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ABSTRACT 

 

 

316L STAINLESSS STEEL MODIFIED VIA PLASMA ELECTROLYTIC OXIDATION 

FOR ORTHOPEDIC IMPLANTS 

 

 

 316L stainless steel (SS) is widely used biomaterial for implantable devices and is 

estimated to the base material for 60% of implantable devices. However, one challenge 

of the material is the inhomogeneity of the surface morphology which may influence the 

adhesion process of host cells and bacteria. One method to create a uniform surface of 

316L SS is plasma electrolytic oxidation (PEO). PEO creates an oxide layer on the outer 

surface thus changing the surface topography on the microscale.  PEO process on SS 

functions by anodizing the surface via direct current in electrolyte solution. Preliminary 

research found that a continuous direct current over a time manufactured undesirable 

samples, to overcome this challenge the use of pulse timings was utilized during 

fabrication. This research aimed to answer the questions how do PEO modifications effect 

cellular adhesion and viability, and how do PEO modifications affect bacteria adhesion 

and viability. PEO modified 316L SS surfaces were characterized and its effects on the 

adhesion, morphology, and differentiation of adipocyte derived stem cells, along with the 

adhesion and morphology of Staphylococcus aureus was investigated.  
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INTRODUCTION 

 

 

 Orthopedic implants are widely used medical devices for the treatment of joint 

trauma, bone fractures, spinal ailments, and dentofacial ailments. These devices can be 

fabricated from a variety of materials. However, 316L stainless steel has been a 

consistent material for these devices. Common orthopedic implants that utilize 316L 

stainless steel are endosseous dental implants, hip implants, etc. [1]. The prominent issue 

for these devices is implant failure. Orthopedic implant failure has two noticeable causes 

of failure, lack of osteo integration and bacterial infections [2]. Lack of osteointegration 

between the host bone tissue and the device will cause lack of bone reabsorption resulting 

in the bone tissue being unable to fuse with the device [2]. Bacterial infection is when a 

bacterial species is able to proliferate in spite of the host immune system. The excess 

growth of bacteria on these devices prevents the host from being able to heal and 

integrate with the device leading to the implant being rejected [2]. Thus, the development 

of techniques that enhance osteointegration and prevent bacterial infections for these 

devices are needed.  

 Previous studies have shown that surface modifications are viable techniques to 

enhance osteointegration and prevent bacterial infections [2]. Surface modifications of 

these devices may include changing the surface morphology, chemistry, and wettability. 

Surface modifications that have been shown to enhance osteointegration are plasma 

spraying, anodization, physical vapor deposition, etc. [2]. By these modifications 

enhancing the osteointegration on the surfaces of materials this may lead to increased 

bone reabsorption, thus leading to reduced failure rates from lack of osteointegration. 
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Surface modifications that have been shown to reduce bacterial adhesion include plasma 

electrolytic oxidation doping with ions, hierarchical nanostructure fabrication, deposition 

of antimicrobial compounds, etc. [3].  By these modifications reducing the bacterial 

adhesion on the surfaces of materials this may lead to reduced infection rates of the for 

these orthopedic implants and potential use of antibiotics to treat these infections. 

Plasma electrolytic oxidation is an emerging surface modification methodology, 

that creates a layer oxidation of on the surface of a material [4]. There is little known how 

a PEO modified 316L stainless steel surface alone will affect osteointegration or bacterial 

adhesion. Since 316L stainless steel is a common biomaterial is important to evaluate the 

osteointegration and the bacterial adhesion to determine if this modification technique will 

be valid for further development for these devices. 

 In this study, 316L stainless steel underwent plasma electrolytic oxidation via pulse 

timings. The modified 316L SS surfaces were characterized using the following 

techniques: surface wettability via contact angle measurements, surface morphology via 

SEM, surface chemistry via XPS, and surface crystallinity via XRD. Cell adhesion and 

viability was characterized using the following techniques: cell adhesion via fluorescence 

microscopy, cell viability via an alamar blue assay, and cell morphology via SEM. 

Osteointegration was characterized using the following techniques: cell material 

deposition was characterized via ALP and calcium assays, cell osteocalcin deposition via 

fluorescence microscopy, cell morphology via SEM. Bacterial adhesion and morphology 

were characterized using the following techniques: bacterial adhesion via fluorescence 

microscopy and bacterial morphology via SEM. The results indicate that PEO modified 

surfaces of 316L SS were able to maintain the cell adhesion and viability, and 
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osteointegration, while reducing the adhesion of S. aureus. Thus, these modified surfaces 

have the potential to be utilized for orthopedic implants.  

.  
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HYPOTHESIS AND SPECIFIC AIMS 

 

Fundamental Hypothesis: Plasma electrolytic oxidized 316l stainless steel can reduce 

the attachment of bacteria while maintaining adipocyte derived stem cell adhesion, 

proliferation, and differentiation.  

 

Hypothesis 1: Plasma electrolytic oxidation on 316l stainless steel can be oxidized to 

create a unique surface topography.  

Specific Aim 1: Fabrication and characterization of plasma electrolytic oxidized 316l 

stainless steel. This specific aim is discussed in Chapter 2 and will cover:  

a. Fabrication of a unique surface topography that is reproducible via plasma 

electrolytic oxidation  

b. Characterization of plasma electrolytic oxidized stainless steel and 

measurements of contact angles for water.  

 

Hypothesis 2: Plasma electrolytic oxidized 316l stainless steel maintains ADSC’s ability 

to adhere, proliferate, and differentiate 

Specific Aim 2: Characterization of adipocyte derived stem cell adhesion, proliferation, 

differentiation This specific aim is discussed in chapter 3 and will cover: 

a. Evaluate the initial ADSC viability and proliferation 

b. Determine ADSCs differentiation into osteogenic cells  
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Hypothesis 3: Plasma electrolytic oxidized 316l stainless steel reduces bacterial 

adhesion and proliferation.  

Specific Aim 3: Characterization of Staphylococcus aureus adhesion, proliferation, and 

morphology. This specific aim is discussed in chapter 4 and will cover: 

a. Adhesion, proliferation, and morphology of Staphylococcus aureus  
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CHAPTER 1 

 

 

LITERATURE REVIEW 

 

1.1 Introduction  

Orthopedic implants are commonplace today for treating individuals with bone 

traumas and joint aliments. However, the use of orthopedic implants has only been viable 

in a little over the past century for medicine. The advent of using anesthesia and aseptic 

surgical techniques in tandem during the late 19th century allowed for more complicated 

surgeries to occur [4]. The use of orthopedic implants began in the early 20th century 

when British physician, nurse, and a Belgian surgeon designed a fracture plate of 

stainless steel to aid in the reconstruction of bone fractures [5]. This design had some 

flaws with the stainless steel being used, as it was not fully bioinert [5]. Later irritations of 

implants used different combinations of various metals, such as cobalt and chromium, to 

improve the biocompatibility of the devices [5].  

Later, in the early-mid 20th century the use of screws and nails in tandem with plates 

was done by Ernest Groves and Marius Smith-Petersen [5]. By 1939 the idea arthroplasty 

had been established, in that devices would be utilized to replace full joints that had been 

worn out, to some avail with 30 to 40% of patients regaining regain full function in those 

joints [5]. Following the second world war, the mass expense of materials allowed for the 
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development of more complicated implants beyond the use of nails, screws, and plates, 

along with the use of antibiotics allowed for more invasive surgeries to occur [5].    

The current practices surrounding orthopedic implants have progressed significantly 

since the origin of these devices. Improvements in sterilization, device design and 

material choice, as well as surgical techniques have progressed the lifespan of orthopedic 

implants from being used until the fracture has healed to replacing joints for multiple 

decades [5]. Orthopedic implants have evolved from using metals alone to a variety of 

materials being used in tandem with each material serving a specific purpose. For 

example, total hip arthroplasties have been conducted in the US since 1969, and since 

then the procedure and devices have progressed from being a fully metal device to now 

being conducted with a titanium stem and ceramic on ceramic ball and socket [6,7]. 

 Currently, orthopedic implantable devices include a few general categories: 

devices for healing bone fractures, full joint replacements and arthroplasties, spine 

replacements and stabilizers, and dentofacial implants [1,8]. Common materials for these 

devices include metals such as titanium and various metal alloys, stainless steel and 

chrome-cobalt, polymers such as polyetheretherketone, biodegradable materials 

including metals, such as magnesium and zinc, polymers, such as Inion CPS® and 

Synthes RapidsorbⓇ [9]. However, while these materials are viable there exists 

downsides to them, for example titanium is an expensive material to be used [10].   
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1.2 Orthopedic implant failure  

Ensuring that orthopedic implants integrate with the human body and serve their 

purpose is vital. Implant failure is the failure of an implantable device to serve its function 

after surgery. It is estimated that up to 10% of implants will fail [11]. In the US it was 

estimated that orthopedic trauma implants sales were $3.3 billion dollars in 2012, with 

sales increasing annually since then [11].  

