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Abstract 

Titanium dental and orthopaedic implants are an essential component of modern healthcare with 

their use increasing rapidly over the last few decades. Bacterial infection is one of the most 

common causes of premature implant failure, and the subsequent revision surgery has serious 

ramifications for the patient, places financial burdens on healthcare systems and, with rising 

bacterial resistance, the infections are becoming more difficult to treat. 

The aim of this project was to grow antibacterial nanotopographies on titanium and to then further 

enhance their properties by interfacial functionalisation with an antimicrobial peptide. A range of 

nanotopographies were formed on titanium using the alkaline hydrothermal method, and their 

physical properties characterised using a range of analytical techniques, including SEM, AFM, 

CLSM and OP. After 2-hours growth, distinct nanospikes had formed. These increased in height 

over time, eventually bending and intertwining to form a ‘pocket’ nanotopography after 4 hours. 

The crystal structures of the nanotopographies were confirmed to be titanium dioxide using XRD, 

EDX and XPS. 

There is no single optimal quantitative viability technique for assessing nanotopographic 

surfaces. Consequently, a combination of viability assays and high-resolution imaging were 

employed. It was found that some of the nanotopographies exhibited anti-biofouling properties 

and impaired the growth of both Gram-negative and Gram-positive bacteria. Nanotopographies 

caused indentations in the bacterial cell membrane at points of contact, but there was limited 

evidence of puncturing of the bacterial cell envelope. 

Synthetic antimicrobial peptide, ChoM, was functionalised onto flat and 2 -hour nanospike 

surfaces by physical adsorption and could be released into the local environment in a dose-

dependent manner to inhibit bacterial growth. Nanotopography was found to affect the peptide 

release kinetics relative to flat titanium, due, in part, to differences in hydrophilicity. Alongside 

effects on bacteria, stem cell studies showed nanotopography to be highly biocompatible which 

was unaffected by the functionalisation of ChoM. 

This research highlights the potential to generate a synergistic antibacterial titanium surface 

comprising both physical and chemical mechanisms of action. Such an approach could be 

exploited to develop a next-generation implant surface to combat implant infections, and thus 

maximise the longevity of medical implants and improve the wellbeing of millions of patients 

worldwide. 
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1.  
 

INTRODUCTION 

itanium dental and orthopaedic implants are an essential component of modern medical 

treatment. Dental implants are often used to treat missing teeth as a result of trauma or 

periodontal disease, while orthopaedic implants are used to replace joints such as the hip and knee 

as treatment for chronic diseases such as osteoarthritis. The usage of these implants is increasing 

rapidly due to ageing populations and rising obesity levels. Bacterial infection is one of the most 

common causes of premature implant failure. The subsequent revision surgery has serious 

ramifications for the patient, places burdens on the healthcare infrastructure and, with biofilm 

formation and increasing bacterial resistance, the infections are becoming more difficult to treat. 

The aim of this project was to grow antibacterial nanotopographies on titanium and to further 

enhance their properties by functionalisation with an AMP, with the ultimate goal of developing 

a next generation implant surface to prevent bacterial infection of dental and orthopaedic 

implants. A range of nanotopographies were formed using the alkaline hydrothermal method and 

their physical properties characterised using a range of analytical techniques including SEM, 

AFM, CLSM and OP. The chemical and crystal structures of the nanotopographies were 

investigated using TEM, EDX and XPS. The antimicrobial properties of the  different 

nanotopographical surfaces with Gram-positive and -negative bacteria were investigated using 

microscopy (SEM and FIM) and a range of analytical assays such as BacTiter-Glo and RealTime-

Glo.  

Despite previous research into modifying the surface of titanium to inhibit bacterial infection, 

there has been little work to date on the efficacy of AMPs functionalised on a nanotopographical 

surface and their capacity to have a synergistic effect on the surface antimicrobial properties. In 

this project, the titanium surface was functionalised with synthetic AMP, ChoM, by physical 

adsorption, which was released over time to inhibit bacterial growth. Preliminary experiments 

also assessed the biocompatibility and osteogenic potential of the AMP-functionalised 

nanotopography. 

  

T 
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1.1.1 Thesis Outline 

This thesis is divided into the following chapters: 

• Chapter 2 – Literature Review: A literature review highlighting the context and 

importance of the research and discussing the variety of surface modification techniques 

currently being researched including the status of nanotopographical investigation and 

the application of antimicrobial peptides. 

• Chapter 3 – Experimental Methodology and Analysis Techniques: Describes the 

methodology of the experiments and equipment used in this project in sufficient detail in 

order that results may be replicated. 

• Chapter 4 – Formation and Characterisation of Nanotopography: Examines the 

formation of nanotopography on pure titanium surfaces and their physical, crystal and 

mechanical characterisation.  

• Chapter 5 – Bacterial Interaction with Nanotopography: Reports on experimental 

work in optimising viability techniques and then assessing the viability of different 

bacteria on the created nanotopography.  

• Chapter 6 – Functionalisation of Nanotopography with Antimicrobial Peptide: 

Reports on the synthesis of the antimicrobial peptide, ChoM, its functionalisation onto 

nanotopography and the assessment of its interface release and activity on Gram-negative 

and Gram-positive bacteria. This chapter also includes a preliminary investigation into 

the interaction and viability of human mesenchymal stem cells on antimicrobial peptide 

functionalised nanotopographical surfaces and the potential of the stimulation of 

osteogenic differentiation. 

• Chapter 7 – Conclusions and Recommended Future Work: A summary of each 

research activity is provided together with recommendations for future work based on 

the conclusions presented in this thesis. 

• Chapter 8 – References. 

• Chapter 9– Appendices. 
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2.1 Orthopaedic and Dental Implants 

ince the early 19 th century, synthetic implants have been an essential component of modern 

medical treatment. Their utilisation is ubiquitous across a significant range of medical 

disciplines (Lutwick et al., 2019; Smart, Marshall and Daniels, 2012; Seriwala et al., 2016; Pisoni 

et al., 2017; Oh, Shiau and Reynolds, 2019; Hu et al., 2019). Examples include: 

• vascular treatment in the form of stents, heart valves and catheters 

• soft tissue with sutures, hernia meshes and breast implants 

• cardiovascular treatment utilising pacemakers, artificial hearts and ventricular assisted 
devices 

• sensory and neurological medicine with cochlear and neural implants 

• orthopaedic therapy in the form of joint replacements and anchors 

• dentistry with dental implants and fillers 

For this project the primary applications are in titanium orthopaedic and dental implants. Dental 

implants are often used to replace missing or removed teeth as a result of trauma, tooth decay, 

tooth and/or gum infection (Souza et al., 2019; Prasad et al., 2015). The most commonly used 

are the endosteal implants, which comprise of an artificial titanium tooth root inserted through 

the gum into the jawbone, with a protruding abutment onto which an artificial tooth is placed 

(Figure 2.1A) (Rupp et al., 2018).  

Orthopaedic implants are used to treat chronic bone and joint degenerative and inflammatory 

problems such as osteoarthritis and rheumatoid arthritis and acute trauma. These include 

reconstructive joint replacements, the most common being hip and knee arthroplasty (Cordeiro 

and Barão, 2016). A knee implant consists of two metal components, the femoral and tibial 

components, fixed into their respective bones with a spacer in between (Figure 2.1B) 

(Bahraminasab and Farahmand, 2017). The hip implant has a similar design, with the femoral 

step inserted into the femoral bone, and a protruding femoral head inserting into a lined acetabular 

cup, which is implanted into the acetabulum (Figure 2.1C) (Bahraminasab and Farahmand, 

2017). Other titanium implants include fixation or fusion pins, rods, nails, wires, plates and 

screws. 

 

S 
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Figure 2.1- Examples of titanium medical implants. A) Endosteal dental implant (Aqua Dental Clinic, 

2019), B) Knee implant (Holzapfel et al., 2013), C) Hip Implant (Alibaba.com, 2019). 

 

2.1.1 Titanium Implants 

Commercially pure titanium (cpTi) is regularly used in dental implants and contains between 

98.9-99.6% titanium, together with oxygen, nitrogen and carbon (Prasad et al., 2015). For 

orthopaedic implants, cpTi is still applied for the acetabular, femoral and tibial components in 

hip and knee arthroplasty and in fracture fixation, but the titanium alloy Ti64, containing 90% 

titanium, 6% aluminium and 4% vanadium, is now more commonly used (Kaur and Singh, 2019).  

There are numerous beneficial properties of titanium that has led to its utilisation in the 

orthopaedic and dentistry disciplines. It is well known to being biocompatible which refers to the 

state of mutual coexistence between an implant and the physiological environment, without 

undesirable effects (Kaur and Singh., 2019). Titanium belongs to a group of elements called 

transition metals and has four weakly attracted valence electrons in its 3d 2 and 4s2 energy 

sublevels, making titanium highly reactive with a standard reduction potential of -1.6V (Prasad 

et al., 2015). Titanium, in the presence of water or air, instantaneously reacts with oxygen, with 

two valence electrons, to form a ~<10 nm thick chemically stable oxide layer (TiO2) on the 
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surface (Wang et al., 2016a). As a result of this surface passivation, the underlying titanium is 

protected, conferring high corrosion and rust resistance and therefore preventing the deterioration 

of the metal through chemical or electrochemical reactions with the local environment (Oldani 

and Dominguez, 2012; Sidambe, 2014). It is this oxide interface that enables titanium to exist 

inside the human body with minimal cytotoxicity potentially for decades, and why it is often used 

instead of metallic alternatives such as stainless steel and cobalt alloys (Koizumi et al., 2019). 

In addition to being biocompatible, titanium is also capable of facilitating osteointegration, 

defined as the direct connection and functional connection between living, ordered bone and the 

surface of a load carrying implant, which is essential for successful and long-term implantation 

(Mavrogenis et al., 2009; Lin et al., 2014; Jemat et al., 2015a). The process of osteointegration 

is discussed further in Section 2.2.2. 

Along with its unique biochemical properties, the mechanical properties of titanium allow its 

utilisation in various parts of the body, from load bearing joints to replacement of teeth (Cordeiro 

and Barão, 2016). This is in part due to its crystal structure. CpTi is allotropic, existing in two 

crystal orientations or phases, alpha (α) and beta (β). Normally cpTi exists in the α-phase as a 

hexagonal close packed crystal. If the metal is heated to temperatures above 882°C, the crystal 

structure transitions into the β-phase as a body centred cubic crystal (Prasad et al., 2015). 

The Ti64 alloy consists of both the α-phase, which is stabilised by the aluminium, and the β phase, 

stabilised by vanadium. The distinct crystal structures result in the Ti64 alloy having different 

mechanical properties to pure titanium, making it more suitable for load bearing joint 

replacements (Koizumi et al., 2019; Shah et al., 2016). The properties of cpTi and Ti64 alloy are 

compared in Table 2.1. 

Young’s modulus of human cortical bone is between 10-30 GPa. Titanium is around 105 GPa, 

which is relatively close to human bone compared to most other metals or metallic materials 

(Jemat et al., 2015b; Oldani and Dominguez, 2012). If the modulus of the implant is far greater 

than bone it can lead to stress shielding, bone resorption or osteopenia due to the reduction of 

typical stresses experienced by the bone as the implant bears a greater proportion of the stress 

(Meng et al., 2018; Geetha et al., 2009).  

Titanium is also very light, and with a density of 4.5 g/cm3 it is very close to that of human bone 

at 3.88 g/cm3. This enables the metal to be present inside the body without the patient being 

severely affected by weight impediments. The combination of these properties means that 

titanium has among the highest strength to weight ratios of any known metal (Koizumi et al., 

2019).  
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MATERIAL 

MODULUS 

OF 

ELASTICITY 

(GPa) 

ULTIMATE 

TENSILE 

STRENGTH 

(MPa) 

YIELD 

STRENGTH 

(MPa) 

FATIGUE 

STRENGTH 

(MPa) 
HARDNESS 

ELONGATION 

(%) 

Pure Titanium ~105 241-500 172-480 120-275 70-100 
HRB 

15-24 

Ti64 Alloy ~110 896 827 250-300 30-39 HRC 10 

Table 2.1- Mechanical properties of pure titanium and the Ti64 alloy (Liu et al., 2017; Ibrahim et al., 

2017). 

 

Although cpTi and Ti64 have numerous beneficial properties, there are some limitations to their 

usage. Both have a poor shear strength or wearing resistance, which can lead to the destruction 

of the surface oxide layer. This causes metal ions, such as aluminium and vanadium, to be 

released into human tissue and initiate adverse cytotoxic and allergic reactions inside the human 

body (Kaur and Singh, 2019; Swiatkowska, Martin and Hart, 2019). Although the Young’s 

modulus of titanium is relatively close to that of human bone, it is still higher, leading to potential 

bone resorption around the implant due to stress shielding and ultimately resulting in detachment 

and implant failure (Sidambe, 2014).  

Titanium has relatively low fatigue strength to notches, which is the likelihood of the metal to 

fracture due to a surface inhomogeneity such as a notch, crack or scratch (Ibrahim et al., 2017). 

Titanium has also a relatively low fretting fatigue strength. This refers to the wear and/or 

corrosion at the asperities of contact surfaces due to the load and recurrent surface motion, leading 

to the repetitive creation and abrasion of the oxide layer. This can result in premature wear of the 

implant (Ibrahim et al., 2017; Capitanu et al., 2018).  
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2.1.2  Trends in Orthopaedic and Dental Implant Practice 

Both orthopaedic and dental implant usage is increasing worldwide. Societal expectation, the 

necessity of remaining active both in work and recreational activities, and being functionally 

independent later in life, increases the demand on healthcare and treatment. In the case of 

orthopaedics, the primary factors for this trend are increasing geriatric and obese populations. 

The average UK patient for primary hip and knee replacement surgery in 2018 was 69 years old 

and with an overweight/obese body mass index (BMI) of 29 for hip and 31 for knee (National 

Joint Registry, 2018). 

In 2014 in the UK, there were 14.9 million people over 60, equating to 23% of the population; by 

2039 this is predicted to rise to 21.9 million or 29.5% (FoaAP, 2016). This is due to the population 

boom after the Second World War (Randall, 2018), and the improvement in healthcare and 

technology causing falling mortality rates and an increasing average life span. In 2012, the 

national life expectancy in the UK was ca. 79.5 years for men and 83.3 years for women; by 2030 

this is predicted to rise to 85.7 years and 87.6 years respectively (Bennett et al., 2015). 

