting bacterial biofilm formation for either

coating type.
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Figure 3. 14: The effect of biomass of S. aureus biofilm on NC Wire, PVA-TEOS,
PVA-TEOS-QAS was determined with Crystal Violet. (p value style: GP: 0,1234
(ns), 0,0332(*), 0,0021(**), 0,0002(***), <0,0001(****))

3.2.3 In vitro Cytocompatibility Results

Cell viability testing was performed according to 1SO 10993-5 standards using
literature as reference. The cells were incubated until they reached 80% density and
extracts were added at 100%, 50%, and 25%. After 24 hours of incubation, the
Alamar Blue test was used to analyze cell viability. Statistical analysis was
performed using GraphPad Prism 8.4.2. One-way ANOVA was used to determine
the P values. The P values were reported as follows: GP: 0.1234 (not significant),
0.0332 (*), 0.0021 (**), 0.0002 (***), and <0.0001 (****). According to the 1SO
10993-5 standard, values below 70% are considered toxic. Figure 3.15 shows that, in
three different groups, cell viability does not fall below 70% at different extraction
percentages, despite decreases compared to the control in the picture. This indicates
that it is not toxic [59].
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Figure 3. 15: NC Wire, PVA-TEOS, PVA-TEOS-QAS toxicity tests were performed
with L929 cell line and cell viability testing was performed with Alamar blue assay.
(p value style: GP: 0.1234 (ns), 0.0332(*), 0.0021(**), 0.0002(***), <0.0001(****))
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Chapter 4

4. Conclusion

The sol-gel technique's dip coating method successfully coated the surface of K-
Wires. The addition of PVA to the coating matrix enabled a homogeneous and void-
free coating. Bactericidal activity against bacteria was achieved using QASs. After
coating the K-wires with PVA-TEOS and PVA-TEOS-QAS matrices, which were
prepared to provide an antibacterial effect but do not have antibacterial properties by
nature, characterization processes were carried out. The study found that the
antibacterial coating was effective against S. aureus but had no significant impact on
biofilm formation. The PVA-TEOS-QAS coating matrix demonstrated a reduction of
approximately 55% in bacteria. The material was determined to be non-toxic and
compliant with 1SO standards, with a viability rate of no less than 70%. The
antibacterial coatings produced exhibit short-term bactericidal and bacteriostatic
effects. The use of K-Wires in external implants has become a promising approach
due to their preference for short-term use. Our future objective is to provide
antibacterial and antibiofilm inhibition by prioritising AMP for bacterial species that

cause infections associated with K-Wires.
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