With these financial considerations and failure rates the contending challenge is 

ensuring the success of these devices after surgery. Orthopedic implants can fail due to 

various causes. Devices can fail mechanical failures of the material used, poor 

implantation during the surgery or other surgical errors, along with the parts of the device 

creating particles and shards that spread throughout the surrounding tissue [13,14,15]. 

Patient immune systems and genetics can lead to the tissue rejecting the device. Some 

patients have sensitivities and allergies that cause the immune system to have excessive 

reactions by the innate immune system causing increased inflammation or with the 

adaptative immune system causing the recruitment of B and T cells to the area causing 

rejection of the device [16]. Poor patient post after care may lead to these devices failing. 

By patients not tending wounds, not following post operation instructions, or exposing the 

wounds to excessive environmental stress, such as smoking, can lead to increased 

healing times which can prevent osteointegration or allow a bacterial infection to occur 

[17].  

The two of the most prominent causes of failure involve lack of osteointegration of 

the surrounding tissue and the implantable device and a bacterial infection occurring on 

these devices [18,19]. These modes of failure will be discussed in their respective 
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sections as current literature focuses on improving the osteointegration and antimicrobial 

properties of these devices through a variety of methods. 

 

Figure 1.2.1 Graphical representation of various causes of dental implant failure ranging 
from mechanical failure of the device to immune system rejection. From Baseri, Milad, et. 
al. Immunological Aspects of Dental Implant Rejection, BioMed Research International 
(2020) doi: 10.1155/2020/7279509. 

 

1.3 Osteointegration of orthopedic implants 

 The osteointegration capability of an orthopedic implant is a critical component for 

ensuring the success of the device. Osteointegration is the acceptance and eventually 

fusing of the surrounding bone tissue around the implant merging with the implant itself 

to provide structural stability [20]. Before a device is implanted into the body a section of 
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the bone tissue is removed to make space for the implementation, then the device is 

implanted into the bone tissue [21].   

 The healing phases after an implant is placed within the human body follows a 

known trend. Initially after the surgery, the body will have the innate immune system react 

around the implant with macrophages and neutrophils surrounding the tissue; during this 

phase it is vital that the biomaterial is bioinert as not to cause an overreaction from the 

immune system that leads to the device being rejected from the body [21]. Afterwards the 

bone tissue will begin angiogenesis around the device allowing for nutrients and other 

cell signals to circulate, thus recruiting mesenchymal cells as well as osteoblasts, 

osteoclasts, and other bone related cells [22]. Osteoblasts will then begin forming new 

bone tissue from the implant towards the surrounding tissue and vice versa [22].  

 Current strategies to improve osteointegration include adding in drugs, changes in 

the surgical techniques/equipment for implantation, surface modifications of the materials 

used on the implants. Hydroxyapatite is one such compound used to enhance 

osteointegration of biomaterials as it is bioavailable form of calcium apatite whose role is 

to provide structural stability for bone tissue [23]. Hydroxyapatite can be deposited onto 

surface in a variety of methods depending on the material being use, for example metal-

based biomaterials for orthopedic implants use a wet chemical deposition of biomimetic 

to achieve hydroxyapatite that is seen in vivo [23].  Other methods of hydroxyapatite 

coating combine hydroxy apatite to other trace elements such as copper and zinc [24]. 

Surface modifications have been shown to increase the osteointegration of materials as 

well, is discussed in more detail in a later section [2]. Recent literature has shown that the 

combination of surface modifications with the addition of compounds has been shown to 
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increase osteointegration as seen with tanfloc on titanium nanotubes enhance the 

osteointegration of differentiated adipocyte derived stem cells in vitro [25]. Tanfloc is a 

cationic polyphenol known to enhance biocompatibility and antimicrobial properties [25].  

 

Figure 1.3.1 Graphical representation of the healing phases after dental implant has been 
surgically implanted.  From Wang, Yulan & Zhang, Yufeng & Miron, Richard, Health, 
Maintenance, and Recovery of Soft Tissues around Implants: Soft Tissues around 
Implants, Clinical implant dentistry and related research, (2016), 18(3):618-34. doi: 
10.1111/cid.12343. 

 

1.4 Bacterial infection on orthopedic implants  

Due to the invasive nature of implant procedures, it leaves for a perfect storm for 

a bacterial infection to occur. Bacterial infections that occur on orthopedic implants can 

either be nosocomial or due to poor wound care by the patient post operation [3]. 

Nosocomial infections are commonly called hospital acquired infections [3]. The 
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challenge with preventing a bacterial nosocomial infection on an orthopedic implant is 

that it can come from practically anywhere in the hospital environment; ranging from the 

medical devices themselves to the instruments used by physicians to implant these 

devices to contaminated clothing or operating rooms [3].  

This challenge of a bacterial infection is compounded by the rising prevalence of 

antibiotic resistance of pathogens, thus increasing the severity of infections that can occur 

on orthopedic implants [26]. The increasing prevalence of antibiotic infections is a global 

issue that is predicted to increase deaths every year with yearly fatalities into the several 

millions for the underdeveloped parts of the world, while more developed parts of the 

world will suffer fatalities in the hundreds of thousands [26].  

Common nosocomial antibiotic resistant pathogens include Pseudomonas 

aeruginosa a gram-negative bacterial species and Staphylococcus aureus a gram-

positive bacterial species [27,28]. Gram-negative and gram-positive are prominent 

classes of bacterial species as they relate to the content of peptidoglycan contained within 

the cell wall/s of a bacterium [27, 28]. Both Pseudomonas aeruginosa and 

Staphylococcus aureus are notable for their biofilm formation on surfaces, Pseudomonas 

aeruginosa is commonly seen forming biofilms within the lungs of individuals who are 

placed on ventilators while in hospice [27].  

The prominent mode of action for antibiotics is to act on the peptidoglycan within 

the cell walls of a bacterium thus leaving the bacterium unstable leading to eventual death 

of the bacterium [29].  Staphylococcus aureus is a species with prominent antibiotic 

resistant strains of methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant Staphylococcus aureus (VRSA), with methicillin and vancomycin being potent 
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antibiotics [30]. Thus, leading to the need for novel methods to prevent antibiotic resistant 

bacterial infections.   

 

 

Figure 1.4.1 Map representation of deaths attributable to antibiotic resistance pathogens. 
From Tripathy, A., Sen, P., Su, B., & Briscoe, W. H., Natural and bioinspired 
nanostructured bactericidal surfaces, Advances in colloid and interface science, 
(2017), 248, 85-104, https://doi.org/10.1016/j.cis.2017.07.030 

 

1.5 Metal based biomaterials 

 Metal based biomaterials have been used since the beginning of the orthopedic 

implants. This was to provide structural support for the tissues that are critical to providing 

structural support for the human body [5]. As previously stated, stainless steel was the 

original biomaterial used in first plate design back in the late 19th century, however as the 
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field progressed the use of other metals became common. As of today, implantable 

devices use a variety of metals in various combinations to serve specific roles, as certain 

metals such as magnesium, titanium, stainless steel, cobalt chrome, tantalum, etc [31, 

32].  

Two of the most common metal-based biomaterials used today for these devices 

are titanium and 316l stainless steel [1]. These metals have similar properties of being 

bioinert, being resistant to corrosion, and high structural stability [33].  Titanium is the 

most common biomaterial to be utilized in more developed regions of the world [33]. 

However, due to the cost of the material it becomes less available for those in 

underdeveloped regions of the world who may need implantable devices, hence the use 

of cost-effective metals are more common in these regions [21].  

316L stainless steel is a marine grade steel, that is used in surgical equipment and 

implantable devices [34]. An estimated 60% of devices use 316L stainless steel as the 

base material [35]. The elemental composition of 316L stainless steel is primarily iron, 

followed by chromium and nickel, small amounts of manganese and molybdenum, and 

trace amounts of silicon, nitrogen, phosphorus, sulfur, and carbon [36]. The L in 316L 

represents a lower carbon concentration as compared to 316 stainless steel [36]. This 

difference in carbon concentration makes the alloy more resistant to sensitization, which 

is corrosion of the grains on the outer surface [36]. Resistance to corrosion is a desirable 

property for a biomaterial as it prevents ion leakages which in high enough concentrations 

may negatively influence the surrounding tissue, along with potentially compromising the 

structural stability of the device [37]. One of the prominent fields of research to reduce the 

failure rates of implantable devices is through surface modification of the biomaterial. 
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1.6 Surface modification of orthopedic implants  

Surface modification is a wide field that may involve changing the surface morphology, 

chemistry, wettability, the addition of chemicals or drug products, and any combination of 

what has been listed [38]. The goal of these modifications is to enhance the 

biocompatibility or the antibacterial properties of the material. These modifications may 

be targeted towards a specific scale or multiple scales of the surface material; these 

scales include the microscale seen in micrometers, the sub microscale seen below a 

micrometer but greater than a nanometer, and the nanoscale seen in nanometers [23]. 