Individuals over 60 years are more likely to begin experiencing symptoms of chronic bone and 

joint degenerative and inflammatory problems, such as osteoarthritis. Osteoarthritis is estimated 

to affect 10% of men and 13% of women in developed countries and is among the top ten most 

disabling diseases worldwide (Zhang and Jordan, 2010). Osteoarthritis accounts for 90% and 98% 

of hip and knee replacements respectively in the UK, with other reasons for surgery being trauma 

such as fractures, avascular necrosis, congenital dislocation/dysplasia of the joint and rheumatoid 

arthritis (National Joint Registry, 2018). 

As nearly 20% of patients may receive their primary joint replacement before the age of 60 years, 

the increase in life expectancy also means that people could outlive their implants, which have 

an average life span of 20-25 years. This, in turn, would result in an increased frequency of 

revision surgery (National Joint Registry, 2018; Ibrahim et al., 2017).  

Being overweight or obese, defined as a BMI of over 25 and 30 respectively, is widely known to 

have major ramifications on human health, being associated with a significant increase in the 

prevalence of many chronic diseases such as diabetes, cardiovascular disease and osteoarthritis 

(Ofei, 2005; Agha and Agha, 2017). The excess weight on the load bearing joints over many 

decades, with the knee, hip and ankles being most susceptible, also leads to an increased chance 

of needing replacement surgery later in life (Harms et al., 2007). 

In 2016, it was estimated in the UK that 26% of adults were obese, up from 15% in 1993 (NHS 

Digital, 2018). While the UK has the highest obesity rates in Europe, obesity is a growing and 



2. LITERATURE REVIEW 

9 
 

worldwide predicament with nearly a third of the world’s population considered to be classified 

as overweight or obese (Chooi, Ding and Magkos, 2019). 

There is also an increasing problem with obesity from an early age. In 2016, over a third of 10-

11 years olds in the UK were overweight or obese (NHS Digital, 2018). These statistics highlight 

that the problem begins from an early age and is likely to lead to chronic bone problems at an 

earlier stage in life. High rates of obesity also have serious financial implications, with a cost to 

the National Health Service (NHS) of more than £5.1 billion per year (Scarborough et al., 2011).  

In 2004 in the UK there were 49,000 primary hip and knee replacement procedures. By 2010 this 

rose to 179,000 and in 2017 218,142 were carried out. This is a rise of over 350% from 2004 to 

2017 (National Joint Registry, 2018) (Figure 2.2). Equating this rise in financial terms, the global 

orthopaedic implants market accounted for approximately £35 billion in 2017, and by 2025 this 

is expected to rise to £50 billion (Allied Market Research, 2018).  
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Figure 2.2- Total number of hip and knee procedures in the UK from 2004 to 2017 (National Joint 

Registry, 2015, 2018). 

Use of dental implants to replace missing or diseased teeth has also been rising rapidly over the 

last decade, due to ageing populations, unfavourable diets leading to tooth loss, cavities and 
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periodontitis, and the social demand for aesthetic teeth (Sargolzaie, Moeintaghavi and Shojaie, 

2017). It was estimated in 2012 that more than 130,000 dental implants were inserted in the UK 

and this was predicted to double by 2018 (Ucer et al., 2012). The global dental implant market 

was estimated at £2.74 billion in 2016 and is estimated to be worth nearly £5 billion by 2025 

(Transparency Market Research, 2017). 

 

2.2 The Problem of Premature Implant Failure 

In the UK in 2017, revision surgeries accounted for 8.1% and 5.7% of all procedures for hip and 

knee respectively (National Joint Registry, 2018). Most implants are expected to last 

approximately 20-25 years (Ibrahim et al., 2017), but there are numerous reasons why implants 

may fail prematurely. The National Joint Registry in 2018 indicate a cumulative risk of revision 

surgery with time. For example, hip implant revision at 1 year is 0.78%, increasing to 1.54% at 

year 3, 2.34% at year 5, 3.01% after 10 years and 4.87% after 14 years. Implants that fail within 

the first year are twice as likely to require re-revision than those that initially last more than 5 

years (National Joint Registry, 2018).  

In 2017 for hip and knee implants, infection caused 11.5% and 23% of revision surgeries, making 

it one of the most common causes (National Joint Registry, 2018). However, the most probable 

cause is aseptic loosening, which refers to the failure of the bond between an implant and bone 

in the absence of infection (Abu-Amer, Darwech and Clohisy, 2007); this accounted for 40% and 

41% of knee and one stage hip revisions in 2017 respectively (National Joint Registry, 2018). 

Further reasons for orthopaedic revision surgeries include pain complaints, adverse reactions to 

particulate debris, tissue lysis, implant instability, implant malalignment, polyethylene 

component wear, dislocation/subluxation and peri-prosthetic fracture (Raphel et al., 2016b; Abu-

Amer, Darwech and Clohisy, 2007; Chee and Jivraj, 2007; National Joint Registry, 2018). 

Any revision to the primary surgery has potentially serious ramifications for the patient. The 

patient’s wellbeing and health will be negatively affected with further highly invasive surgery. 

There will be prolonged hospitalisation, possible surgical complications such as reduced motion, 

pain and stiffness, bleeding, deep vein thrombosis and nerve damage, and further post-surgical 

treatment such as physiotherapy and exercise rehabilitation (Badarudeen et al., 2017). There is 

also a doubled risk of recurrent infection with revision surgery (Ribeiro, Monteiro and Ferraz, 

2012; Raphel et al., 2016a; Widmer, 2006; Zimmerli, 2014; Trebse, Pisot and Trampuz, 2005). 

Alongside patient considerations, there is a significant financial burden placed on healthcare 

systems due to the need to carry out revision surgery. This can range from £10,000 to, in some 
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instances, as high as £75,000 per patient, depending on the surgery type and treatment plan 

(Kallala et al., 2015; Vanhegan et al., 2012).  

Dental implants have a survival rate of 90-95% over 10 years (Raikar et al., 2017). There are 

several factors that cause implant failure. One is the implant itself, which includes physical 

characteristics such as being too rough or smooth, the anatomic site, and implant fit. Local patient 

factors include oral hygiene (e.g. presence of gingivitis/periodontitis), bone quality/quantity, 

presence and periodontal status of natural teeth, adjacent infection and inflammation, vascular 

integrity and soft tissue viability. 

There are also patient systemic factors, such as alcohol consumption, smoking, 

chemotherapy/radiotherapy, illness (obesity, malnutrition, diabetes), impact of foreign material 

(e.g. excess residual cement or surgical debris in the implant site), and occlusal overload, which 

can lead to microfractures in the local bone or implant fracture (Pye et al., 2009; Oh, Shiau and 

Reynolds, 2019).  

 

2.2.1 Infection of Titanium Implants 

Infection is estimated to cause, on average, a f ifth of implant failures. It can develop at any time 

but is most likely to occur during the first year of implantation, before there is substantial 

osteointegration (National Joint Registry, 2018; Pye et al., 2009). There are three principal ways 

an implant can become infected (Ribeiro, Monteiro and Ferraz, 2012; Raphel et al., 2016b, 

2016a): 

(1) microbial contamination during surgery 

(2) via the haematogenous route, where microorganisms are transported to the implant site 

through the blood or lymph systems 

(3) infection in neighbouring tissues penetrates the implant site 

Dental implant infections are classified as either peri-implant mucositis, involving inflammation 

of soft tissue around the implant, or peri-implantitis, which has accompanying bone loss 

(Holmberg et al., 2013; Ramanauskaite and Juodzbalys, 2016). Infections by bacteria account for 

the largest proportion of these diseases. The most common causative agents are Gram-negative, 

anaerobic bacteria such as Prevotella intermedia, Porphyromonas gingivalis, Aggregatibacter 

actinomycetemcomitans and Fusobacterium nucleatum. Other microbes include Staphylococcus 

species, coliforms and the fungus Candida (Koyanagi et al., 2010; Holmberg et al., 2013; Pye et 

al., 2009). 
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The most common microbes associated with orthopaedic implant infections are the Gram-

positive staphylococci, particularly Staphylococcus aureus and Staphylococcus epidermidis, 

which account for 80% of all implant infections. The remaining infections are caused by other 

bacteria such as the Gram-negative Pseudomonas aeruginosa (8% incidence), Klebsiella 

pneumoniae and Escherichia coli (Ribeiro, Monteiro and Ferraz, 2012). Infections of orthopaedic 

implants can lead to bone-tissue infections such as osteomyelitis and septic arthritis, which both 

involve inflammatory destruction of joint and bone (Ribeiro, Monteiro and Ferraz, 2012; 

Zimmerli, 2014). 

Treatment of infected dental implants includes pharmaceutical approaches, such as irrigation with 

antibiotics/chlorhexidine or systemic antibiotics, and mechanical debridement, such as through 

open flap surgery (Pye et al., 2009). For infected orthopaedic implants, the most common 

treatment is a two-stage revision. The first stage involves complete removal of the implant and 

any necrotic tissue. The patient is treated with antibiotics during the implant-free period, which 

can last between 2 to 4 weeks, with differing therapy based on the causative agent. A new implant 

is then inserted (Trampuz and Widmer, 2006; Trebse, Pisot and Trampuz, 2005). 

One-stage procedures are sometimes carried out, in which the implant is replaced immediately 

with concurrent antibiotic treatment. The estimated cure rate for revision surgery is approximately 

80%. There may also be cases of palliative surgery, in which the implant is removed but not 

replaced, or in extreme cases, an amputation may be required (Trampuz and Widmer, 2006; 

Zimmerli, 2014). 

 

2.2.1.1 Biofilm Formation on Implant 

During the infection process, bacteria adhere to the implant surface, proliferate and commonly 

form a biofilm. This is an aggregate of microorganisms, often comprising a variety of species 

(i.e. polymicrobial), encased within a protective, self-secreted matrix known as the extracellular 

polymeric substance (EPS) (Raphel et al., 2016a; Bjarnsholt, 2013; Alhede and Alhede, 2014; 

Flemming et al., 2016). 

The formation of a biofilm has four main stages (Figure 2.3). The first stage is the initial 

interaction between planktonic bacteria and the surface, and is a rapid and reversible interaction, 

usually involving electrostatic and physicochemical attractive forces. The second stage results in 

the strong and irreversible attachment of bacteria due to specific interactions between bacterial 

surface proteins, such as fimbriae and pili, and their cognate receptor molecules on the surface 

(Bjarnsholt, 2013; Alhede and Alhede, 2014). Upon attachment, a modulation of gene expression 

changes the bacterium from a planktonic to a sessile/biofilm state, facilitated through 
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mechanosensing, mechanotransduction and chemosensing of the local environment. The third 

stage involves rapid bacterial proliferation to form a mature biofilm, with excretion of EPS 

components such as proteins, polysaccharides, nucleic acids and lipids to generate a protective 

matrix layer encompassing the biofilm. The fourth stage is dispersal and detachment of bacteria 

from the biofilm to potentially form new biofilms at distal sites (Wu, Cheng and Cheng, 2019). 

 

 

Figure 2.3- Stages of biofilm development (Unosson, 2015). 

The environment of the biofilm confers a tolerance upon the constituent bacteria to a variety of 

stressors. For example, biofilms are estimated to be 10-1000 times more resistant to antibiotics 

than their planktonic counterparts (Mah and O’Toole, 2001). The EPS is made up of 97% water, 

and this protects the biofilm from desiccation. The EPS also facilitates diffusion reaction-

inhibition, whereby effective antimicrobial concentration and activity are significantly reduced 

by chelation and enzymatic degradation. A significant proportion of bacterial cells within the 

biofilm are dormant or have reduced growth rates. This leads to reduced susceptibility to 

antimicrobials such as vancomycin, which depend upon bacterial metabolic activity for their 

potent activity (Flemming et al., 2016). 

Sub-lethal antimicrobial concentrations within a biofilm can also promote selection of resistant 

cells and enhance the uptake and transfer of resistance genes by horizontal gene transfer. High 

cell density, close cell-cell proximity, a stable physical and chemical environment that facilitates 

the binding and stability of plasmid DNA, and increased genetic competence, all promote the 

spread of antimicrobial resistance within a biofilm (Flemming et al., 2016). This is particularly 

problematic given the ongoing global antimicrobial resistance crisis. 
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In 2016, it was estimated that 700,000 deaths worldwide were due to antimicrobial resistant 

infections, but this would rise to 10 million by 2050, at a cumulative cost over this period of £76 

trillion in global economic output (The Review on Antimicrobial Resistance, 2016). Bacteria 

among the greatest concern are the ‘ESKAPE’ group, which comprises Enterococcus faecium, S. 

aureus, K. pneumoniae, Acinetobacter baumannii, P. aeruginosa and Enterobacter species. 

Many strains of these bacteria are multi-drug resistant or, in some cases, pan-resistant to all 

currently used antimicrobials. This group also includes those bacteria that are prevalent in 

orthopaedic joint implant infections (Santajit and Indrawattana, 2016). 

In both orthopaedic and dental surgery, antimicrobial prophylaxis is widely used to prevent post-

surgical infections. Historically, cephalosporins were most commonly used but due to fears of 

resistance, prophylaxis regimes have been modified in favour of combinational approaches such 

as using flucloxacillin and gentamicin (Aujla et al., 2013).  

 

2.2.2 Osteointegration with Titanium Implants 

Osteointegration was first recognised by Brånemark et al. in 1969 and is defined as the direct 

structural and functional connection between ordered living bone and the surface of a load-

bearing implant. The result is the long-term, stable anchorage of an implant within the host bone 

tissue through fusing with the titanium oxide layer (Brånemark et al., 1969, 1977; Bosshardt, 

Chappuis and Buser, 2017; Listgarten et al., 1991). 

 

2.2.2.1 Osteointegration Biological Process 

The initial phase of the osteointegration process is osteoconduction. Blood is the first biological 

component to encounter the implant. Platelets, red cells and inflammatory cells migrate to the 

tissue surrounding the implant and are activated. They release cytokines, growth and 

differentiation factors as PDGF, PCE2 and TGF-β. Platelets form clots and a fibrin matrix is 

formed, which acts as a scaffold for migrating osteogenic stem cells. This can occur within the 

first day of implantation (Mavrogenis et al., 2009; Souza et al., 2019). 

The osteogenic cells are then directed to differentiate into osteoblasts and deposit calcified and 

osteoid tissue on the implant surface through osteoinduction. The calcified matrix remodels into 

woven and trabecular bone, ensuring early tissue anchorage 10-14 days after surgery. The woven 

bone slowly remodels into lamellar bone, which has greater mechanical competence, and at 3 

months, a mixture of woven and lamellar bone can be observed. Progressive bone remodelling 
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and strengthening of the bone-implant interaction can continue for at least three years 

(Mavrogenis et al., 2009; Souza et al., 2019). 

 

2.2.2.2 Factors that affect Osteointegration 

Successful osteointegration is a dynamic process that relies on several factors over the implant 

lifespan (Bosshardt, Chappuis and Buser, 2017): 

• Implant biocompatibility 

• Implant design e.g. material, diameter, length and shape 

• Implant surface treatment e.g. micro/nano roughness, topography, surface chemistry, 
bioactive coatings 

• Patient health, bone quality and related risk factors 

• Surgical implantation procedure e.g. position of implant within host bone, adjuvant 
treatment 

• Mechanical stability and loading conditions 

• Undisturbed healing phase 

Implant geometry, such as the presence of trabecular design and a roughness of more than 1 µm, 

encourages bone ingrowth and provides mechanical interlocking (Parithimarkalaignan and 

Padmanabhan, 2013). The health of the host bone is also a major factor in osteointegration 

success. A healthy bone bed with minimal trauma is imperative, as this is the source of osteogenic 

cells, local regulatory factors, nutrients and vessels from which osteointegration will occur 

(Bosshardt, Chappuis and Buser, 2017).  

Previous destructive treatment such as irradiation therapy, pharmacological treatment such as 

warfarin and cyclosporin A, and anti-inflammatory drugs, along with patient-related risk factors 

such as osteoporosis, rheumatoid arthritis, nutritional deficiency, smoking, and advanced age, can 

all lead to compromised bone tissue (Mavrogenis et al., 2009). 

Any micromotion of the implant due to overloading, especially during the initial phases of 

implantation, will also hinder the bone healing process (Parithimarkalaignan and Padmanabhan, 

2013), while micromotion later on can lead to the formation of implant wear particles and debris. 

Debris can flow along the implant, interfering with the direct implant-tissue contact needed for 

osteointegration. Additionally, these particles may initiate an immune response leading to an 

inflammatory state with release of cytokines such as tumour necrosis factor α (TNF-α), resulting 

in local resorption of bone tissue. Adsorption and proliferation of pre-osteoblasts on the implant 
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surface are critical for long-term stability and lifespan of the implant (Raphel et al., 2016b; Abu-

Amer, Darwech and Clohisy, 2007). 

 

2.3 Antibacterial Implant Surface Modification Strategies 

There has been increased research over the last decade into modifying the surface of titanium to 

extend implant lifespan, with an aim of 40 years, by inhibiting bacterial infection and promoting 

osteointegration (Ibrahim et al., 2017). Current research includes several strategies to modify the 

surface of the implant, as illustrated in Figure 2.4 (Campoccia, Montanaro and Arciola, 2013a; 

Raphel et al., 2016a; Goodman et al., 2013; Busscher and van der Mei, 2012; Salwiczek et al., 

2014). 

These may be broadly split into two groups. The first group incorporates physical techniques that 

include surface stiffness, roughness and micro/nanotopography, and rely on direct surface 

interaction. These can be applied to the generation of i) anti-fouling surfaces, which aim to 

prevent the attachment of any microbes or biomolecules that may promote microbial adhesion, 

and to release any adhered contaminants on the surface, and ii) surfaces that kill microbes upon 

contact, preventing proliferation and biofilm formation. The second group are chemical 

modifications to the surface, which include organic (e.g. antimicrobial peptides [AMPs]) or 

inorganic (e.g. metal) coatings that may have either surface contact or local environmental 

activity through short/long/delayed or triggered release. 

 

 

Figure 2.4- Schematic summary of antibacterial surface modification strategies. 

 



2. LITERATURE REVIEW 

17 
 

2.3.1 Inspiration from Nature 

Over millions of years, evolution has resulted in a huge variety of natural products with beneficial 

surface properties that can provide inspiration for antibacterial surface modifications on clinical 

implants (Figure 2.5). Shark skin, lotus leaves, butterfly wings and rice leaves exhibit super-

hydrophobic and/or antifouling properties, preventing bacterial/contaminant adhesion or enabling 

the removal of contamination and thus displaying self-cleaning abilities (Bixler et al., 2014; Chen 

et al., 2016a). 

Hydrophobic surfaces are observed on the lotus leaf  and gecko skin, where high static water 

contact angles and low contact angle hysteresis, in tandem with micro and nanoscale topography 

and chemical properties (such as epicuticular wax in the case of lotus leaf), results in the ‘Cassie-

Baxter state’. This is where the microscopic architecture of the surfaces prevents water from 

penetrating the nanofolds on the surface, leaving air pockets below. This confers anti-adhesive 

properties and a self-cleaning mechanism, where water running off the leaf removes any 

contaminants (Kim et al., 2018; Elbourne, Crawford and Ivanova, 2017; Watson et al., 2015). 

Shark skin has also been shown to have anti-fouling properties. Mann et al. (2014) showed that 

a shark-mimetic topography on acrylic film significantly reduced S. aureus adhesion by more 

than 98% compared to a smooth acrylic surface. Vasudevan et al. (2014) also found that a 

commercial shark skin mimetic (SharkletTM) could prevent or limit bacterial adhesion. Such 

effects were proposed to result from the specific patterns (such as recessed areas) impeding 

bacterial adhesion by maintaining a stable layer of trapped air between the liquid and solid 

interface, forming a composite water-air-solid interface.  

Recently, nanotopographies exhibiting bactericidal properties have been observed from a variety 

of sources in nature (Figure 2.6). Insect wings of dragonflies, cicada and butterflies are the most 

common examples of structures incorporating nanotopographies that are apparently able to pierce 

bacterial cell membranes, particularly those of Gram-negative bacteria (Kelleher et al., 2016; 

Pogodin et al., 2013; Bhadra et al., 2015; Webb et al., 2011; Ivanova et al., 2012). Several species 

of cicada have been assessed and shown to display nanotopographies of varying dimensions. 

Psaltoda claripennis wings showed bactericidal activity against P. aeruginosa and had 

nanotopography dimensions of ~200 nm in height, ~60 nm in diameter and a pitch spacing of 

~170 nm between each pillar (Ivanova et al., 2012). Kelleher et al.( 2016) compared the wings 

of different species of cicada (Megapomponia intermedia, Ayuthia spectabile, Cryptotympana 

aguila) and reported that topographies typically less dense (pitch spacing of 187 -251 nm 

compared to 165 nm) had better bactericidal efficiency against Pseudomonas fluorescens. 
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Dragonfly (Diplacodes bipunctata) wings had a typical nanotopography of 240 nm in height and 

50-70 nm in diameter and were found to be bactericidal against Gram-negative P. aeruginosa and 

Gram-positive S. aureus and Bacillus subtilis (Ivanova et al., 2013). The damselfly (Calopteryx 

haemorrhoidalis) wing surface topography exhibited high killing rates against both P. aeruginosa 

and S. aureus (Truong et al., 2017). The naturally occurring nanotopographies on cicada and 

dragonfly wings have also been shown to have killing activity against fungus Saccharomyces 

cerevisiae (Nowlin et al., 2014). 

 

 

Figure 2.5- Nanotopographies found in a range of natural environments. A) Increasing magnifications of 

topography on a lotus leaf (Nelumbo nucifera) (Koch et al., 2009); B) Nanotopographies on three cicada 

species (Psaltoda claripennis (PC) Alleta curvicosta (AC) Palapsalta eyrie (PE). ~210 nm in height and 

~65 nm in diameter (Shahali et al., 2019); C) Shark skin riblet structures (Pu et al., 2016); D) 

Nanotopography on dragonfly wing (Orthetrum villosovittatum). ~190 nm in height and ~37 nm in 

diameter (Bandara et al., 2017). 
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Figure 2.6- Antibacterial activity of naturally occurring nanotopography. A) E. coli (top) and S. aureus 

(bottom) on three cicada wings, A, C: Psaltoda claripennis, E, G: Alleta curvicosta, I, K: Palapsalta 

eyrie after 18 hours (Shahali et al., 2019). B) A and B: P. aeruginosa after 18 hours on cicada wing 

(Psaltoda claripennis), C: Confocal microscope Live/Dead imaging of P. aeruginosa over time (Ivanova 

et al., 2012). C) E. coli on dragonfly wing after 30 minutes suggesting bacterial membrane rupture 

(Bandara et al., 2017) 
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Numerous studies have reported variability in the susceptibility of different bacterial species to 

being mechanically pierced by nanotopography with Gram positive bacteria such as S. aureus 

being less likely to be penetrated to that of Gram-negative bacteria such as P. aeruginosa and E. 

coli (Diu et al., 2014; Tsimbouri et al., 2016; Crawford et al., 2012; Hasan et al., 2013; Linklater 

et al., 2017). This is likely due to the differences in bacterial envelope structure (Figure 2.7). Of 

the Gram-negative envelope there are three main layers: (1) the outer membrane consisting of a 

lipid bilayer, principally lipopolysaccharide (LPS), (2) a thin peptidoglycan layer or cell wall of 

<10nm and (3) an inner phospholipid bilayer membrane. The Gram-positive envelope differs 

structurally in several ways. The outer membrane is absent and instead the cell 

wall/peptidoglycan consists of several layers and between 30-100nm in thickness (Silhavy, 

Kahne and Walker, 2010). The thicker cell wall observed in Gram-positive bacteria is theorised 

to confer greater rigidity to the cells and make them less vulnerable to being mechanically pierced 

by nanotopography (Bunney et al., 2017; Hasan et al., 2013; Pogodin et al., 2013; Ivanova et al., 

2012).  

 

Figure 2.7- Illustration highlighting differences between composition of cell envelopes of Gram positive 

and Gram-negative bacterium (Pajerski et al., 2019). 
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2.3.2 Physical Modifications for an Antibacterial Titanium Surface 

2.3.2.1 Alkaline Hydrothermal Synthesis 

In this project an alkaline hydrothermal synthesis was utilised to generate nanotopography on the 

surface of pure titanium. The technique was reported by Kasuga et al. (1998) and used to generate 

TiO2 nanotubes on TiO2 powder. This topography exhibited appealing properties such as 

photocatalytic activity, high surface area, and layered walls, facilitating its potential as a 

photocatalyst, i.e. a substance that is able to degrade emergent contaminants in the presence of 

light (Wong, Tan and Mohamed, 2011; López Zavala, Lozano Morales and Ávila-Santos, 2017). 

Alkaline hydrothermal synthesis is an attractive method to generate insect-wing mimicking 

nanowires due to its experimental simplicity, together with its high and reliable yield of 

nanostructures. The process is also environmentally friendly due to relatively low temperature 

and closed system operating conditions, with water being used as the reaction medium (Wong, 

Tan and Mohamed, 2011). 

The basis of the technique involves an aqueous alkaline solution, such as sodium hydroxide 

(NaOH), within an autoclave or acid-digestion vessel being heated to above water’s boiling point 

to generate a saturated vapour pressure. The reaction with metal forms titanite topography and 

the physical structures and crystal composition can be manipulated or optimised by the changing 

of the operating conditions such as the temperature, time duration of synthesis, alkaline molarity 

and volume (Wong, Tan and Mohamed, 2011; Dong et al., 2007, 2011; Diu et al., 2014). The 

hydrothermal process involves three major steps. The first involves the generation of alkaline 

titanate nanostructures. The second involves the substitution of alkali ions within the titanate with 

hydrogen ions. The third and final step involves heat dehydration in ambient air.  

Diu et al. (2014) tested two different nanotopographies generated by the alkaline hydrothermal 

technique described as ‘brush-type’ and ‘niche-type’. Using confocal microscopy, brush-type and 

niche-type topography were observed to have heights of 2-5 µm and a diameter of ~100 nm. The 

brush-type, grown for 3 hours, had vertically orientated spikes; the niche type, grown for 8 hours, 

had intertwined spikes forming pockets of 10-15 µm in diameter. Differences in bacterial cell 

viability were observed when incubated with these surfaces, possibly related to their motility. P. 

aeruginosa, E. coli and B. subtilis were reported to have relatively high levels of killing. In 

contrast, there was apparently little cell death seen for the non-motile bacteria S. aureus, K. 

pneumoniae and Enterococcus faecalis.  

Tsimbouri et al. (2016) used alkaline hydrothermal synthesis with a shorter duration of 2 hours. 

The spikes had a height of approximately 1 µm and diameter of ~25 nm (Figure 2.8A). Using 

the Live/Dead imaging technique, P. aeruginosa cell death was reported as up to ~50% in some 
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cases. Jaggessar et al. (2018) also observed comparable killing rates for S. aureus on 

nanostructures of around ~300 nm height and ~50 nm diameter.  

 

2.3.2.2 Plasma/Ion Etching 

Vertically orientated nanotopographies have been generated on silicon wafers (termed black 

silicon) using an ion/plasma etching technique (Linklater et al., 2017; Ivanova et al., 2013; Hasan, 

Jain and Chatterjee, 2017; Hazell et al., 2018a; Vassallo et al., 2017), with a height range between 

280 nm to 20 µm and diameters of 60-300 nm. Linklater et al. (2017) showed a reduced pillar 

height from 610 nm to 280 nm, and a decrease in pillar diameter of 63 nm and density of 97 

spikes per µm2 led to higher bactericidal properties against S. aureus and P. aeruginosa. Hasan 

et al. (2018) used a wet etching technique on aluminium and observed high death rates for E. coli, 

although less effective against S. aureus.  

Similarly, black titanium was reported by Hasan et al. (2017), using a chlorine based reactive ion 

etching process on titanium, to form structures of approximately 1 µm in height and 80 nm in 

diameter, which were found to have high bactericidal activity against both E. coli and P. 

aeruginosa after 4 hours and S. aureus after 24 hours (Figure 2.8C). Linklater et al. (2019) also 

used a plasma etching process to produce black titanium with topography between 1.5-3.5 µm in 

height and ~100 nm in diameter, which showed high bactericidal efficiencies against P. 

aeruginosa and S. aureus after 18 hours. 

 

2.3.2.3 Thermal Oxidation 

Titanium dioxide nanotopography has also been generated on Ti64 alloy using a thermal 

oxidation technique (Figure 2.8B). The process involved titanium being placed into a horizontal 

alumina tube furnace and subjected to high temperature (up to 850°C) for 15-45 minutes. Argon 

flows through a bubbler bottle containing acetone, which then goes through the tube furnace 

adjusted at different flow rates between 50-300 sccm. The synthesised nanospikes consisted of 

TiC with a carbon shell, which were then converted into titanium dioxide by heating at 600°C in 

air. A reduced viability of E. coli was found on the nanospikes after a 2-hour incubation 

(Sjöström, Nobbs and Su, 2016). 
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2.3.2.4 Sputter and Vapour Deposition 

Nanotopography has been formed on titanium using glancing angle sputter deposition. Physical 

rupturing of E. coli cells was observed on these surfaces, but S. aureus membranes remained 

intact (Ziegler et al., 2019). 