Each scale is targeted towards different aspects of the surrounding tissue that will interact 

with the surface.  The nano scale of the surface effects how cell materials, such as 

proteins will bind to the surface; for example, a hydrophobic surface bind more tightly to 

these materials than a hydrophilic surface, making the materials virtually impossible to 

remove [39]. The sub microscale of the surface affects how individual cells will adhere 

and proliferate onto the surface, for example larger cells such as osteoblasts have been 

seen have improved osteointegration [39]. The micro scale of surface affects the overall 

components of bone tissue as whole will interact in terms of building new tissue, for 

example rougher surfaces have seen increases in bone fixation upon the surfaces [39].  

Surface modifications can be utilized to improve the osteointegration of orthopedic 

implants, this improvement will in turn lead to improvements of the success rates of these 

implants. Surface modifications can be utilized to improve the biocompatibility of 

orthopedic implants by mimicking the structures seen in vivo for bone tissue [36].  This 

mimicking of the surfaces allows for mesenchymal stem cells and osteoblasts to sense 
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that they are on bone tissue thus stimulating differentiation and the formation of new bone 

tissue [40]. 

Surface modifications have been well explored on the metal-based biomaterials of 

titanium and stainless steel, as these metals are two of the most common metals to be 

used in biomaterials [3].  Surface modifications that have been shown to increase 

osteointegration for titanium include titania nanotube fabrication, acid etching and sand 

blasting, three-dimensional printing, laser surface texturing, and plasma spraying 

[39,41,42,43]. Surface modifications that have been utilized on stainless steel include 

severe short peening and electrochemical grain boundary etching to create a rougher 

surface, plasma immersion ion implantation and plasma assisted chemical vapor 

deposition have been used to create a more corrosion resistant surface [44]. 

Outside of titanium and stainless steel, surface modifications of acid etching, fluoride 

and alkaline treatments, as well as laser surface processing have been utilized on 

magnesium alloys [45]. Polyetheretherketone is another common material used in 

orthopedic implants that has surface modifications of surface coatings of hydroxy apatite, 

silicate, and titanium, sulfonation modifications, acid treatments, and nanostructure 

fabrications [46].  

Commercially available surface modifications of titanium include the 

NanoMetalene® by SeaSpine Holdings using atomic fusion deposition to deposit a layer 

of pure titanium on the surface of their device changing the morphology of their 

polyetheretherketone spine implant to make the surface hydrophilic from the original 

hydrophobic state [47].  Other commercial methods include physical vapor deposition of 
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titanium-niobium on cobalt-chrome alloys and additive manufacturing allows for open cell 

porous structures to be fabricated as an implant is being manufactured [48].  

Surface modifications can be utilized to enhance the antibacterial properties of a 

material as well. The goal of these modifications is to prevent bacteria from adhering, this 

can be achieved by fabricating a surface that has differences in wettability or through the 

deposition of particles onto the surface [26, 42]. Bioinspired surfaces have been used as 

an inspiration for surface modification; the surface topographies found on cicada and 

dragon fly wings have given rise to nanopillar fabrications [Tripathy]. These nanopillars 

and their relatives of nanowires, nanopores, and nanograss focus on making a surface 

that is lethal towards bacteria by creating a surface that is so hydrophilic or hydrophobic 

that bacterial cells will rupture due to the differences in wettability [26]. These nanopillar 

based surface modifications are fabricated dependent on the base material, for example 

titania nanowire arrays are fabricated using a hydrothermal process, where as a nanopore 

structured polymer are fabricated using nanoimprint lithography, and nanograss use 

reactive ion etching [26]. Another route to enhance the antimicrobial properties of a 

surface is through depositing particles onto the surface to be released. The addition of 

metal particles such as silver or copper and their respective oxides have been utilized to 

prevent biofilm formation, by the ions being released from the surface and binding to the 

cell membranes of bacteria leading to their eventual death [49].  

A known surface modification technique that has been used to enhance both 

osteointegration and antimicrobial properties of metal-based surfaces is plasma 

electrolytic oxidation (PEO). PEO has been studied on titanium extensively for 

applications in biomaterials, while stainless steel has been less studied in comparison [4]. 
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Figure 1.6.1 Graphical representation of cell interactions with the different levels of 
modification that can occur. From Li, J.; Zhou, P.; Attarilar, S.; Shi, H. Innovative Surface 
Modification Procedures to Achieve Micro/Nano-Graded Ti-Based Biomedical Alloys and 
Implants. Coatings (2021), 11, 647. https://doi.org/10.3390/coatings110606 

 

1.7 Plasma electrolytic oxidation on metal surfaces  

 A common methodology for modifying metal surfaces is plasma electrolytic 

oxidation (PEO). The benefits of using PEO as a surface modification include its cost 

effectiveness, time to manufacture, and ability to add other ions or coatings to the surface 

[50]. The time to manufacture a single sample from PEO can range in the minutes making 

the feasibility of mass production attainable. Some surface modifications such as titanium 

nanotubes can take up to a day to make a single sample [51].  PEO works by oxidizing 

the outer layer of the metal via a direct current in an electrolyte solution as a conductor 
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[4]. The current used is of a high enough power that a plasma is formed on the outer layer 

which penetrates the outer creating a layer of oxidized material, while also removing parts 

of the surface as well [4]. This fabricated surface creates a layer that is more resistant to 

corrosion and wear [52]. The materials needed to run PEO procedure include a DC power 

supply, an electrolyte solution, the desired material to modify, and a counter electrode [4]. 

The setup for PEO can vary depending on the metal used and the desired effect, for 

example some PEO setups use cycling electrolyte solution to keep consistent 

temperatures where others do not, as well as the arrangement of the electrode and 

counter can vary [53]. PEO has been an area of research since the 1930s; in the late 

1990s, PEO research began to focus on creating ceramic like coatings for various metals 

and their alloys such as aluminum and titanium [54]. Since then, PEO research has 

progressed extensively and has been used on other metals and alloys such as 

magnesium, brass, and stainless steel [53]. PEO recently has been using a method to 

fabricate unique coating for biomaterials, specifically titanium [53]. 

 PEO research for titanium coating for biomaterials has been extensive. The 

electrolyte solution can be used as a source to deposit ions that may enhance the 

osteointegration of the surface or add additional antimicrobial properties to the surface 

[54,55]. As well as titanium oxide being used as a coating for other metals, as seen with 

a titanium oxide layer that was deposited onto the surface of 316L stainless steel stents 

[56]. Particles that have been shown to enhance osteointegration of titanium and its alloys 

include hydroxy apatite, calcium phosphates, magnesium, and silicon [57,58]. Hydroxy 

apatite is a prominent bone protein produced by osteoblasts; calcium phosphates are 

main constituents of hydroxy apatite [53]. Magnesium is present throughout bone tissue 
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and can act as a replacement for calcium in hydroxy apatite [57]. Silicon is known to be 

present in the metabolic processes of osteoblasts as well [59]. Particles that have been 

shown to enhance the antibacterial activity of titanium and its alloys include silver, silver 

oxide, copper, copper oxide, and zinc oxide [60]. These particles act on the membranes 

of bacteria, leading to the eventually death of the bacteria [60]. These PEO modifications 

on titanium demonstrate that beyond modifying surface the addition of materials can be 

used to enhance osteointegration and antibacterial properties.  

Of interest is PEO modification on 316L stainless steel to be utilized as a 

biomaterial for orthopedic implants; it has been shown that PEO on 316L stainless steel 

has been conducted successfully. As mentioned previously 316L stainless steel has 

undergone PEO to gain a coating layer of titanium oxide to enhance its biocompatibility 

for stent applications [47]. However, there is a gap in the literature for how a PEO modified 

316L stainless steel will work as a biomaterial. With the prevalence of 316L stainless steel 

as a base for biomaterial, this knowledge may be fruitful in addressing the issue of 

orthopedic failure due to osteointegration and bacterial infection.  