 

 

Figure 2.8- Examples of different nanotopographies generated on titanium using different fabrication 

techniques. A) Alkaline hydrothermal method. Images 1-3 are different structures generated using 

increasing time duration (Tsimbouri et al., 2016); B) Thermal oxidation method. Images A-D are of 

different structures generated using increasing flow rate of acetone (Sjostrom et al., 2016); C) Chlorine 

based reactive ion technique (Hasan et al., 2017). 

 

2.3.3 Chemical Modifications for an Antibacterial Surface 

2.3.3.1 Antifouling and Fouling-Releasing 

The attachment of microbes may be modulated through many complex, multifactorial processes. 

These include the surface chemical composition, surface functional groups, electrical charge, 

surface wettability (hydrophobicity and hydrophilicity), macro/micro or nanoscale surface 

roughness, geometry, degree of hydration, and surface free energy. Also, effective attachment 

will depend on bacterial properties such as cell shape, surface charge, cell wall composition 
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(Gram-negative/positive), specific adhesin profile, and extracellular polymeric substance (EPS) 

secretion. Environmental conditions such as pH, temperature, fluid flow rate, electrolytes and 

presence of host proteins also play a prominent role (Campoccia, Montanaro and Arciola, 2013b). 

Preventing bacterial adhesion to a surface may be achieved by modifying the material’s interfacial 

chemistry, such as by adding coatings with specific functional groups. The functional groups 

interact with the local environment or directly with the bacterial cell, inhibiting its adhesion to 

the surface (Querido et al., 2019; Gao et al., 2011; Junter, Thébault and Lebrun, 2015; Tripathy 

et al., 2017). Functionalised negatively charged surfaces may electrostatically repel bacteria that 

have a net negative charge (Querido et al., 2019; Campoccia, Montanaro and Arciola, 2013b). 

Surfaces may also be coated with zwitterionic materials such as a betaine (phosphobetaine, 

carboxybetaine, sulfobetaine), which make the surface ultra-hydrophilic and have been shown to 

reduce bacterial adhesion (Mi and Jiang, 2014; Schlenoff, 2014; Sommerfeld Ross et al., 2014; 

Venault, Subarja and Chang, 2017).  

Hydrophilic polymers, such as polyethylene glycol (PEG) and polyethylene oxide (PEO), are 

often used in a brush-like formation. They form a repellent water layer with high steric hindrance 

due to water bound within the brush and the elasticity of the polymer chains themselves. This 

prevents protein adsorption and bacterial cell adhesion and biofilm formation on the modified 

surface (Gao et al., 2011; Muszanska et al., 2014). Skovdal et al. (2018) described an ultra-dense 

PEG coating that deterred S. aureus biofilm formation on titanium in vitro, even after 10 days.  

Some polymers are able to be triggered in certain physiological conditions, such as a reduction 

in temperature or rise in salinity that induces a change in the polymer brush chain configuration 

to increase the hydrophilicity of the surface (Lee et al., 2015; Chen et al., 2016a). Cao et al. 

(2011) reported that a surface coating containing two reversible equilibrium states triggered by 

dry or aqueous conditions, could kill E. coli or prevent adhesion and encourage contaminant 

release. Heparin, a naturally occurring coagulant, has been used to reduce bacterial adhesion on 

catheters, artificial lenses and titanium by increasing the hydrophilicity of the local interface 

environment (Campoccia, Montanaro and Arciola, 2013b). 

A technique called Slippery Liquid-Infused Porous Surfaces (SLIPS) involves generating a 

stabile liquid coating such as perluoropolyether on a porous microstructured silicon wafer 

interface. Utilising the extreme wetting characteristics of the generated film, the surface 

prevented significant E. coli, S. aureus and P. aeruginosa attachment over 7 days under both 

static and flow conditions (Epstein et al., 2012).  
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2.3.3.2 Organic Coatings - Antibiotics 

Antibiotics at the implant site may prevent biofilm formation via their bacteriostatic or 

bactericidal capabilities. High local doses may increase the chance of successful treatment, and 

by being deployed locally, can circumvent the problem of systemic toxicity. Dependent on the 

type of linkage used, antibiotic coatings for implants may be either long term and not released 

into the local environment, or shorter term, where they are released in bursts or gradually over a 

period of time. With the latter, however, depletion of the antimicrobial will eventually result in 

sub-optimal/sub-MIC levels (Chouirfa et al., 2019). 

Vancomycin, an antibiotic often used to treat infections caused by Gram-positive bacteria, has 

been immobilised onto titanium surfaces and shown to reduce biofilm formation (Jose et al., 

2005; Parvizi et al., 2004; Lawson et al., 2010; Beyenal et al., 2004). Other antibiotics such as 

gentamicin, ceftriaxone, kanamycin, tetracycline and doxycycline have also been used (Hickok 

and Shapiro, 2012; Onaizi and Leong, 2011; Kazemzadeh-Narbat et al., 2010; Yu, Ista and López, 

2014). Tetracycline has been covalently coupled to titanium surfaces through silanization and 

AEEA linkers and shown to effectively inhibit surface colonisation by E. coli and partially by S. 

aureus after 24 hours (Davidson et al., 2015). 

 

2.3.3.3 Inorganic Coatings 

Metals such as silver, zinc, cobalt, aluminium and copper have been reported to exhibit 

antimicrobial activity. Antimicrobial properties include the ability to affect enzyme activity, 

produce reactive oxygen species (ROS), impair membrane function, interfere with nutrient 

assimilation and to damage DNA (Lemire, Harrison and Turner, 2013). Fluorine, zinc, chlorine, 

copper, cerium, selenium and silver have been incorporated into titanium surfaces and displayed 

varying degrees of antibacterial success (Cochis et al., 2015; Chimutengwende-Gordon et al., 

2014; Unosson et al., 2015; Qu et al., 2011; Orapiriyakul et al., 2018). 

 

2.3.3.4 Antimicrobial Release 

Chlorhexidine is a widely used antibacterial compound in dentistry and medicine. It has been 

utilised on titanium implants and shown to reduce biofilm formation in the local environment 

after 12 hours (Garner and Barbour, 2015; Barbour et al., 2009; Ready et al., 2015). Other 

approaches have involved ‘on-demand’ techniques, such as layer-by-layer coatings that involve 

a release of antimicrobials due to stimuli such as pH, enzymes or temperature (Yao et al., 2017; 

Wang et al., 2017; Albright et al., 2017; Pavlukhina et al., 2014). When a bacterial infection 
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occurs the microenvironment changes, often with a reduction in pH, and this is reported to 

increase the activity of specific enzymes such as hyaluronidase and chymotrypsin. Layered 

coatings such as (MMT/PLL-GS) have been formed on glass and silicon wafers, with reported 

killing of E. coli and S. aureus over 12 hours, and reduced S. aureus biofilm over 7 days (Xu et 

al., 2017). 

 

2.4 Osteogenic Surface Modification Strategies 

The ideal implant surface should be osteoconductive by encouraging the adhesion, proliferation 

and differentiation of mesenchymal stem cells (MSCs) into osteoblasts, to promote strong, long-

term osteointegration between the host bone and the implant. Aseptic loosening is a major cause 

of implant failure, especially for load bearing orthopaedic implants. A primary cause is 

micromotion of the implant, which is aggravated over time and leads to implant wear and the 

release of wear particles. This not only prevents stable osteogenesis from occurring, but also 

causes inflammatory cascades that result in local bone resorption, thereby exacerbating the 

problem (Liu and Wang, 2017). 

 

2.4.1 Physical Modifications for an Osteoinductive Surface 

2.4.1.1 Surface Roughness 

A greater surface area due to increased surface roughness facilitates the anchoring of cells and 

establishment of connections to the surrounding tissues (Alghamdi, 2018). To increase the 

implant surface area, micron scale roughness can be generated on the surface by grit-blasting 

and/or acid-etching procedures. Grit-blasting involves the use of abrasive oxide particles such as 

silicon, titanium or aluminium, typically 100-500 µm in size. Acid etching involves the use of an 

acid or a mixture such as hydrochloric acid, sulphuric acid, nitric acid and hydrofluoric acid. 

Changes in temperature and etching time determines interfacial roughness and morphology 

(Souza et al., 2019). These procedures have demonstrated improved biocompatibility, enhanced 

cell differentiation and apposition of new bone (Nagasawa et al., 2016; Souza et al., 2019; 

Lagonegro et al., 2018). 

It has been reported that such modified surfaces lead to the activation of blood platelets and 

migration of osteogenic cells to the bone-implant interface (Lotz et al., 2018; Souza et al., 2019). 

This results in improved interconnection between the implant and host bone tissue and prolonged 

mechanical stability at the bone-implant interface. The formation of tuneable-geometric 
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nanopores or nanotubes, micro-scale in height and nanoscale in diameter, on the titanium 

interface is also an appealing method of surface modification. Nanotubes have been shown to 

have closer elastic moduli to cortical bone than pure titanium. This avoids stress shielding, which 

leads to bone weakening and loss (Shokuhfar et al., 2009; Soares et al., 2008).  

Electrochemical techniques such as anodization can stimulate osteointegration. This results in 

surfaces with a porous, hydrophilic, high surface area interface capable of loading and delivering 

bioactive molecules and growth elements (e.g. calcium, phosphorous) into the local implant 

environment (Alves et al., 2017; Ferreira et al., 2017; Butt et al., 2015; Gaviria et al., 2014).  

Lasers-based techniques have been used to produce a range of surface textures of different 

geometries, such as pits, grooves, ripples, pillars and columns, in a highly controlled manner. A 

variety of techniques exist such as laser ablation, laser melting, laser induced periodic surface 

structures (LIPSSs), and laser engineered net shaping (LENSTM) (Jorge-Mora et al., 2018). 

 

2.4.1.2 Topography 

The topography and mechanics of a material are known to influence stem cell proliferation, 

differentiation and senescence. The higher the elastic modulus of the surface, the more likely that 

the stem cells may differentiate into bone (Gonzalez-Fernandez, Sikorski and Leach, 2019). 

Nanotube, nanopit, nanopore and nanogroove topographies have been shown to promote the 

adhesion, spread and osteogenic differentiation of stem cells. Nanotopography has also been used 

to promote cellular alignment and elongation (Bettinger, Langer and Borenstein, 2009). 

Relatively random topography has been reported to be better than highly order topography to 

promote osteogenic differentiation (Dalby et al., 2007).  

Anodization is an electrochemical process used to generate nanopillars/tubes on titanium and has 

been reported to promote osteogenic differentiation of MSCs (Sjöström et al., 2009; Goriainov 

et al., 2018). The formed nanotopography also has capabilities of loading and delivering bioactive 

molecules such as the bone morphogenetic protein 2 (Alves et al., 2017; Grotberg et al., 2016; 

Wei et al., 2019). Chang et al. (2019) showed that the mechanical strain exerted by titanium 

nanotubes promoted osteogenesis by upregulating the FAK-ErK1/2-Runx2 pathway. 
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2.4.2 Chemical Modifications for an Osteogenic Surface  

To promote osteointegration, implant surfaces have been coated with bioactive molecules such 

as calcium phosphate, collagen I, growth factors, bioglass and relevant drugs such as 

bisphosphonates and anabolic agents (Alghamdi, 2018; Raphel et al., 2016a; Narayanan et al., 

2008; Souza et al., 2019).  

The deposition of collagen, the main organic component of bone extracellular matrix (ECM) and 

hydroxyapatite, has been shown to promote direct implant bonding to bone tissue and promote 

soft tissue growth (Feng et al., 2010; Sartori et al., 2015; Truc et al., 2018; Zhang et al., 2007; 

Gonzalez-Fernandez, Sikorski and Leach, 2019). Bone growth proteins such as fibroblast growth 

factor (FGF), vascular endothelial growth factor (VEGF) and transforming growth factor (TGF-

β1) promote the expression of genes required for synthesis of collagen, alkaline phosphatase and 

osteopontin in local implant environments (Le Guéhennec et al., 2007; Terheyden et al., 2012; 

Carreira et al., 2014; Kang et al., 2010).  

Short oligopeptides and peptidomimetics containing the RGD motif (arginine, glycine, and 

aspartate) have been functionalised onto titanium surfaces. This sequence is a common 

recognition motif for integrin receptors that mediate cell adhesion (Jenny Raynor et al., 2007; 

Chen, Zhang and Lee, 2013; Mas-Moruno et al., 2013). For osteoporotic bones, pharmacological 

drugs are sometimes incorporated onto the implant surface to help improve osteointegration. 

Bisphosphonates act as antiresorptive agents, while strontium ranelate is an anabolic agent. These 

drugs have been shown to promote osteoblast deposition and reduce osteoclast resorption and 

have been administered to patients with weak bone tissue (Alghamdi, 2018). 

 

2.4.3 Hydrophilicity 

Rendering an implant surface hydrophilic is believed to reduce the osteointegration time. 

Conditioning the surface by immersion in isotonic solutions such as sodium chloride after 

previous acid-etching treatment was shown to increase protein adsorption, platelet aggregation 

and monocyte/macrophage adhesion. This augmented the healing process, improved bone 

apposition and led to enhanced bone-implant connection (Wennerberg et al., 2013, 2014). 
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2.5 Antimicrobial Peptides (AMPs) 

2.5.1 Natural Function and Characteristics of AMPs 

As antimicrobial resistance levels are continually escalating against the last resort and latest 

generation drugs, alternatives to traditional antibiotics are being pursued. These include 

antimicrobial peptides (AMPs). In the Antimicrobial Peptide Database (APD), in September 

2019, there were 3,128 peptides from 6 taxonomic kingdoms, highlighting their widespread 

diversity, and this number is continually rising (Wang, Li and Wang, 2016). 

In nature, AMPs function as part of the innate immune system and are found in bacteria, archaea, 

protists, fungi, plants and animals. In September 2019, 2,321 AMPs have been isolated from 

animals, including humans and other mammals, amphibians, fish, reptiles, birds and insects 

(Andersson, Hughes and Kubicek-Sutherland, 2016; Wang, Li and Wang, 2016). In humans, 

AMPs are expressed by numerous immune cells such as neutrophils, NK and T cells, and by 

epithelial cells. Their expression can be constitutive or induced by stimuli such as bacterial LPS 

and inflammatory cytokines such as TNF-α and interleukin-1 (IL-1) (Andersson, Hughes and 

Kubicek-Sutherland, 2016). 

Most AMPs exhibit similar characteristics and are typically 10-100 amino acids in length (Wang, 

Li and Wang, 2016). Under physiological conditions they have a net positive charge, usually 

between +2 and +9, due to the presence of positively charged amino acid residues such as lysine, 

arginine and histidine. AMPs can adopt a variety of structures; most form either alpha helices or 

beta sheets, but others are cyclic, globular, alpha-beta mix or poorly structured (Wimley and 

Hristova, 2011). Where AMPs do form structures, they often are arranged amphipathically, with 

separate hydrophilic and hydrophobic regions. This facilitates their interaction with the 

phospholipid bilayers of bacterial and mammalian cell membranes (Andersson, Hughes and 

Kubicek-Sutherland, 2016; Lakshmanan, Zhang and Hauser, 2012; Alencar-Silva et al., 2018). 

 

2.5.2 Benefits of AMPs as Therapeutics 

AMPs have rapid, potent and broad-spectrum antimicrobial activity against both Gram-positive 

and Gram-negative bacteria, viruses, single celled eukaryotes such as protozoa, and multicellular 

organisms such as parasites and fungi (Alencar-Silva et al., 2018). As they are positively charged, 

AMPs have a natural electrostatic affinity for bacterial membranes, which carry a strong anionic 

charge due to the presence of anionic phospholipids, such phospatidylglycerol and cardiolipin 

(Andersson, Hughes and Kubicek-Sutherland, 2016; Hazam, Goyal and Ramakrishnan, 2019). 

By contrast, AMPs have only a very low affinity for mammalian cell membranes, which have a 
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net neutral charge conferred by zwitterionic phospholipids, such as phosphatidylethanolamine 

and phosphatidylcholine. The presence of cholesterol, the membrane potential and the 

asymmetric distribution of phospholipids in mammalian cell membranes confers further 

protection against the activity of AMPs, minimising their cytotoxic potential (Hazam, Goyal and 

Ramakrishnan, 2019; Andersson, Hughes and Kubicek-Sutherland, 2016). 

AMPs have been shown to exhibit bactericidal activity against multi-drug resistant bacteria, 

highlighting their potential as alternatives to current antimicrobials that have become redundant 

due to the rise in resistance (Hazam, Goyal and Ramakrishnan, 2019; Eales et al., 2018). The 

synergistic potential of AMPs with conventional antibiotics has also been demonstrated (Hazam, 

Goyal and Ramakrishnan, 2019; Gopal et al., 2014; Lakshminarayanan et al., 2016).  

Furthermore, whereas bacteria within biofilms often show increased tolerance to antimicrobials, 

studies have found that AMPs may have significant inhibitory and anti-biofilm activity (Hazam, 

Goyal and Ramakrishnan, 2019; Chung and Khanum, 2017; Sánchez-Gómez and Martínez-de-

Tejada, 2017). Eales et al. (2018) compared the bactericidal properties of two synthetic peptides 

bicarinalin, and BP100 with colistin which is commonly used as a last resort treatment for 

Acinetobacter baumannii infections. The synthetic peptides had significantly enhanced anti-

biofilm potential compared with colistin. 

Alongside their antimicrobial activity, AMPs have critical immunomodulatory functions as part 

of the innate immune system. These include coordinating the chemotaxis of immune cells, 

neutralisation of endotoxins, the induction of angiogenesis, and skin re-epithelialization to 

promote wound healing (Jenssen, Hamill and Hancock, 2006; Guaní-Guerra et al., 2010; Alencar-

Silva et al., 2018). This characteristic gives the potential for AMPs to be used as 

immunostimulatory or endotoxin-neutralizing agents to augment natural innate immunity 

(Gordon, Romanowski and McDermott, 2005; Pfalzgraff, Brandenburg and Weindl, 2018). 

When the amino acid sequence of an AMP is known, it may be synthesised using standard 

protocols such as solid phase peptide synthesis (SPPS) (Alencar-Silva et al., 2018). This process 

offers the potential to improve the activity of the peptide by amino acid modification, including 

conjugations, cyclization, terminus modifications, heterochiral designs and peptidomimetics 

(Hazam, Goyal and Ramakrishnan, 2019). 
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2.5.3  Bactericidal Mechanisms of AMPs 

The primary interaction between AMPs and bacteria is the electrostatic attraction between the 

cationic peptide and the anionic cell membrane (Andersson, Hughes and Kubicek-Sutherland, 

2016; Malanovic and Lohner, 2016). AMPs are thought to be able to translocate through the outer 

membrane of Gram-negative bacteria by displacing the divalent cations, Ca2+ and Mg2+, that 

stabilise the membrane by binding to the phosphate groups of the lipopolysaccharides within the 

membrane (Mahlapuu et al., 2016). Upon contact with the cytoplasmic membrane, the AMP 

adopts an amphipathic secondary structure, which permits the peptide to interact with the 

phospholipid bilayer of the bacterial cell membrane. This leads to membrane destabilisation 

and/or the formation of pores within the membrane. Substantial disruption of the membrane 

morphology and structure occurs, resulting in surface blebbing, vesiculation and fragmentation 

(Wimley, 2010; Mahlapuu et al., 2016; Wimley and Hristova, 2011), and ultimately bacterial cell 

death. 

Three principal models have been proposed for the AMP/bacterial membrane interaction, 

alongside numerous variations and combinations of these (Figure 2.9). The Barrel-stave model 

and Toroidal model both involve the formation of pores through the membrane. In the Barrel-

stave model, the peptides interact with one another to insert and align themselves parallel with 

the phospholipids of the bacterial membrane, with their hydrophobic regions interacting with the 

hydrophobic phospholipid core. This generates a cylindrical transmembrane pore , the inner 

surface of which comprises the hydrophilic regions of the AMPs (Laverty, Gorman and Gilmore, 

2011; Li et al., 2012). 

In the Toroidal model, the AMPs co-operatively cause local inward curvature of the bacterial 

membrane bilayer to generate a pore consisting of the AMPs and phospholipids of the membrane. 

In the Carpet model, the peptides lie parallel to the plane of the phospholipids within the bacterial 

membrane. Once a peptide to lipid ratio threshold has been reached, the peptide inserts into the 

membrane and, within a period of micro-seconds to minutes, the membrane is destabilised and 

forms micelles or vesicles (Nguyen, Haney and Vogel, 2011; Maria-Neto et al., 2015). 

While the predominant outcome, disruption of the bacterial cell membrane is not the only 

mechanism by which AMPs can mediate antibacterial effects. Some AMPs transit across the 

bacterial cell membrane to enter the cytoplasm. Here, AMPs have then been observed to interact 

with DNA, RNA or proteins and mediate bacterial cell death by interfering with cell wall or 

nucleic acid synthesis (Brogden, 2005; Li et al., 2012). 
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Figure 2.9- Schematic of bacterial membrane disruption mechanisms by AMPs. 1) Barrel-stave model. 

Transmembrane pore consisting of perpendicularly orientated AMPs. 2) Toroidal-pore model. 

Transmembrane pore consisting of perpendicularly orientated AMPs and phospholipid groups. 3) Carpet 

model. Once a threshold concentration has been reached, the accumulation causes surface tension and 

disruption of membrane leading to micelle formation (Mahlapuu et al., 2016). 

 

2.5.4 Limitations of AMPs  

Currently there are very few classified AMPs in clinical use. The most well-known are the 

polymyxins (polymyxin B and colistin [polymyxin E]), which are used as last resort drugs against 

various multi-drug resistant Gram-negative bacteria (Andersson, Hughes and Kubicek-

Sutherland, 2016). Nonetheless, there are currently around 30 AMPs in clinical trials, with 8 in 

phase 3 trials. Ongoing AMP research into the treatment of acne, sepsis, HIV and AIDS, cystic 

fibrosis, tuberculosis and fungal infections, highlights their diverse potential (Hazam, Goyal and 

Ramakrishnan, 2019).  

Despite their beneficial properties, several factors have hindered the potential development of 

AMPs as therapeutic drugs. AMPs are susceptible to proteolytic degradation and conformational 

changes under certain conditions (e.g. high/low pH, temperature, salinity). This can result in short 

half-lives and rapid elimination from the body leading to a decrease in bioavailability (Mahlapuu 

et al., 2016; Lakshmaiah Narayana and Chen, 2015). 

The broad-spectrum activity of AMPs against both prokaryotic and eukaryotic cells can be 

advantageous but in high concentrations, can cause cytotoxicity. This is observed with the 
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intravenous use of polymyxins, produced by the bacterium Bacillus polymyxa (Abdelraouf et al., 

2012). These AMPs have been used since the 1950s to treat Gram-negative bacteria that cause 

meningitis, bronchopulmonary, skin, eye and ear infections. Due to the increase in antimicrobial 

resistance, polymyxins are used as the last resort treatment despite high incidence rates of 

nephrotoxicity and neurotoxicity through systemic usage (Seo et al., 2012; Andersson, Hughes 

and Kubicek-Sutherland, 2016). 

Despite numerous theories about the antimicrobial mechanisms of AMPs, there is still a lack of 

understanding, especially in relevant physiological and in vivo conditions compared with in vitro 

conditions of the laboratory (Andersson, Hughes and Kubicek-Sutherland, 2016; Hazam, Goyal 

and Ramakrishnan, 2019).  

Bacterial resistance, both intrinsic and acquired, to AMPs has been documented. Inherent 

resistance can occur passively or be induced by environmental stimuli such as low pH, low iron 

and magnesium, or low nutrient concentration. Through modifying the LPS of Gram-negative 

bacteria, or teichoic acids in Gram-positive bacteria, the negative charge of the bacterial envelope 

is reduced and hence the electrostatic attraction to AMPs. The upregulation of efflux pumps and 

proteolytic degradation systems have been observed (Gruenheid and Le Moual, 2012; Andersson, 

Hughes and Kubicek-Sutherland, 2016). 

Acquired resistance through mutations and horizontal gene transfer leads to altered metabolism, 

slower growth rates and reduced transmembrane potential. Rates of resistance can occur rapidly. 

Samuelsen et al. (2005) reported a 30-fold increase in S. aureus resistance after four generations 

against the AMP lactoferricin B, while Perron et al. (2006) showed resistance in E. coli against 

pexiganan after 600 generations. 

The potential high cost of AMP production and purification is likely to result in pressure to invest 

in cheaper alternatives such as designing shorter length chains. In addition, increasing safety and 

efficacy requirements will require significant financial pharmaceutical investment (Hazam, 

Goyal and Ramakrishnan, 2019). 
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2.5.5 AMP Incorporation onto Implant Surfaces 

AMPs have been incorporated onto biomaterials by immobilisation either through covalent 

attachment, such as silanization, polydopamine and PEG brushes, or by physical immobilisation, 

such as physical adsorption or self-assembled monolayers.  

 

2.5.5.1 Physical Immobilisation 

Physical adsorption has been used primarily to coat a surface with bioactive compounds, such as 

fibrinogen and albumin, to improve osteointegration, rather than for an antibacterial function 

(Wronska et al., 2016; Horasawa et al., 2015). The adsorption process is dependent on a range of 

factors such as surface chemistry, solution chemistry, topography, hydrophilicity and the 

electrostatic interactions of the molecules with each other and the surface. It has been reported 

for albumin that the increase in hydrophilicity resulted in a lower adsorption. However, the 

opposite was reported for fibrinogen, with more being absorbed onto the relatively hydrophobic 

surfaces (Chen, Zhang and Lee, 2013). 

Physical adsorption methods used for AMPs include the layer by layer approach, which relies on 

the positive electrostatic charge of the AMP (Shi et al., 2015). The advantage of physical 

adsorption approaches is that they avoid the need for initial surface treatment,  such as the 

generation of hydroxyl groups for silanization, or the use of linkages such as PEG and 

glutaraldehyde (Xu et al., 2018). Consequently, physical adsorption is extremely time efficient 

and avoids the use of toxic and dangerous solutions such as piranha solution (a mixture of 

sulphuric acid and hydrogen peroxide) (Costa et al., 2015, 2011). 

Furthermore, while covalent tethering techniques are dependent on the number of available 

functional groups (e.g. amine) to tether peptides to the surface (Costa et al., 2015), minimal 

experimental optimisation is required for physical adsorption. Since it does not involve linkages 

or functional groups, the exact concentration of required peptide can be applied to the surface. 

Potential cytotoxicity has also been reported for some linkers, and physical tethering can hinder 

peptide activity due to the requirement for a specific peptide orientation and mobility on the 

surface (Costa et al., 2015). Such issues are avoided when using physical adsorption. 

Physical adsorption methods allow the free release of AMPs into the local environment from the 

surface, enabling the peptides to exert effective short-term antimicrobial activity. However, this 

elution inevitably leads to depletion of AMPs over time (Chouirfa et al., 2019). In a closed 

environment, this will lead to a high concentration of the peptide. In a dynamic environment, 

depletion of the peptide will occur more rapidly, and the peptide concentration may struggle to 

reach the threshold required for effective antimicrobial activity.  
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Peptides may interact with a surface through ionic bonds, hydrogen and van der Waals forces 

rather than via covalent attachment. For self-assembled peptides (SAPs), the AMPs are adsorbed 

onto the surface between polyanions such as polyacrylic acid and poly L-lysine. Repeated 

processing forms multiple layers and determines the amount of peptide ultimately in the coating 

(Pinto et al., 2019; Lakshmanan, Zhang and Hauser, 2012; de Avila et al., 2019; McCloskey, 

Gilmore and Laverty, 2014). Hernandez-Montelongo et al. (2018) described immobilisation of 

AMP Tet-124 with a polyethyleneimine film onto silicon wafers by electrostatic interactions 

between the amino groups of the film and the carboxylic groups of peptide amino acids. High  

death rates of S. epidermidis on these functionalised wafers were reported after 24 hours. 

AMPs can also be incorporated into hydrogels. Casciaro et al. (2017) described fixation of Esc 

(1-21) onto hydrogel soft contact lenses. This resulted in a significant reduction of over 70% in 

the number of P. aeruginosa cells that were able to adhere to the lenses. No cytotoxicity was 

apparent against murine connective tissue, and the contact lens characteristics were unaffected. 