The focus of this study is to understand how the PEO modified 316L stainless steel 

surface alone will affect osteointegration and bacterial adhesion. This is due to the 

prevalence of coatings used in PEO methodology; hence it is of interest as to how the 

surface alone affects these properties alone as this knowledge will aid later PEO research 

on the addition of coatings of ion depositions onto the 316L stainless steel surface.   

The first aim of this study is to develop a PEO modified surface that maintains its 

surface chemistry and surface crystallinity when compared to 316L stainless steel. The 

second and third aims of this study are to determine the effects of PEO modified 316L 
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stainless on osteointegration as well the bacterial adhesion, respectively. From this 

knowledge it can be ascertained how the changes of the surface morphology alone may 

affect osteointegration and bacterial adhesion as the deposition of materials onto surfaces 

via PEO is a common methodology seen in literature. Hence, this knowledge will aid in 

the understanding of how the PEO modification can be utilized for 316L based orthopedic 

implants. 

 

 

Figure 1.7.1 Graphical depiction of the plasma electrolytic oxidation process on titanium 
with a schematic of the DC power setup. From Xiwen Yu et. al., Formation process of in 
situ oxide coatings with high porosity using one-step plasma electrolytic oxidation, Applied 
Surface Science, (2016), https://doi.org/10.1016/j.apsusc.2016.01.144 
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CHAPTER 2 

 

 

FABRICATION AND CHARACTERIZATION OF PLASMA ELECTROLTYIC OXIDIZED 
316L STAINLESS STEEL  

 

 

2.1 Introduction 

 The surface morphology of biomaterials may influence various responses when a 

medical device is implanted into the body [1]. One the key factors that surface morphology 

can influence is the ability of cells and bacteria to adhere and proliferate [2,3]. Research 

has shown that plasma electrolytic oxidation (PEO) is a simple method for surface 

morphology modification for various metallic materials [4]. 316L stainless steel (316L SS), 

commonly known as marine grade or food grade stainless steel, is a widely used metal 

alloy for biomaterials [5]. 316L SS is utilized both for surgical tools, and implantable 

devices such as orthopedic hip implants and endosseous dental implants [6,7,8]. There 

are several properties of 316L SS make it ideal for these uses, these include resistance 

to corrosion, passivated, and cost effectiveness [9,10]. 

 

2.2 Materials & Methods  

2.2.1 Fabrication of Plasma Electrolytic Oxidized 316L Stainless Steel Surfaces 

 The SS surfaces were modified by PEO [11].  SS sheets with 0.15 cm thickness 

were cut in to 0.5 cm x 10 cm strips. Prior to modification, the surfaces were cleaned via 

sonication for 5 mins in each acetone, isopropyl alcohol and deionized (DI) water and air 
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dried. An electrolyte solution of 7.5% by weight of sodium bicarbonate in DI water was 

used for the PEO process. The electrolyte solution was heated to 90°C before SS and 

graphite were partially submerged. The SS was used as the anode and a piece of graphite 

(4 cm x 1.75 cm x 0.3 cm) was used as the cathode, and both were connected to a 

programmable direct current (DC) power supply (BK Precision, PVS60085MR) (Figure 

2.2.1). PEO was performed at 180 V and 8 A for three timings: 

• 180 seconds of continuous power. 

• 550 seconds with a 1 second pulses of DC power cycling between on and off for an 

oxidation time of 225 seconds. (SS 1s) 

• 390 seconds with a 0.5 second pulses of DC power cycling between on and off for an 

oxidation time of 195 seconds (SS 0.5s) 

After completion of the PEO process, the surfaces were rinsed with DI water, dried, and 

stored until further use.  
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Figure 2.2.1 Schematic of the PEO fabrication process. SS is attached to the anode while 
graphite is attached to cathode. Both SS and graphite partially submerged in sodium 
bicarbonate electrolyte solution.  

 

2.2.2 Characterization of Plasma Electrolytic Oxidized 316L Stainless Steel 

Surfaces 

 Different surfaces were characterized by their morphology, wettability, surface 

chemistry, and surface crystallinity.  

The surface morphology was characterized using a field emission scanning 

electron microscope (SEM) (JEOL JSM-6500). Different surfaces were imaged at 15 kV 

at 1500X and 5000X magnifications. The wettability of different surfaces was 

characterized using contact angle goniometry (Ramé-Hart Model 250). A 10 µL drop of 

DI water was placed on the surface using a micropipette.  The image of the water droplet 
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was taken using the camera attached to the goniometer. The apparent contact angle was 

measured with the software provided with the goniometer.  

The chemical composition of the surfaces was characterized via an X-Ray 

Photoelectron Spectrometer (PHI Physical Electronics PE-5800 X-ray Photoelectron 

Spectrometer). Survey scans were collected for different surfaces, ranging from 0 eV to 

1100 eV. From the survey scans, the surface composition was determined via CASA XPS 

software from peak fits.  

The crystallinity of different surfaces was characterized using X-ray diffraction 

(XRD) (Shimadzu XRD7000). XRD scans used a Thin-Film geometry with a 5° incidence 

angle, with CuKa radiation, with a range of X-Ray angles of 20 to 80° and continuous 

scanning with speed of 2°/min.  

 

2.2.3 Statistical Analysis  

Contact angle measurements were taken on at least three different surfaces, with 

droplets on at least three different locations on each surface. Tukey tests were conducted 

for quantitative comparison. An alpha value 0.05 was used and p-values ≤ 0.05 were 

considered statistically significant. R software was used to conduct all analysis. 

 

2.3 Results and Discussion  

2.3.1 Fabrication of Plasma Electrolytic Oxidized 316L Stainless Steel Surfaces 
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 The initial use of a continuous DC power for 180 seconds created undesirable 

surfaces. The surfaces were covered with large amounts of graphite build up, that was 

not desired as it would influence differences in the surfaces in further biological studies 

(Figure 2.3.1). Thus, this led to the use of pulse timings for PEO. 

 

Figure 2.3.1 Images SS PEO under constant oxidation and SS PEO pulse timings. The 
red circle indicates the SS PEO that acquired graphite deposition on the surface 

 

The power supply used was able to utilize customable programs where stepwise 

power can be used to oxidize surfaces for different time periods. A time cycle of 1 second 

with DC power on and off was used to fabricate the SS 1s surface and a time cycle of 0.5 

seconds with DC power on and off was used to fabricate the SS 0.5s surface. As seen in 

Figure 2.3.2, the left image shows when the power is off, and the right image shows when 

the power is on for the PEO 1 second process. When the power is on, the surface shows 

sparking indicating the generation of plasma and oxidation of the surface.  
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Figure 2.3.2 Images of the PEO 1 second pulse process being conducted with no power 
and DC power of 120V and 8A. 

  

The difference in PEO times of 225 seconds for SS 1s and 195 seconds for SS 

0.5s was due to the program cycle counting at 0. This difference in PEO times was found 

after characterization had been completed for SS 1s and SS 0.5s.  The PEO processes 

for SS 1s and SS 0.5s were successful at fabricating a surface without visible graphite 
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deposition. The PEO modified surfaces show no visible differences from 316L SS (Figure 

2.3.3).  

 

Figure 2.3.3 Images of unmodified 316L SS and PEO SS pulsed at 1 second and 0.5 
second time cycles. 

 

2.3.3 Characterization of Plasma Electrolytic Oxidized 316L Stainless Steel 

Surfaces 

PEO SS surfaces were characterized by surface texture via SEM, surface 

wettability via contact angle goniometry, surface chemistry via XPS, and surface 

crystallinity via XRD.  

 SEM was utilized to characterize the surface morphology of PEO and 316l ss 

surfaces (Figure 2.3.4).  316L SS (SS) is shown to have a granular structure with no 

notable features within the grains themselves. SS that underwent a 1 second pulse 
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duration for PEO (SS 1s) and SS that underwent a 0.5 second pulse duration for PEO 

(SS 0.5s) show that the granular structures underwent a uniform oxidation based on the 

granular distribution of the surface. The PEO process fabricated peaks and valleys within 

the grains on the surface, thus creating a unique surface on for SS 1s and SS 0.5s when 

compared to SS. There were no notable differences between SS 1s and SS 0.5s in terms 

of the distribution of the peaks and valleys.  
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Figure 2.3.4 SEM images of the different surface at different magnifications (1500x and 
5000x). The red circles indicate where the 5000x images were taken. 