 

2.5.5.2 Covalent Attachment 

Covalent tethering is a potentially appealing method for a number of reasons. It has been shown 

to increase peptide stability, protecting it against enzymatic degradation, and can limit the 

leaching of peptide into the environment (Chen et al., 2014; Qi et al., 2011; Pinto et al., 2019; 

Costa et al., 2011). As a result, long-term bactericidal activity has been reported for surfaces that 

have been functionalised in this way over hours and days (Godoy-Gallardo et al., 2015; Nie et 

al., 2016; Córdoba et al., 2016). Surfaces reaching sub-MBC AMP concentrations have shown a 

retardation of bacterial growth rate and an increased lag phase (Soares et al., 2015), while the 

beneficial properties of biocompatibility and promoting osteogenesis were maintained (Pinto et 

al., 2019; Costa et al., 2011). 

Silanization involves the attachment of amino silanes such as 3-aminoproyltriethoxysilane 

(APTES), 3-aminopropyltrimethoxysilane (APTMS) or 3-chloropropyltriethoxysilane (CPTES) 

to hydroxyl groups on the material interface (Holmberg et al., 2013; Chen et al., 2014; Godoy-

Gallardo et al., 2015; Majhi, Arora and Mishra, 2019). Surface preparation involves the 

generation of hydroxyl groups through, for example, treatment with piranha solution, which is a 

mixture of sulphuric acid and hydrogen peroxide (Peng et al., 2017). 

The silane acts as an anchor through the available functional amino groups, to which compounds 

like AMPs can covalently attach (Chouirfa et al., 2019; Chen et al., 2016b). Other molecules such 

as catechol (Chouirfa et al., 2019) and phosphate (Córdoba et al., 2016) have also been used to 

anchor peptides to the surface. Godoy-Gallardo et al. (2014) compared the bactericidal activity 
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of a covalently tethered AMP, hLf1-11, with physically adsorbed peptide. More peptide was 

found on the silanized surface, resulting in better antibacterial activity against Streptococcus 

sanguinis, although comparable levels of attachment were seen for Lactobacillus salivarius. 

Polymer brushes with linkers such as poly(ethylene glycol) (PEG) have been widely used to 

attach peptides such as LL37 and nisin to solid surfaces. This is due to their stability, non-toxic 

and non-immunogenic properties (Qi et al., 2011; Gabriel et al., 2006; Mishra and Wang, 2017). 

The immobilisation of nisin with PEG onto carbon nanotubes was reported to show a seven-fold 

higher antimicrobial activity against both Gram-negative and Gram-positive bacteria after 1 hour 

(Qi et al., 2011).  

 

2.5.5.3 Factors affecting Covalent Tethering 

Higher MICs are usually reported for immobilised peptides compared to their soluble alternatives 

(Costa et al., 2011; Tan et al., 2014). There are many complex factors affecting optimisation of 

the tethering, such as what the peptide is being attached to, its orientation and stability, and if any 

surface preparation is required e.g. cleaning or increasing the number of hydroxyl groups (Costa 

et al., 2011; Aumsuwan et al., 2008). Silanes, for example, suffer from hydrolytic instability in 

aqueous environments at physiological pHs (Córdoba et al., 2016; Silverman, Wieghaus and 

Schwartz, 2005). Additional considerations include the flexibility and length of the spacer, which 

can be incorporated to allow more movement and preferential orientation of the peptide (Lozeau, 

Alexander and Camesano, 2015). Potential cytotoxicity has also been reported involving linkers 

required for effective tethering (Gu et al., 2017). 

 

2.6 Synergistic Surface Modifications 

Some studies have investigated the effects of incorporating two or more surface modification 

techniques to improve an implant’s antibacterial activity and biocompatibility. For example, 

Zhou et al. (2015) functionalised the antimicrobial peptide GL13K onto microgroove titanium 

surfaces by silanization. This resulted in a reduction in P. gingivalis viability and the promotion 

of adhesion and proliferation by human gingival fibroblasts. Titanium nanotubes have 

demonstrated improved antibacterial activity when doped with gentamicin, silver or zinc, whilst 

remaining biocompatible (Mei et al., 2014).  
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2.7 Project Aims and Objectives 

Much of the recent research into devising implant materials that are resistant to infection seeks to 

combine one antibacterial modification with another that may also promote stem cell adhesion 

and proliferation. An aspect that has not been widely researched is using two antimicrobial 

strategies on a surface that will synergise to prevent infection. The aim of this project was to 

generate a pure titanium implant surface with synergistic physical (nanotopography) and 

chemical (AMP) modifications, which would effectively reduce bacterial colonisation yet remain 

biocompatible. This was to be achieved via the following main objectives: 

1. Form and characterise a range of different nanotopographies generated by the alkaline 

hydrothermal method on a pure titanium surface. 

2. Assess the bactericidal potential of these nanotopographies with a range of different 

bacterial viability techniques on both Gram-positive and Gram-negative bacteria. 

3. Functionalise the optimal topography with an AMP, ChoM, and assess the impact of this 

functionalisation on the bactericidal potential of the surface. 

4. Assess the biocompatibility and potential osteogenic properties of the functionalised 

surface.  
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3.1 Formation of TiO2 Nanotopography on Titanium Substrates 

3.1.1 Polishing Titanium Disks 

itanium disks were polished to a mirror shine to obtain <10 nm roughness across the disk 

in order to optimise nanotopography orientation during the subsequent alkaline 

hydrothermal growth.  

Grade 1 sheets of commercially pure titanium (Ti-Tek (UK) Ltd) of 0.7 mm thickness were laser 

cut, by Laserit, into circular disks, initially 14 mm in diameter. These were subsequently reduced 

to 11 mm to enable more disks to be cut from a sheet of titanium and polished in a single batch. 

Grade 5 Ti-6Al-4V (Titek) was cut into 1 cm squares with a guillotine (Fortex). 

The disks were mounted onto a custom-made polishing holder as shown in Figure 3.1. Acrylic 

cylinders (laboratory made) were superglued to a circular glass disk (Dixon Science). Double 

sided sticky tape (Tesa) was used to stick parafilm (Bemis) onto the glass. The titanium disks 

were then superglued onto the parafilm, ensuring all the disks were uniformly flat. 

The disks were polished on a Struers TegraPol-15 with silicon carbide grinding paper (Struers) 

at increasing grit levels of 80, 500, 1200, 2000 and 4000 on MD Fuga pads (Struers) at 30 N, 300 

rpm for 4 minutes each. Initially the disks were polished to SiC level 2000 and then diamond 

polished using Struers MD Largo pads and diamond suspension (Struers DiaPro Largo 3) at 30 

N, 150 rpm for 4 minutes. This stage was removed due to repeated scratching of the disks and 

subsequently a SiC level 4000 was used. 

To obtain the required mirror shine, the disks were polished with MD Chem pads (Struers) at 35 

N, 150 rpm for about 15 minutes. Approximately 4 ml of 10% hydrogen peroxide (Acros 

T 
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Organics) in colloidal silica suspension (Struers) was pipetted onto the MD Chem pads every 45 

seconds with the occasional spray of deionised water to prevent clumping of the colloidal 

suspension. The disks were visually quality controlled and checked for scratches every 5 minutes. 

The disks were removed from the parafilm, the superglue scraped off with a scalpel (Swann 

Morton), and the disks sonicated (Grant XUB5) for 15 minutes in deionised water, preheated to 

40°C. Finally, the disks were immersed in absolute ethanol (Merck) for 10 minutes before blow-

drying with compressed air. The disks were stored in a clean plastic Petri dish (Greiner Bio-one, 

632180) until used. 

 

 

Figure 3.1- Custom-made polishing holder with titanium disks glued on top. A thin circular glass slide 

was superglued to an acrylic stub. Using double sided sticky tape, parafilm was stuck to the glass slide. 

Titanium disks of 11 mm in diameter and 0.7 mm in thickness were immobilised o nto the parafilm using 

superglue and air dried. During polishing the stub was placed upside down. A) Top view of 37 titanium 

disks glued to parafilm which is stuck onto a circular glass disk with double sided sticky tape. B) Side 

view of polishing holder. 
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3.1.2 Alkaline Hydrothermal Treatment 

Sodium titanate nanotopography was generated on the titanium surface by the following alkaline 

hydrothermal process.  

Polished titanium disks (24) were prepared as described in Section 3.1.1 and slotted into custom-

made PTFE holders, to ensure the disks remained upright, and placed into a 125 ml PTFE cup. 

The cup was then inserted into an acid digestion vessel (Parr Instrument Company-Model 4748) 

containing a determined volume (e.g. 52 ml) and concentration (e.g. 1 M) of NaOH (Fisher). The 

vessel was tightly sealed and placed in a preheated oven (Gallenkamp Plus II) for a fixed time 

duration (e.g. 2 hours) and temperature (e.g. 240°C). The Teflon cup, disk holders and acid 

digestion vessels are shown in Figure 3.2. 

After the alkaline hydrothermal treatment, the acid digestion vessel was removed from the oven 

and left to cool to room temperature. The disks were then removed from the holders and soaked 

in deionised water and absolute ethanol for 10 minutes each. The disks were finally placed on 

ceramic blocks and left to dry overnight in a sheltered environment. 

Systematic parameter changes were carried out in order to optimise the nanotopography 

formation: 

• Time Duration within oven at 240°C in 1 M, 52 ml NaOH 

30 minutes, 1 hour, 1.5 hours, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7 
hours. 

• Temperature of oven for 2 hours in 1 M, 52 ml NaOH 

180°C, 200°C, 220°C, 240°C. 

• Molarity of 52 ml sodium hydroxide within the Teflon vessel heated at 240°C for 2 hours. 

0.5 M, 1 M, 2 M, 4 M, 5 M. 

• Volume of 1 M sodium hydroxide within the Teflon vessel heated at 240°C for 2 hours. 

28 ml, 36 ml, 44 ml, 52 ml, 60 ml, 68 ml. 
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Figure 3.2- Components used for alkaline hydrothermal treatment. Polished titanium disks (24) were 

placed upright in a Teflon disk holder before being immersed in NaOH within a Teflon cup. The Teflon 

cup was placed within an acid-digestion vessel and the lid tightly closed. The vessel was then placed in a 

preheated oven for alkaline hydrothermal treatment. (A) Teflon cup (left) and acid digestion vessel 

(right) with lid, (B) Double tiered Teflon disk holder, (C) Overhead view of Teflon disk ho lder within 

Teflon cup, (D) the Teflon cup within the acid digestion vessel. 

 

3.1.2.1 Nanotopography Transformation and Resolution 

Due to wear and tear of the Teflon vessels over time, a change in the nanotopography was 

observed. It was found that these replacement vessels were typically ~3 mm shorter and therefore 

allowed a greater expansion during the alkaline hydrothermal treatment. To mitigate this 

expansion, the mobile base of the acid-digestion vessel was moved upwards by placing three 

titanium metal spacers of 5 mm thickness and 22 mm in diameter, in ‘triangle formation’, 

underneath the acid digestion vessel during the alkaline hydrothermal treatment and cooling 

stages. This procedure rectified the problem and the spacers were used in all subsequent 

hydrothermal treatments. 
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Figure 3.3- Titanium spacer used during alkaline hydrothermal treatment. 

 

3.1.3 Post Alkaline Hydrothermal Treatment 

After the alkaline hydrothermal treatment, the sodium titanate nanotopography was converted 

into hydrogen titanate by the following processes: 

The disks were initially heated at 300°C (temperature ramp of 10°C/min) for 1 hour using a 

chamber furnace (Elite Thermal Systems Ltd (Oven Model-BMF 11/7)) to ensure the 

nanotopography fixed to the titanium disk interface. Without this step, the top layer was prone to 

peeling during subsequent steps.  

When cooled, the disks were immersed in 0.6 M hydrochloric acid (HCl) (Fisher) for 1 hour in a 

fume hood, where the sodium in the nanotopography was exchanged with the hydrogen in the 

HCl to form hydrogen titanate. The disks were then rinsed with deionised water and absolute 

ethanol for 10 minutes each and air dried. 

The final step involved placing the disks in the chamber furnace for calcination for 2 hours at 

600°C, where the hydrogen titanate topography was converted into TiO2. The disks were cooled 

and stored in a clean, closed plastic Petri dish until utilised. 
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3.2 Characterisation of TiO2 Nanotopography 

3.2.1 Scanning Electron Microscopy (SEM) 

Disks were prepared for electron microscopy by sputter coating (Emitech K757X) the surface 

with a conductive metal layer of ~6 nm thick consisting of 20% palladium and 80% gold. The 

samples were imaged on a FEI Quanta 200 scanning electron microscope at various 

magnifications. The height, density, diameter of the nanospikes and average pocket/niche 

diameter were measured. Three different areas of two disks in each batch were imaged. 

 

3.2.2 Atomic Force Microscopy (AFM) 

The nanotopography was imaged and the average height, surface area and RMS roughness were 

quantitatively measured using AFM. Nanospikes were imaged using an AFM (Digital 

Instruments INC Nanoscope IIIa Atomic Force Microscope) and contact probe tips (MikroMash). 

An area of 25 µm2 with a scan rate of 0.5 Hz and 512 lines was investigated. 

 

3.2.3 Optical Profilometry (OP) 

The maximum and RMS (average-root mean square) surface roughness and average heights of 

the nanospikes were measured using optical profilometry. Nanospike disks were placed onto the 

optical profilometer (Proscan 2100) and an area of 400 µm2 was investigated. The RMS and 

maximum roughness were calculated. The maximum roughness is the vertical distance between 

the lowest valley and highest peak observed along the profile length. 

 

3.2.4 Confocal Microscopy (CM) 

The nanospike dimensions and surface roughness were measured using confocal microscopy. 

Nanospike disks were placed onto a confocal microscope (Olympus LEXT OLS3100) and the 

maximum, minimum and average peak heights and surface roughness were recorded. An area of 

100 x 100 µm was measured. 
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3.2.5 Transmission Electron Microscopy (TEM) 

TEM was used to visualise the internal crystal structure of single TiO2 nanospikes. 2-hour 

nanospikes were grown on pure titanium substrate. The nanotopography was then scraped off 

using a new scalpel into absolute ethanol. The solution was sonicated for 30 seconds to help 

disperse the nanospikes. A drop was pipetted onto lacey copper mesh TEM support grids (Agar 

Scientific, AGS166) and allowed to dry. The nanospikes were analysed on a Jeol 1400 TEM. 

 

3.2.6 X-Ray Photoelectron Spectroscopy (XPS) 

The surface elemental composition of mirror polished pure titanium disks and 2-hour nanospike 

disks were analysed by XPS. A monochromatic Al Kα X-Ray source was used with a photon 

energy of 1486.6 eV and anode operating energy of 15 kV. The base pressure was ~2×10−10 bar. 

A survey scan (settings of 0.5 eV steps, 0.1 s dwell time, epass 40 and range between 1100 and -

10 eV) was initially carried out to determine the elemental peaks in the sample. Ti2p, O1s, C1s, 

N1s peaks were observed. Further scans were carried out for each of these elements: 

• Ti2p: 20 scans, range of 482.5 to 449 eV, 0.1 eV step, 0.1s dwell time and epass 

30 

• O1s: 50 scans, range of 536.5 to 511.5 eV, 0.1 eV step, 0.1s dwell time and 

epass 30 

• C1s: 50 scans, range of 295 to 278 eV, 0.1 eV step, 0.1s dwell time and epass 30 

• N1s: 40 scans, range of 405 to 393 eV, 0.1 eV step, 0.1s dwell time and epass 30 

Peaks were fitted using the CasaXPS software. 

 

3.2.7 X-Ray Diffraction (XRD) 

Grazing incident X-Ray diffraction was carried out to investigate the crystal structure of the 

nanospikes at each stage of the alkaline hydrothermal treatment and post hydrothermal treatment. 

The XRD data collection and analysis were carried out by Dr Patryk Wasik, University of Bristol 

on the beamline BM28 (XMaS) at the European Synchrotron Radiation Facility (Grenoble, 

France). Samples were tilted at 0.7° and the X-Ray beam had a wavelength of 0.09nm. The 

sample-detector distance was 0.243 m, which was located at 8° and 30°. ZnO powder (Sigma-
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Aldrich) was used as a calibrant. The images collected were converted into 1D profiles using the 

azimuthal integration procedure with the pyFAI software package (Kieffer and Karkoulis, 2013). 

The Spurs and Myers Equation (Equation 3.1) was used to calculate the percentage of anatase 

and rutile titanium dioxide present after the final calcination step and post alkaline hydrothermal 

treatment.  

𝐴𝑛𝑎𝑡𝑎𝑠𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%)[𝐴]  =
100 x 𝐼𝐴

𝐼𝐴 + 1.265 x 𝐼𝑅
  

𝑅𝑢𝑡𝑖𝑙𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%)[𝑅] = 100 − [A] 

Where: 

IR = Intensity of rutile 110 peak 

IA = Intensity of 101 peak 

Equation 3.1 

 

3.2.8 Energy-Dispersive X-Ray Spectroscopy (EDX) 

EDX was carried out to determine the elemental composition of the 2-hour nanospikes. The 

nanospikes were prepared and fixed onto a copper mesh as described in Section 3.2.5. Two points 

on a nanospike were chosen and an electrical voltage spectrum between 0 and 20 keV was 

analysed. 
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3.3 Bacterial Interactions with Nanotopographical Surfaces 

3.3.1 Growth and Preparation of Bacteria 

Bacterial strains used in these studies are listed in Table 3.1. Broth cultures (10 ml) were 

incubated for 16 hours at 37°C, 220 rpm. These were then sub-cultured into 20 ml pre-warmed 

broth in a 50 ml conical flask to an optical density at 600 nm (OD600) of 0.1 and further incubated 

at 37°C, 220 rpm until the start of exponential phase growth (usually after 1.5-3 hours). Bacteria 

were then adjusted to the desired cell density. Bacteria were routinely cultured in Luria Bertani 

(LB) broth or Mueller Hinton (MH) broth (Sigma-Aldrich).  

 

BACTERIAL STRAIN  MORPHOLOGY 
GRAM 

IDENTITY 
MOTILITY STRAIN ID 

Pseudomonas aeruginosa PAO1 Bacillus Gram 
negative 

Motile 
Provided by 
J. Spencer 
(UB 2888) 

Escherichia coli DH5α Bacillus Gram 
negative 

Motile 
Provided by 
H. Jenkinson 

(UB 776) 

Klebsiella pneumoniae IS-2662A Bacillus Gram 
negative 

Non-
motile  

Provided by 
M. Avison 
(UB 2703) 

Staphylococcus aureus Newman Coccus Gram positive 
Non-

motile 

Provided by 
T. Foster 

(UB 1621) 

Table 3.1- Bacterial strains used and relevant characteristics. 

 

3.3.2 Assessing Bacterial Viability on Surfaces 

A key approach to assess the bactericidal properties of nanotopographical disks is to quantify the 

percentage of dead and viable bacteria on the disks. Previous research has shown that there is no 

single method to achieve this accurately, especially when applied to surfaces with 

nanotopography. Several methods were therefore investigated here to optimise the quantification 

of bacterial viability upon interaction with the surfaces. 

To sterilise the titanium disks prior to inoculation, disks were immersed in absolute ethanol for 

10 minutes within a clean plastic Petri dish, thoroughly washed with 0.01 M Tris-HCl, and then 

air dried within a flow hood (Brassaire). Once dried, the disks were stored in sterile Petri dishes 

until utilised. 
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3.3.2.1 Viability qPCR 

Viability quantitative polymerase chain reaction (v-qPCR) was assessed as a potential method to 

quantify the viability of bacteria adhering to the nanospike disks.  

Flat mirror polished disks and 2-hour nanospike disks (4 of each) were placed within a 12-well 

plate, immersed in 1 ml of LB broth containing 107 CFU P. aeruginosa and incubated for 3 hours 

at 37°C. The disks were rinsed in Tris-HCl and transferred to a 24-well plate containing 400 µl 

phosphate buffered saline (PBS). Propidium monoazide (PMAxx) was added to two disks of each 

surface type at a final concentration of 50 µM and then left for 10 minutes in the dark to allow 

for complete dye uptake. To photolyse the PMA, the plate was placed on a bed of ice on a rotating 

platform (Stuart Scientific mini orbital shaker S05) set at 50 rpm and exposed to a 650 W halogen 

lamp (Britek H80615), positioned 20 cm above, for 5 minutes within a dark room. 

Each disk was then transferred to a well of a new 24-well plate and genomic DNA extraction was 

carried out using the Qiagen QIAamp DNA extraction kit. Each disk was immersed in 400 µl 

ATL buffer and 20 µl Proteinase K and incubated at 56°C, 100 rpm for 1 hour. The plate was 

then removed and 40 µl of 10 mg/ml RNase was added for 10 minutes at ambient room 

temperature, with occasional mixing. AL buffer (400 µl) was added and incubated at 70°C for 10 

minutes. Finally, 400 µl of absolute ethanol was added to the solution and mixed. The lysate was 

then transferred into a spin column and the DNA precipitated and washed, according to 

manufacturer’s instructions. DNA was eluted in 50 µl of AE buffer, quantified using a nanodrop 

(Simplinano) and stored at -20°C. 

Reactions (20 µl final volume) for qPCR comprised 200 nmol universal 16S rDNA primers 

U16SRT-F and U16SRT-R (Clifford et al., 2012), 1x iQ SYBR Green super mix (Bio-Rad) and 

5 µl DNA template. A positive control of 5 µl of P. aeruginosa genomic DNA and a negative 

control using PCR water were included. The qPCR reactions were performed in a MyCyclerTM 

thermocycler (Bio-Rad) according to the following parameters: 3 minutes at 95°C; 40 cycles of 

30 s at 95°C, 30 s at 56°C and 30 s at 72°C; melt curve analysis with successive 2 s cyc les at 

incremental temperature increases of 0.2°C from 56°C to 90°C. The purity of the amplicons 

generated was confirmed by gel electrophoresis analysis of 5 µl of each sample. The 

electrophoresis was run at 100 V for 50 minutes, and the gel visualised by UV on an Amersham 

Imager 680 (GE Healthcare). 

To investigate the potential of the v-qPCR technique to distinguish between viable and dead 

bacteria, standard P. aeruginosa templates were prepared: 100% viable; 100% non-viable, 

prepared by heat inactivation at 70°C for 20 minutes in a water bath (Grant Instruments); 50% 

viable, prepared by mixing at a 50:50 ratio the 100% viable and non-viable samples. The non-

viable sample was confirmed by lack of growth on LB agar. PMAxx (5 µl) was then added to 
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each microtube and incubated in the dark for 10 minutes at ambient room temperature. Photolysis 

of PMA was performed, the suspension centrifuged at 12,000 g for 4 minutes, and the resulting 

pellet resuspended in ATL buffer. DNA was then extracted as described previously and quantified 

using a nanodrop (SimpliNano). DNA was normalised to the lowest concentration measured, and 

5 µl used as template DNA, as described previously. A standard curve was also produced by 

performing a 10-fold serial dilution of P. aeruginosa genomic DNA from 50, 5, 0.5, 0.005 and 

0.0005 ng. The curve was produced by plotting a log quantity of initial genomic DNA against the 

threshold cycle. 

 

3.3.2.2 Lactate Dehydrogenase (LDH) assay 

Lactate dehydrogenase (LDH) assay is a colorimetric assay that quantifies the amount of LDH in 

a solution as it reduces NAD to NADH. Since LDH is a cytoplasmic enzyme, this assay has the 

potential to be a measure of bacterial lysis on the nanospike disks.  

Flat control and nanospike disks, in duplicate, were immersed in 400 µl of P. aeruginosa 

suspension (106 CFU/ml) within a 24-well plate and incubated for 1 or 3 hours at 37°C. There 

were two background controls: one with only LB broth and a maximum lysis control, where all 

the bacteria were lysed by addition of SDS/Triton-X100 (Sigma). Aliquots (50 µl) from each well 

were then transferred into a 96-well plate (Greiner Bio-one) and mixed with 50 µl Cytotox96 

reagent (Promega, G1780). The plate was left for 30 minutes in the dark at room temperature 

before addition of 50 µl Stop Solution (Promega, G1780). Viability was calculated from A490 

readings on a microplate reader (BioRad I-Mark) according to Equation 3.2: 

 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 100 ∗
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑎𝑡 490 𝑛𝑚)

𝑀𝑎𝑥 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑎𝑡 490 𝑛𝑚)
                          

Equation 3.2 

 

3.3.2.3 Live/Dead Staining 

BacLightTM live/dead staining (Invitrogen) was used to investigate the membrane integrity of 

adherent bacteria on the nanotopographical surfaces. 

The surface of each disk was inoculated with 40 µl of a bacterial suspension of known cell density 

and incubated at 37°C for 3 hours. Disks were washed with Tris-HCl by gentle agitation with a 

pipette. A 3 µl aliquot of SYTO9/Propidium iodide (Thermo-Fisher) was added to 1 ml Tris-HCl 
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and mixed. This solution (40 µl) was then added to each surface and left for 15 minutes in the 

dark at ambient room temperature. Disks were then washed twice with Tris-HCl to remove excess 

stain. The disks were placed onto a glass slide and covered with a glass cover slip and imaged 

under a fluorescence microscope at wavelengths 450-490 nm and 515-560 nm. The relative 

numbers of bacterial cells with intact membranes, fluorescing green, and membrane compromised 

cells, fluorescing red, were quantified using the Image J (NIH) software. 

 

3.3.2.4 BacTiter-GloTM 

BacTiter-GloTM assay (Promega) is an endpoint assay that provides a method for determining the 

number of viable bacterial cells by measuring the amount of ATP present in a solution via 

luminescence. The bacterial cells are lysed, and ATP released into the solution. Beetle luciferin 

in the presence of ATP, oxygen, magnesium and luciferase then produces a luminescence signal 

that is proportional to the amount of ATP present in the solution and thus an indication of the 

number of viable cells. 

Aliquots (40 µl) of bacterial suspension (1x106 CFU/ml) were pipetted onto the surface of flat 

and nanospike disks within a white, opaque 24-well plate and incubated within a humidity 

chamber at 37°C for 0.5-3 hours. BacTiter-Glo reagent (40 µl) was added to the bacterial 

suspension and the luminescence measured in a plate reader (Teccan Infinite F200 Pro) with 

automatic attenuation and 1000 ms integration time. 

In a variation of this method when using ChoM-functionalised disks, the disks were submerged 

in 400 µl bacterial suspension (5x105 CFU/ml) and incubated for 3 hours. Aliquots of suspension 

(40 µl) in duplicate were then transferred to a 24-well plate, mixed with 40 µl BacTiter-Glo 

reagent, and luminescence measured as above. To investigate the effects of agitation on ChoM 

release, this experiment was also performed using an orbital shaking incubator, with disks 

incubated for 3 hours at 100 rpm.  

The delayed release of ChoM was investigated by incubating disks in 400 µl MH broth for 3 or 

12 hours. Aliquots (50 µl) were then transferred in duplicate into a 24 well plate and mixed with 

an equal volume of bacterium (such as E. coli, K. pneumoniae or S. aureus) suspension (1x106 

CFU/ml). Plates were incubated at 37°C for 1 hour, and 40 µl of each suspension was then 

transferred in duplicate into a white, opaque 24-well plate (Perkin Elmer, 24-50-6005168) and 

bacterial viability determined using BacTiter-Glo, as described above. 
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3.3.2.5 BacTiter-GloTM Standard Curves 

Bacterial suspensions were grown up to mid-exponential phase and 10 dilutions of a 1:4 dilution 

was carried out from the neat concentration. In triplicate, 50 µl of each diluted inoculum was 

transferred to a white opaque 96-well microplate (Perkin Elmer, 6005680) and the bacterial 

viability determined using BacTiter-Glo, as described above. In tandem, the CFU for each 

dilution was found by Miles and Misra spot technique. The number of CFU were counted and a 

luminescence-CFU standard curve plotted. 

 

3.3.2.6 RealTime-GloTM 

RealTime-Glo assay (Promega) allows continuous monitoring of the metabolic activity of 

mammalian or bacterial cells. Viable cells reduce the RealTime-Glo substrate, which then 

diffuses out of the cell into the surrounding medium. NanoLuc luciferase uses this reduced 

substrate to produce a luminescence signal that can be quantified and is proportional to the 

number of viable cells. Dead cells are unable to reduce the substrate and so no luminescence is 

produced. 

Exponential phase bacterial inocula (1 ml) were prepared, mixed with 1 µl of MT Cell Viability 

Substrate and 1 µl of NanoLuc Enzyme, and incubated in the dark for 1 hour at 37°C, 220 rpm. 

This was to allow the bacteria to take up the RealTime-Glo reagents and initiate generation of a 

detectable luminescence signal. Bacterial suspensions (40 µl) were pipetted onto disks within a 

white, opaque 24-well plate, which was then sealed with transparent film (Greiner Bio-one 

EasySeal Plate Sealer) to ensure sterility and to prevent the surfaces from drying out. The plate 

was placed in a preheated (37°C) plate reader (Tecan infinite F200 Pro) and luminescence 

recorded every 10 minutes for approximately 11 hours with 1000 ms integration time, wait time 

of 0.1 seconds and settle time of 150 ms.  