 

  Contact angle measurements were utilized to characterize the wettability of the 

surfaces with DI water. The contact angle will demonstrate how hydrophobic or 
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hydrophilic a surface is, this knowledge will give insights into how the surface will affect 

the adhesion of mammalian cells and, along with the adhesion of bacteria. The contact 

angle of a surface is dependent on several surface characteristics including surface 

morphology, area, energy, and polarity. Contact angles indicate whether a surface is 

hydrophobic or hydrophilic by the angle contact that form when a droplet is placed on a 

surface. An angle greater than 90° indicates a hydrophobic surface while an angle less 

than 90° indicates a hydrophilic surface. Results show showed a significant difference of 

p ≤ 0.001 for the differences in contact angle for each surface type (Figure2.3.5). The SS 

0.5s had the most hydrophilic surface of the treatment groups with an average contact 

angle of approximately 70° for DI water, while SS 1s was less hydrophilic than 0.5s SS 

with a contact angle of approximately 81° for DI water. SS was hydrophobic with a contact 

angle of approximately 94° for DI water.  These results demonstrate that the PEO process 

created a hydrophilic surface. 
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Figure 2.3.5 Contact angles of DI water (10µL) droplets on the different surfaces. 
Significant differences of (*** indicates p≤ 0.001) for contact angles. Error bars represent 
the standard deviation. 

 

 XPS was utilized to characterize the surface chemistry of the different surfaces. 

Knowledge of the chemical composition of the surface is vital as it may influence cellular 

properties such as adhesion, proliferation, etc. Survey spectra were collected peaks of 

Carbon (C1s), Oxygen (O1s OKLL) Calcium (Ca2p3), Iron (Fe 2p3 & 3p), and Sodium 

(Na 1s) were identified. The survey spectra showed large peaks at O1s and C1s for all 

the surfaces. The largest concentration element was carbon for all the surfaces being 

greater than 50%. Oxygen was the second most abundant element present on the 
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surfaces, greater than 12% for all surfaces. Iron concentrations were different for the 

surfaces with SS 1s having the highest concentration at 7.05%. Sodium was detected on 

the surface of SS 0.5s at 2.90%. Trace elements of Cesium, Chromium, and Tellurium 

were detected on the surfaces of SS 1s and SS 0.5s (Table 1).  The high levels of Carbon 

present on the surfaces were partially due to known contamination within the XPS 

chamber. The presence of sodium on the SS 0.5s surface may be due to insufficient of 

the surface cleaning after the PEO process. These results demonstrate that the surface 

chemistry may have a role in changing the wettability of the SS 1s and SS 0.5s surfaces. 

The presence of Sodium on SS 0.5s may explain the difference in wettability when 

compared to SS 1s.  
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Figure 2.3.6 XPS survey scans of the different surfaces. Survey spectra was run from 
1100eV to 0eV with a pass energy of 187.75eV.  
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Table 1: XPS elemental composition calculated from survey scans of the different 
surfaces. 

 

 

 XRD was utilized to characterize the surface crystallinity of the different surfaces 

(Figure 2.3.7). Surface crystallinity has a role in the wettability of a surface. The surfaces 

have notable peaks at 43°, 50.6°, and 74.4°, which relates to austenite phases of 111, 

200, and 220. Austenite is the gamma phase of iron which the prevalent crystallinity of 

SS. These austenite phases demonstrate that PEO process did not affect the crystallinity 

of the surfaces. With these austenite phases remaining intact the surfaces of SS 1s and 

SS 0.5s will still be resistant to corrosion with intact grains. These results demonstrate 

that the difference in wettability for SS 1s and SS 0.5s is not due to the crystallinity.  
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Figure 2.3.7 XRD scans of the different ss surfaces. XRD scans were collected in the 2θ 
range.  

 

 

2.4 Conclusions 

PEO modification yields a unique surface morphology that has increased 

hydrophilicity based on the PEO parameters used. The surface chemistry and crystallinity 

remained similar leading to the finding that the difference in wettability is attributed to the 

differences in surface morphology. Together these results demonstrate that the PEO 

process on 316L SS was successful in fabricating a unique surface morphology that has 

a unique wettability.  
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CHAPTER 3 

 

 

ADIPOCYTE DERIVED STEM CELLS ADHESION AND VIABILITY, AND 
OSTEOINTERGRATION ON PLASMA ELECTROLYTIC OXIDIZED 316L STAINLESS 

STEEL 

 

 

3.1 Introduction 

 

 In vitro cell behavior on biomaterials is fundamental to understanding the in vivo 

response of a biomaterial [1]. It is essential for biomaterials of implantable devices to 

provide a suitable environment for cells to adhere and proliferate, while also not causing 

overreactive response from the adaptative and innate immune system [2]. Hydrophilic 

surfaces have been shown to enhance cell adhesion [3]. In this work, Adipocyte derived 

stem cells (ADSCs) were cultured on the surfaces of 316L SS, and the PEO modified 

surfaces of SS 1s and SS 0.5s. Cell studies were separated into two parts the initial 

adhesion and viability, and osteointegration. The initial adhesion and viability of ADSCs 

was characterized using fluorescence microscopy, scanning electron microscopy, and 

cellular viability assay of Alamar blue. Osteointegration was characterized using 

fluorescence microscopy, scanning electron microscopy, alkaline phosphatase assay, 

and a calcium deposition assay.  

 

3.2 Methods and materials  
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3.2.1 Adipocyte derived stem cell culture on Plasma Electrolytic Oxidized 316L 

Stainless Steel Surfaces 

Adipocyte derived stem cells (ADSCs) were isolated from adipose tissue by Prof. 

Cox-York's laboratory at Colorado State University. The procedures were conducted in 

compliance with the National Institutes of Health’s “Guiding Principles for Ethical 

Research”. ADSCs at passage 3 were cultured in minimum essential media (MEM) (α-

MEM, HyClone™) with 10% v/v fetal bovine serum along with 1% v/v penicillin & 

streptomycin at 37°C and 5% CO2. The media was changed every 48 hrs until the cells 

reached confluency. Prior to culturing the cells on different surfaces, they were sterilized 

in a 48-well plate with 70% ethanol for 15 mins, rinsed three times with phosphate-

buffered saline (PBS), and exposed to ultra-violet (uv) light for 30 mins.  The cells were 

diluted to a concentration of 10,000 ADSCs per/ml and 0.3 ml of this solution was placed 

on sterilized surfaces.  The cells were cultured in an incubator at 37°C and 5% CO2 for 

the entire duration of the study. 

 

3.2.2 Adipocyte derived stem cell adhesion and proliferation on Plasma Electrolytic 

Oxidized 316L Stainless Steel Surfaces 

The viability of ADSCs on different surfaces was characterized by commercially 

available Alamar Blue assay (Invitrogen).  After days 1, 4, and 7 days of culture, the 300 

µl of media was mixed with 30 µl of assay reagent and incubated at 37°C for 6 hrs. The 

absorbance of the solution was measured at 570 nm and 600 nm in a microplate reader 

(FLUOstar Omega, BMG Lab tech). The viability was calculated as described in the assay 
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protocol. ADSCs seeded in wells without any surfaces were used as positive control and 

wells with just media were used as negative control. 

The adhesion and proliferation of ADSCs on the surfaces was characterized using 

fluorescence microscopy. After 1, 4, and 7 days of cell culture, the cells adhered on 

different surfaces were fixed with 3.7% formaldehyde in PBS for 15 mins, followed rinsing 

3 times with PBS for 5 mins each. The fixed cells on different surfaces were permeabilized 

with 1% Triton X-100 solution in PBS for 3 mins, followed by rinsing 2 times with of PBS 

for 5 mins each.  The fixed and permeabilized cells were then stained by incubating the 

surfaces in rhodamine phalloidin solution (70 nM, Cytoskeleton) for 20 mins, followed 

incubating them in DAPI solution (300 nM, ThermoFisher Scientific) for 5 mins in a dark 

environment. The stain solution was aspirated, and the surfaces were rinsed 3 times with 

PBS for 5 mins each. The surfaces were imaged via fluorescence microscope (Zeiss).  

Morphology of cells on different surfaces was characterized after days 1, 4, & 7 of 

cell culture via SEM. Adhered ADSCs on the surfaces were fixed via glutaraldehyde 

fixative for 45 minutes, followed by sodium cacodylate buffer for 10 minutes, followed by 

sequential rinses of 35%, 50%, 70%, & 100% ethanol for 10 minutes each. After 100% 

ethanol removal, the surfaces were allowed to air dry and placed in a desiccator until 

imaging. The surfaces were coated with 10nm of gold before being imaged at 15kV under 

SEM using 1500X and 5000X magnification.  

 

3.2.3 Adipocyte derived stem cell differentiation and osteointegration on Plasma 

Electrolytic Oxidized 316L Stainless Steel Surfaces 
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After Day 7 of initial culture cell culture, osteogenic differentiation was induced by 

adding 1% v/v of dexamethasone, 2% v/v of ascorbic acid, and 6% v/v of β-glycerol 

phosphate in the culture media. The differentiation media was changed every 48 hours 

for 21 days.  

 After 7 and 21 days (week 1 and week 3) of differentiation cell culture, the surfaces 

were rinsed once with PBS. Surfaces were incubated in TritonX-100 (0.2% v/v in DI water) 

for 20 minutes at 100 rpm. The supernatant was removed and was stored in the freezer 

for Micro BCA and ALP activity assays. 

 A Micro BCA assay kit (Thermo Scientific) was used to quantify the total amount 

of protein content on the surfaces. 150 μl of supernatant (0.2% Triton X-100 solution with 

protein extracted) was mixed with150 μl of working reagent and incubated for 2 hrs at 37 

◦C in a dark environment, followed by the measurement of absorbance at 562 nm. The 

results for the total amount of protein were determined via a standard absorbance curve 

obtained previously using the manufacturer’s guidelines. 

The ALP content of the adhered ADSCs on the surfaces was characterized After 

one and three weeks of differentiation culture. A colorimetric assay kit (QuantiChromTM, 

BioAssay Systems) was used to determine the ALP activity on the surfaces. 50 μl of the 

supernatant (0.2% Triton X-100 solution with protein extracted) was mixed with 150 μl of 

working reagent. The absorbance was measured at 405 nm after 0 and 4 mins and the 

ALP activity was obtained following the manufacturer’s guidelines. The ALP activity was 

normalized to the total protein content on each surface. 
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The calcium deposition on the surfaces was characterized after one and three 

weeks of differentiation culture. Calcium deposition was determined by a calcium reagent 

set (Teco Diagnostics). After supernatant removal, the surfaces were dried and incubated 

in 6 N HCl solution for 2 hours to dissolve the deposited calcium. After that, 20 μl of the 

acid-calcium solution was collected from each well and mixed with 1 ml of working reagent 

prepared following the manufacturer’s protocol. The absorbance of the acid-calcium 

solution was read at 570 nm and the calcium concentration was calculated using the 

manufacturer’s guidelines. The calcium concentration was normalized to total protein 

content on each surface.  

 Cellular osteocalcin expression on the surfaces was characterized via 

fluorescence microscopy using immunofluorescent staining. After one and three weeks 

of differentiation culture the same protocol as in section (3.2.2) was followed to fix and 

permeabilize cells. The surfaces were placed in bovine serum albumin (BSA) solution 

(10% v/v in PBS) for 30 mins to block non-specific binding sites. After that, the substrates 

were incubated with osteocalcin primary antibody solution (1:100 in 1% BSA) for 60 mins, 

followed by three rinses with PBS. The substrates were then placed in secondary 

antibody-FITC solution (1:200 in 1% BSA) for 45 mins. After rinsing with PBS, the 

substrates were stained with DAPI and rhodamine phalloidin and imaged as detailed in 

section 3.2.2.  

Cellular morphology on the surfaces was characterized after via SEM. Adhered 

ADSCs on the surfaces were fixed via glutaraldehyde fixative for 45 minutes, followed by 

sodium cacodylate buffer for 10 minutes, followed by sequential rinses of 35%, 50%, 70%, 

& 100% ethanol for 10 minutes each. After 100% ethanol removal, the surfaces were 
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allowed to air dry and placed in a desiccator until imaging. The surfaces were coated with 

10nm of gold before being imaged at 15kV under SEM, using 1500X and 5000X. 

 

3.2.4 Statistical Analysis  

Characterization of cellular adhesion was conducted using 3 different samples per 

surface using 3 different locations, repeated twice (n=18) for days 1, 4, and 7. 

Characterization of osteocalcin coverage was conducted using 3 different samples per 

surfaces using 3 different locations repeated twice (n=18) for week 1 and week 3. Tukey 

tests were conducted for quantitative comparisons. An alpha value 0.05 was used and p-

values ≤ 0.05 were considered statistically significant. R software was used to conduct all 

analysis. 

 

3.3 Results and Discussion  

3.3.1 ADSC adhesion and viability on the different surfaces  

 The initial adhesion and viability of cells on to biomaterial surfaces is a key 

component to understanding biocompatibility [4]. It is desirable for a biomaterial surface 

to promote proliferation and adhesion of cells when a biomaterial is implanted [5]. 

Decreases in the initial adhesion and proliferation rates on implantable devices will have 

a delayed healing process, lack of osteointegration, and potential implant rejection [6]. 

Hence, it is vital to understand the initial viability of a biomaterial’s surface.   

 Cell adhesion was characterized by utilizing fluorescence microscopy. ADSCs 

were able to successfully adhere to all surfaces, PEO modified surfaces had cells closer 
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expanding towards one another in more longer shapes for Days 1 and 4 while SS had 

more trapezoidal cells upon the surface. By Day 7 there was considerable growth across 

all surfaces (Figure 3.3.1).  

 

Figure 3.3.1 Fluorescence microscopy images, at 10x zoom, adhesion of day 1, 4, and 7 
after incubation upon the surfaces. Cytoskeletons appear red, while nuclei appear blue 
under fluorescence.  

 

When the fluorescence images were compared quantitively for cell count there 

were no significant differences between the surfaces for Days 4 and 7. Days 4 and 7 were 

significantly different between one another for the surfaces. SS 1s had the highest 

average cell count for Day 7 and SS 0.5s had the highest (Figure 3.3.2).   
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Figure 3.3.2 Cell counts quantitative comparison. Significant differences of (*** indicates 
p≤ 0.001) for Cell count per cm2. Error bars represent the standard deviation. 

 

 A similar result was found in the Alamar blue assay, there were no significant 

differences between the surfaces or with the positive control (Figure 3.3.3). These results 

demonstrate the viability of the PEO modified surfaces of SS 1s and SS 0.5s was 

maintained when compared to SS. These results demonstrate that PEO modification of 

the SS 1s and SS 0.5s did not adversely affect the initial viability or adhesion of ADSCs 

on the surfaces.  
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Figure 3.3.3 Cell viability, alamar blue was conducted through a plate reader determining 
the absorbance of the alamar blue dye at 600 and 570 nm after 6 hours of incubation. 
Error bars represent the standard deviation. 

 

 Results from the cellular morphology of ADSCs demonstrate similar results seen 

in the fluorescence microscopy. Days 1 and 4 show the cells beginning to spread out onto 

the surfaces and expanding filopodium onto to the surfaces.  While Day 7 shows mass 

cell coverage upon the surfaces (Figure 3.3.4). Upon the imaging at a higher 

magnification, it can be observed that the ADSCs were forming larger filopodium 

expanding outwards towards other ADSCs on the surfaces (Figure 3.3.5).  
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Figure 3.3.4 Representative SEM images of ADSCs on different surfaces at 1500x. The 
red circles represent were the 5000x images were taken from the 1500x image.  
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Figure 3.3.5 Representative SEM images of ADSCs on different surfaces at 5000x. 

 

The PEO modified surfaces of SS 1s and SS 0.5s demonstrated similar viability 

and initial adhesion seen with the SS surfaces. Of note was the growth exponentiation of 

ADSCs on all the surfaces between days 4 & 7. When the morphology was of ADSCs 

was examined SS 1s and SS 0.5s had notable increases of filopodium.  
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3.3.2 Osteointegration of ADSCs on the different surfaces  

 Osteo integration of cells into biomaterials is an important aspect of 

biocompatibility [7]. ADSCs are pluripotent and have potential to be differentiated into 

osteoblasts [4,8]. Osteoblasts are cells with the primary role of forming new bone tissue 

[9]. Alakine phophostase (ALP) is an enzyme repsonsible for dephosphorlayting a 

phosphate based monoester with water into an alcohol and phosphate [10]. It has been 

shown that ALP levels will be increased during bone formation as the enzyme is a by 

product of osteoblasts [10]. Hydroxyapatite is the bioavaible  avaiable of calcium 

phosphate in mammalian tissue.  Hydroxyapatite preset in collaganous matrices of bone 

tissue, and is estimated to be 50% to 70% of the weight of bone [11]. The role of 

hydroxyapatite is bind to provide support to bone by binding to calcium ions, thus being 

the source of calcium in bone tisseue [11].   Calcium is the primary structural component 

of bone that provides the strength for the tissue [11]. The most abundant noncollagenous 

protein excreted by osteoblasts is osteocalcin [12]. Osteocalcin has several roles 

including, but not limited to endocrine signaling to the pancreas for insulin regulation and 

eventual ossification into bone tissue [12]. Osteocalcin has been known as an indicator 

of bone and concentrations have been shown to be directly related to levels of bone 

formation [12]. These markers demonstrate how well cells are differentiated and how the 

well osteointegration occurred on the surfaces. The following section examines how at 

how ADSCs differentiated into osteoblasts and how they were able to deposit materials 

to form bone tissue in, alkaline phosphatase, calcium deposition,  and osteocalcin after 1 

and 3 weeks of differentiation.  
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  The results of the ALP assay demonstrates that the concentration was the highest 

in week 1 (Figure 3.3.6). SS 0.5s had the highest cocentration of ALP at week 1, which 

is postively related to the osteocalcin coverage seen in week 3 on the surface. SS had 

the lowest ALP concentration which follows with the osteocalcin coverage seen for that 

surface. 

 

 

Figure 3.3.6 Alkaline phosphatase assay quantitative comparison between the different 
surfaces. Significant differences of (*** indicates p≤ 0.001) for ALP content per total 
protein content. Error bars represent the standard deviation. 

 

The results from the calcium deposition assay demonstrate that the concentration 

was the highest in week 3 for all the surfaces (Figure 3.3.7). These results follow what 

has been seen in the osteocalcin coverage and ALP results. There were no significant 
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different differences between the surfaces at week 1 or week 3. SS 0.5s had the highest 

calcium concentration. SS followed similar trends seen in ALP and osteocalcin coverage 

results with having lower concentrations at week 3.  

 

  

Figure 3.3.7 Calcium deposition assay quantitative comparison. Significant differences of 
(*** indicates p≤ 0.001) for Calcium concentration per total protein content Error bars 
represent the standard deviation. 

 

Osteocalcin coverage was characterized by utilizing fluorescence microscopy. After 

one week of differentiation, ADSCs were able to differentiate and deposit osteocalcin 

upon the surface. Differences between week 1 and week 3 can be seen in the fluorescent 

images, with week 3 having higher deposition than week 1 for all surfaces.  There are no 

notable differences between the surfaces at week 1 or week 3 (Figure3.3.6).  
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Figure 3.3.8 Osteocalcin fluorescence images Fluorescence microscopy images, at 10x 
zoom, adhesion of week 1 and week 3 after incubation upon the surfaces. Cytoskeletons 
appear red, nuclei appear blue under fluorescence, while osteocalcin deposits appear 
green.  
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 Quantitative analysis results of osteocalcin coverages confirmed what can be 

seen in the fluorescent images. There was a statistical difference between week 1 and 

week 3 for all surfaces. When the surfaces were compared to one another the results 

demonstrated that that there was no statistical difference between the surfaces (Figure 

3.3.7). Of interest was the difference between SS and the PEO modified surfaces at week 

1 and then week 3. SS had the highest osteocalcin at week 1, however, at week 3 SS 

had the lowest osteocalcin coverage. SS 0.5s had a coverage of 6.03% a 1.5% increase 

over SS. SS 1s had the lowest osteocalcin coverage in week 1 by week 3 it had coverage 

greater than SS.  

 

 

Figure 3.3.9 Osteocalcin coverage quantitative comparison. Significant differences of (*** 
indicates p≤ 0.001) for osteocalcin area coverage percentages. Error bars represent the 
standard deviation. 
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 SEM images demonstrate similar results seen in the fluorescence microscopy. 

With little osteocalcin deposition at week 1 and a noticeable increase at week 3 (Figure 

3.3.8). Upon higher magnification it can be seen how cells upon the surface are interacting 

with the deposited materials (Figure 3.3.9). By week 1 the cells had formed a mass 

coverage of the surfaces. After week 3, the differentiation cells had begun depositing 

materials on the surfaces. The morphology indicated that the differentiation cells on the 

PEO modified surfaces of SS 1s and SS 0.5s maintained the osteointegration capability 

when compared to SS.  
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Figure 3.3.10 Cell differentiation morphology SEM images 1500x. Red circles indicate 
where the 5000x images were taken.  
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Figure 3.3.11 Representative SEM images of ADSCs on different surfaces at 5000x.   

 

Overall, these results demonstrate that there was successful differentiation and 

osteointegration for the surfaces. The differences between the PEO surfaces and 316L 
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were noticeable. However, they did not prove to be significantly different. The lack of 

statistical significance between these surfaces may be due to the differences in wettability 

not being great enough to enhance the initial cellular adhesion.  

 

3.4 Conclusions 

 The results demonstrate the PEO modified surfaces maintain the cellular response 

of ADSCs when compared to 316L SS. While it has been shown that hydrophilic surfaces 

enhance cellular adhesion, the hydrophilicity of SS 1s and SS0.5s was not enough to 

show a significant difference in adhesion or osteointegration for ADSCs. However, SS 

0.5s surface had the highest coverage of osteocalcin, which relates to the higher 

concentrations of ALP seen in week 1 and the higher concentration of calcium 

concentration seen in week 3. The difference while not statistically significant may be 

attributable to the difference seen in wettability for the SS 0.5s surface, as more 

hydrophilic surfaces are shown to enhance cellular adhesion.  
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CHAPTER 4 

 

 

BACTERIAL ADHESION AND MORPHOLGY ON PLASMA ELECTROLYTIC 
OXIDIZED 316L STAINLESS STEEL 

 

 

4.1 Introduction 

 Bacterial infection is a leading cause of early implant failure for endosseous dental 

implants, and is present orthopedic, cochlear, and other implants [1,2,3]. The 

opportunistic nosocomial infection of Staphylococcus aureus (S. aureus), a gram-positive 

bacterial species, is a common pathogen for recipients of implantable devices [4]. The 

prevalence of S. aureus in our environment is the main cause of the infection being so 

common, it is estimated that 30% of the human population carries S. aureus in their nasal 

passages [5].  This prevalence of S. aureus combined with; the increasing virulence of S. 

aureus make this bacterial species a problematic pathogen [6]. S. aureus has antibiotic 

resistant strains; these strains include MRSA and VRSA (methicillin resistant and 

vancomycin resistant S. aureus), vancomycin and methicillin are two notable antibiotics 

used to treat gram positive bacterial infections [7]. One way to prevent bacterial 

proliferation on biomaterials is through surface modification. There are various methods 

for modifying surfaces to be antibacterial these include: coating the surface with various 

ions or materials such as silver, copper, or antibiotics, changing the chemistry of the 

surface with polymerization or functionalization, creating surface structures on the micro 

and/or nanoscale as seen with bioinspired surfaces of cicada wings and shark skin [8]. 

Surface structure changes allow a surface to become either hydrophilic or hydrophobic 
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depending on the methodology used; if a surface becomes superhydrophobic it will 

prevent bacteria from adhering to the surface, however, if a surface becomes 

superhydrophilic it will create bactericidal surface [8]. In this chapter, SS and PEO 

modified SS were characterized for their bacterial adhesion and proliferation for S. aureus 

bacterial species after incubation of 6 and 24 hours.  

 

4.2 Materials and Methods  

4.2.1 Bacterial Culture on Plasma Electrolytic Oxidized 316L Stainless Steel 

Surfaces 

The bacterial adhesion capability of gram-positive bacteria of the surfaces were 

characterized by using the bacterial species of Staphylococcus aureus, ATCC 6538. 

Bacterial cultures were obtained from agar plate culture and pellet to be grown in a liquid 

media culture of Tryptic Soy broth in an incubator at 37° C until the optical density at 600 

nm was approximately 1. A 100 μL aliquot of the solution was taken, and the absorbance 

was read at 600 nm using a plate reader. The bacteria solutions were diluted to obtain a 

concentration of 106 CFU/mL. The surfaces were then incubated in 500 μL of bacteria 

solution for 6 and 24 hours.  

 

4.2.2 Characterization of Bacterial adhesion on Plasma Electrolytic Oxidized 316L 

Stainless Steel Surfaces 
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Bacterial adhesion and proliferation were characterized via fluorescence 

microscopy. Fluorescence microscopy was used to measure the amount of live and dead 

bacteria that adhered to the surfaces. After incubation for 6 and 24 hours, the bacteria 

solution was removed, and the surfaces were rinsed three times with PBS to remove any 

non-adhered bacteria. The surfaces were then incubated in stain solution (3 μL/mL of 

propidium iodide and Syto 9 stain 1:1 in PBS) for 20 min at room temperature, in a dark 

environment. After incubation, the stain solution was aspirated, and the surfaces were 

rinsed once with PBS. The adhered bacteria were fixed to the surfaces using a 3.7% 

formaldehyde solution in PBS for 15 minutes, followed by 3 consecutive PBS rinses for 5 

minutes each. The surfaces were imaged using a fluorescent microscope (Zeiss). ImageJ 

was used to calculate the percentage of live and dead bacteria on the surfaces.  

Bacterial morphology and biofilm formation was characterized after 6 hours and 

24 hours of bacterial culture via SEM. SEM followed the same procedure and imaging as 

detailed in section (3.2.3). 

 

4.2.3 Statistical analysis 

 Characterization of bacterial adhesion was conducted using 3 different samples 

per surface using 3 different locations, repeated twice (n=18). Tukey tests were 

conducted for quantitative comparison. An alpha value 0.05 was used and p-values ≤ 

0.05 were considered statistically significant. R software was used to conduct all analysis.  
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4.3 Results and Discussion 

4.3.1 Bacterial adhesion and proliferation on Plasma Electrolytic Oxidized 316L 

Stainless Steel Surfaces  

 Prevention of the initial adhesion of bacteria is fundamental to preventing infections 

on biomaterials. It is desirable for a biomaterial’s surface to limit the number of bacteria 

that can adhere to it. Increases in the number of bacteria adhered to a surface may lead 

to an infection that could delay the healing process, potentially leading to an implant 

failure. Hence it is vital to understand the initial adhesion of a biomaterials surface.  

Fluorescence microscopy was utilized to characterize the adhesion abilities of S. 

aureus on the surfaces. A commercially available live/dead stain kit containing Styo-9 and 

propidium was utilized to determine the difference between live and dead bacteria that 

were adhered to the surfaces.  Styo-9 stains living bacteria green, while propidium stains 

dead bacteria red when observed under fluorescence.  Fluorescence images taken of S. 

aureus indicated a reduction in adhesion for SS 1s and SS 0.5s at both 6 and 24 hours 

(Figure 4.3.1 A). When the images were quantified via ImageJ and statistically tested 

there was a significant difference, p ≤ 0.001, for the live bacteria at 6 hours between SS 

and the PEO fabricated surfaces of SS 1s and SS 0.5s (Figure 4.3.1 B). As well, there 

existed a significant difference, p ≤ 0.001, for the dead bacteria at 24 hours between SS 

and the PEO fabricated surfaces of SS 1s and SS 0.5s (Figure 4.3.1 C). There existed 

no statistically significant differences between SS 1s and SS 0.5s for S. aureus live-dead 

analysis (Figure 4.3.1 B & C). The reduction in S. aureus adhesion between SS and PEO 
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fabricated surfaces is attributable to the differences in the surface morphology creating a 

more hydrophilic surface.                                                                               

 

(A) 
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(B) 

 

(C) 

Figure 4.3.1 A) Representative fluorescence images of S. aureus on the different 
surfaces. S. aureus adhesion area percentage for live (B) and dead (C) bacteria after 6 
and 24 hours. Significant differences of (*** indicates p≤ 0.001) for S. aureus coverage. 
Error bars represent the standard deviation. 
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4.3.2 Bacterial morphology  

 SEM images from S. aureus demonstrate similar findings for 6 & 24 hours as the 

results seen from fluorescence images (Figure 4.3.2 A & B). The PEO modified surfaces 

of SS 1s and SS 0.5s demonstrated less S. aureus adhesion at 6H when compared to 

SS. Upon further magnification at 5000x, the S. aureus bacteria has deformed at 24H for 

all surfaces. It can be seen at 24H on the SS surface that S. aureus has deposited 

materials on the surface that could lead to the formation of an increasing biofilm.    
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(A) 
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(B) 

Figure 4.3.2 Representative SEM images of S. aureus on different surfaces at 1500x 
magnification. The red circles represent were the 5000x images were taken from the 
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1500x image. (A) Representative SEM images of S. aureus on different surfaces at 
5,000x magnification (B). 

 

Results from the live dead analysis showed a significant reduction, p ≤ 0.01. in S. 

aureus for both live bacteria at 6 hours and dead bacteria at 24 hours surfaces SS 1s and 

SS 0.5s when compared to SS.  It was demonstrated that S. aureus had deformed 

bacteria at the 24H period on all surfaces, while the SS surface deposits of material on 

the surface that could lead to biofilm formation. The differences seen between SS and 

the PEO modifies surfaces of SS 1s and SS 0.5s are attributable to the differences in 

surface morphology. As anti-biotic resistance increases the need for novel methods to 

prevent bacterial infections therein increases. By the SS 1s and SS 0.5s having a 

significant reduction in S. aureus adhesion the likelihood for an infection to occur on this 

material are vastly reduced. S. aureus infections tend to be opportunistic, as in the 

species desires optimal conditions, such as an invasive surgery for an implantable device. 

In fabricating materials that reduce bacterial adhesion as inherent property, the 

prevalence of implant failure will be reduced. 

 

4.4 Conclusions  

 SS 1s and SS 0.5s showed a significant reduction in S. aureus adhesion when 

compared to SS. The morphology demonstrated that S. aureus had deposited materials 

onto the SS surface to begin biofilm formation. Together these findings demonstrate that 

the surface morphology fabricated by the PEO process was significant in reducing the 

adhesion and biofilm capability of S. aureus on to the surface.  
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CHAPTER 5 

 

 

CONLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

 Orthopedic implants are biomaterials susceptible to failure. Two main sources of 

failure are due to adverse reactions caused by the innate and adaptive immune response, 

and bacterial infection.   

 316L stainless steel underwent surface modification using plasma electrolytic 

oxidation with pulse timings. The PEO parameters utilized a sodium bicarbonate solution 

with DC power at 120 V and 8 amperes for 1 second or 0.5 second intervals. The 

fabricated surfaces were characterized by their surface morphology, wettability, chemical 

composition, and crystallinity. The characterization of SS 1s and SS 0.5s yielded 

differences in the morphology & wettability; SS 1s and SS 0.5s were hydrophilic, 316L 

SS was slightly hydrophobic. While the surface chemistry and crystallinity remained 

similar to 316L SS.  

 Once characterization of the surfaces had been completed, the viability, adhesion, 

and osteointegration of adipocyte derived stem cells was investigated. ADSCs are 

mesenchymal cells with the ability to differentiate into osteoblasts when induced with 

specific cell culture media. The results from the fluorescence microscopy, an alamar blue 

cell viability assay, and scanning electron microscopy showed there were no significant 
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differences in the initial viability and adhesion of ADSCs at Days 1, 4, and 7 of the study 

between 316L SS, SS 1s, and SS 0.5s.  

 After the investigation into the cellular viability, adhesion, and osteointegration. The 

bacterial adhesion and morphology of the surfaces were characterized. Staphylococcus 

aureus was utilized in this investigation as it is a prevalent gram-positive nosocomial 

infection, that has known antibiotic resistant strains of MRSA and VRSA.  After 6 hours 

of incubation, live S. aureus was seen to have a significant reduction in the adhesion on 

the PEO modified surfaces of SS 1s and SS 0.5s when compared to 316L SS. After 24 

Hours of incubation, dead S. aureus was shown to have a significant reduction in the 

adhesion on the PEO modified surfaces of SS 1s and SS 0.5s when compared to 316L 

SS. Scanning electron microscopy found no biofilm formation on the PEO modified 

surfaces of SS 1s and SS 0.5s, and there some biofilm formation seen on 316L surfaces.  

 In conclusion, PEO modification was successful using pulse timings of 1 second 

and 0.5 seconds. The PEO modified surfaces were hydrophilic that maintained cellular 

adhesion, viability, and osteointegration. The PEO modified surfaces reduced the 

bacterial adhesion of S. aureus when compared to 316L SS. These findings suggest that 

PEO modification could be utilized on 316L stainless steel to fabricate a stable biomaterial 

that prevents bacterial infection.  

 

5.2 Future Work 

 Future studies of this process include further investigation into how the surfaces 

interact with gram negative bacteria. An investigation Pseudomonas aeruginosa is a 
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bacterial species of interest as it is a prominent anti-biotic resistant nosocomial infection. 

It is relevant to understand how the surfaces interact with gram negative bacteria. 

Investigation into hemocompatibility of the surfaces will provide insights into how the 

surfaces would integrate with the human upon implantation, with the surfaces being 

hydrophilic the knowledge of blood platelet clotting is key for further development of this 

surface modification technique. Once the knowledge from Pseudomonas aeruginosa 

adhesion and hemocompatibility is known, of interest is use of using different PEO 

parameters such as different pulse timing, voltages, and amperages. Differences in how 

the DC power is supplied may affect how the PEO occurs on the surfaces, thus changing 

the surface topography and the surface wettability. Another investigation of interest is the 

repetition of these experiments with ion doped PEO surface with copper. The addition of 

copper would enhance the antibacterial capabilities of the surfaces, however the 

interaction with cells is desired knowledge. 

 