 

3.3.3 Visualising Bacterial Interactions with Nanospike Surfaces 

3.3.3.1 SEM Imaging 

The methodology for bacterial fixation was refined over the course of this project due to 

observations of bacterial membrane dehydration leading to potential inaccuracies and false 

positives. Initially, bacteria were incubated on the surface for a determined time duration. Disks 

were then immersed, within a 24-well plate, in 2.5% glutaraldehyde (FisherBiotech)/0.1 M 

potassium phosphate buffer (KH2PO4:K2HPO4, pH 7.2) (monobasic-Calbiochem, 52968, dibasic-

Analak, 104363A) for 2 hours at room temperature. The disks were dehydrated by immersing in 
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increasing concentrations of ethanol (20%, 40%, 60%, 80% and 100%) for 10 minutes each. 

Finally, the disks were immersed in hexamethyldisilazane (Sigma-Aldrich) for 10 minutes. 

This methodology was modified after membrane dehydration was observed. The samples were 

instead immersed in 2.5% glutaraldehyde/0.1 M sodium cacodylate for 2 hours at 4°C, then 

incrementally dehydrated as before until the 100% ethanol stage. Instead of hexamethyldisilazane 

treatment, the samples were critically point dried (Leica CPD300). Disks were then mounted onto 

0.5" aluminium specimen stubs (Agar Scientific) with sticky double-sided carbon tabs (Agar 

Scientific) and sputter coated as described in Section 3.2.1. 

 

3.3.3.2 Focussed Ion Beam Milling 

This protocol was performed by Joshua Jenkins of the University of Bristol to investigate the 

interaction between the underside of the bacterial cell and the nanospikes. Focussed ion beam 

milling was used to sequentially slice the bacterium while taking SEM images. These slices were 

later collated to generate a 3D model.  

Nanospike surfaces were sputter coated, as described in Section 3.2.1, sterilised, and inoculated 

with E. coli or S. aureus, as described in Section 3.3.1. Following incubation at 37°C for 3 hours, 

samples were fixed for 12 hours with 2.5% glutaraldehyde/ 0.1 M NaC buffer at 4°C. Samples 

were washed in 0.1 M NaC buffer three times for 5 minutes on ice then incubated in 2% reduced 

osmium for 60 minutes on ice. Subsequently, samples were washed in deionised water three times 

for 5 minutes, incubated in thiocarbohydrazide for 20 minutes and washed in deionised water 

three times for 5 minutes at room temperature. 

Samples were then incubated in 2% aqueous osmium for 30 minutes at room temperature, washed 

in deionised water three times for 5 minutes at room temperature, and incubated in aqueous 1% 

uranyl acetate for 1 hour at 4°C. Finally, samples were washed in deionised water three times for 

5 minutes at room temperature, incubated in lead aspartate for 30 minutes at 60°C, and washed 

in deionised water three times for 5 minutes at room temperature. Samples were dehydrated in 

pre-chilled (4°C) ethanol at 20, 50, 70, 90 and 100% for 10 minutes each. Samples were then 

critically point dried and finally sputter coated with gold and palladium. 

Titanium disks were loaded into the chamber of the Scios DualBeam (FEI) and the system was 

pumped to generate a vacuum. Before cross sectional analysis, the stage was tilted by 52°, moving 

the titanium disks perpendicular to the gallium ion beam. Area scanning was performed using an 

electron beam with an accelerating voltage of 5 kV and current of 50 pA. Prior to ion beam 

milling, a protective platinum layer (500 nm) was deposited on each bacterium. Rough cut 

trenches were milled around coated bacteria to depths of 250 nm, using an accelerating voltage 
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of 30 kV, and current of 1 nA. Auto Slice and View software was used to carry out sequential 

sectioning of E. coli and S. aureus in 20 nm slices. This was performed with an ion beam 

accelerating voltage of 30 kV, and current of 30 pA. Images of each section were acquired using 

electron beam accelerating voltages of 5 kV and current of 50 pA. 3D models of each bacterium 

upon nanospikes were made using Avizo modelling software. 

 

3.4 Antimicrobial Peptide Synthesis, Biofunctionalisation and 

Release 

The AMP, ChoM, was synthesised at the National Physical Laboratory (NPL) by Dr Smita 

Gunoo and Dr Brunello Nardone using solid phase peptide synthesis. ChoM was 

biofunctionalised onto 2-hour nanospikes and its release and activity against several species of 

bacteria were investigated. 

 

3.4.1 Solid Phase Peptide Synthesis (SPPS) 

Solid phase peptide synthesis (SPPS) was used to generate ChoM, with a peptide sequence of 

KWKVFKKIEKMIRNIRNKIVK. Amino acids (Novabiochem) were weighed and dissolved in 

dimethylformamide (DMF) to a concentration of 0.2 M (Table 3.2). Resin (250 mg; Iris Biotech 

TG S RAM (90 µm)) was swelled in DMF, 297 ml piperidine, 35 ml 1 M activator base Oxyma, 

65 ml activator disoproylcarbodiimide (DIC). 

Amino Acid POWDER WEIGHT (g) DMF VOLUME (ml) 

Arginine (R) 1.56 12 

Asparagine (N) 0.72 6 

Glutamate (Q) 0.26 3 

Isoleucine (E) 0.85 12 

Lysine (K) 2.25 24 

Methionine (M) 0.23 3 

Phenylalanine (F) 0.24 3 

Tryptophan (W) 0.32 3 

Valine (V) 0.41 6 

Table 3.2- Preparation of amino acids for SPPS synthesis. 
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The peptide was assembled on a Liberty-1 microwave peptide synthesizer (CEM Corp). The 

synthesis of the peptide chain involved six main steps as illustrated in Figure 3.1. Rink amide-4-

methylbenzhydrylamine resin (Novabiochem, UK) was used as the insoluble polymer resin, 

which acts as the ‘anchor’ from which the peptide chain grows. 

Step 1 involves cleaving the Fmoc group (Fluorenylmethyloxycarbonyl) from the resin with 

piperidine (Merck), a weak base, to allow the amino acids to subsequently bond. The removal of 

the Fmoc group from the resin and amino acids was monitored af ter each cycle by UV absorbance 

at 301 nm. DMF was then used to wash away any soluble by-products, cleavage agents and excess 

reagents. 

Steps 2, 3 and 4 involves the attachment of an amino acid, with its amine group (protected by 

Fmoc), through a coupling reaction of the now newly free amino group onto the linker (resin or 

previously attached amino acid). The coupling reagent 2-(1H-benzotriazol-1-yl)-1,1,3,3,-

tetramethyluronium hexafluorophosphate (HBTU) was required to initiate the condensation 

reaction as the carboxylate group, on the to-be-bound amino acid (B), is not very reactive. The 

carboxylic acid on amino acid (B) reacted with the reagent HBTU to yield a reactive intermediate 

that binds to the amino group of amino acid (A) to form a covalent amide bond. DMF was again 

used to remove side products and excess reagents.  

Step 5 is a repeat of steps 1, 2 and 3 to attach further amino acids to the sequentially grown peptide 

chain. Each amino acid has unique side chains from its alpha carbon atom that are protected by 

tBu (tert-Butyl esters) to prevent unwanted reactions from occurring. tBu is not washed away 

during the piperidine addition as it is base stable.  

Step 6 involves cleavage of the peptide from the resin and removal of the tBu protection of the 

amino acid side chains using 95% trifluoracetic acid (TFA) (Merck)/2.5% Triisopropylsilane 

(TIS) (Sigma-Aldrich)/2.5% deionised water. 
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Figure 3.4- Illustration of SPPS steps. 
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3.4.2  MALDI-TOF 

Matrix Assisted Laser desorption/ionization-Time of Flight Mass Spectroscopy (MALDI-TOF) 

was used to confirm the peptide product synthesised by calculating its mass to charge ratio (m/z).  

Peptide solution (2 µl) was mixed with 2 µl of dihydrobenzoic acid (DHB) (Merck) as the  matrix, 

and 2 µl of TFA as a counter ion source to generate the M+H ions. This solution (2 µl) was 

pipetted onto a metal plate and air dried. The plate was placed within a MALDI-TOF machine 

(Bruker autoflex III), where the compound was subjected to approximately 1000 UV nitrogen 

laser beam flashes. The mass to charge ratio was calculated. 

 

3.4.3 Reverse Phase-High Performance Liquid Chromatography 

(RP-HPLC) 

Two different HPLC techniques were used in this project. HPLC separates molecules within a 

solution based on their relative hydrophobicity. The more hydrophobic a molecule is the longer 

it takes to travel through the column. The first approach was semi-preparative HPLC, which was 

used to purify the peptide solution.  

Crude ChoM was resuspended in 20% ACN (80% deionised water, 20% CAN, 0.001% TFA). 

The peptide was injected into a Vydac C18 semi-preparative (5 µm) column at 4.7 ml/min and 

150 bar pressure with runs of 10− 60% B gradient over 50 min. Buffer A – 5% (vol/vol) and 

buffer B – 95% (vol/vol) aqueous CH3CN, 0.1% TFA. The column eluate was aliquoted into glass 

tubes every 30 s. The contents of the tubes were analysed with MALDI-TOF as described in 

Section 0 to determine the purest ChoM peptide fractions. These fractions were pooled and freeze 

dried to obtain a powder. The second technique was analytical HPLC (ThermoFisher UltiMate 

3000) and was used to quantify the purity of the final peptide solution. The peptide was injected 

into Vydac C18 analytical (5 µm) column at used a 10− 60% B gradient over 50 min at 1 ml/min 

with detection at 230 and 220 nm. Buffer A – 5% (vol/vol) and buffer B – 95% (vol/vol) aqueous 

CH3CN, 0.1% TFA. 

 

3.4.4 Minimum Inhibitory Concentration (MIC) Assay 

This assay was undertaken to find the minimum concentration of peptide required to inhibit the 

growth of bacteria over a 24-hour period.  

Peptide stocks were 2-fold serially diluted in fresh MH broth to final concentrations of 100 µM 

to 0.4 µM in a 96-well plate. Exponential phase bacterial inocula (100 µl, 106 CFU/ml) were 
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added and the plate incubated at 37°C for 24 hours. A negative control comprising bacteria 

without peptide and a blank control of MH broth alone were included. Wells were measured by 

absorbance at 595 nm. The ChoM concentration at which there was no difference in absorbance 

compared to the blank control was denoted as the MIC. 

 

3.4.5 Functionalisation of Surface with AMP 

Peptide aliquots (40 µl) were pipetted onto a surface and left to dry at ambient room temperature 

under sterile conditions (within a flow hood) until visually dried (typically around 3 hours). The 

surface was stored at 4°C until required.  

 

3.4.6 ChoM Release Quantification using Nanodrop 

The release of ChoM from flat and 2-hour nanospike disks was quantified on the Nanodrop 

(SimpliNano) at 280 nm. Deionised water (40 µl) was pipetted onto the surface and incubated at 

37°C for a determined time duration. Aliquots (2 µl) were transferred at periodic intervals to the 

Nanodrop for A280 measurements. 

 

3.4.7 ChoM Release Quantification by Bacterial Growth 

For this assay the peptide release profile was assessed as a function of bacterial growth.  

Flat and 2-hour nanospike disks were functionalised with 40 µl of 50 µM ChoM as described in 

Section 3.4.5. The disks were placed in duplicate in a 24-well plate, to which 40 µl of MH broth 

was added and incubated at 37°C in a humidity chamber. At the chosen time point (10, 30 

minutes, 1, 2 or 3 hours), 20 µl of the broth from each of the disks was removed and transferred 

into a 96-well plate. A 5-point, two-fold dilution was carried out with MH broth, and then mixed 

with 20 µl of bacterial inoculum (1x106 CFU/ml). Plates were incubated at 37°C for about 20 

hours with gentle agitation (100 rpm). The absorbance of each well was measured at 595 nm to 

quantify bacterial growth. 

 

3.4.8 Effect of Ultrasound Stimulation on ChoM Release  

Stimulated ChoM release from the disks was investigated with low sonication power through a 

nanokick device (University of Glasgow) with a frequency of 1 kHz. 
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Functionalised disks were incubated with 400 µl of bacterial suspension (5x105 CFU/ml) for 3 

hours at 37°C on top of a nanokick device covered with a magnetic strip (MagnetExpert). Levels 

of bacterial viability were then determined using BacTiter-Glo, as described in Section 3.3.2.6. 

 

3.4.9 SEM Imaging of Functionalised Surfaces 

SEM imaging was used to visualise the flat and nanospike functionalised surfaces before and 

after incubation with broth. Functionalised disks were incubated in broth from 10 min to 3 hours 

and then removed. Disks were left to air dry, sputter coated and imaged as described in Section 

3.2.1. 

 

3.4.10 Wettability 

Disks were mounted onto a drop shape analyser (Kruss DSA30R) and a 2 µl drop of deionised 

water was pipetted onto the surface. Three samples of each disk type were analysed, and the 

resulting angle of three different drops were recorded on each surface. As the water droplet 

completely spread over the nanotopography sample, a high-speed camera was used to film the 

spreading of the drop over time. Images were taken every 0.001 seconds. 

 

3.5 Biocompatibility and Osteogenic Potential 

The following experiments were carried out by Laila Damiati at the University of Glasgow. Here 

the biocompatibility and osteogenic potential of non-functionalised and 100 µM ChoM-

functionalised flat titanium and 2-hour nanotopography surfaces were assessed. The flat titanium 

and 2-hour nanospike disks were created at the University of Bristol. 

 

3.5.1 Cell Culture 

Human mesenchymal stem cells (hMSCs) (Promo cell) were cultured in Dulbecco’s modified 

essential medium (DMEM) (Sigma-Aldrich) supplemented with 1% penicillin/streptomycin 

(Invitrogen), 1% sodium pyruvate (Sigma-Aldrich), 1% non-essential amino acids (Sigma-

Aldrich), and 10% foetal bovine serum (FBS) (Invitrogen) at 37C in 5% CO2. No cells beyond 

passage 4 were used. During the cell culture on the titanium substrates, wells were supplemented 

with 500 µl of 5% FBS and the medium replenished every 3 days. 
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3.5.2 Alamar Blue Assay 

AlamarBlue solution (Bio-Rad) was mixed 1:10 in DMEM, 900 μl was added to each coverslip, 

and then incubated for 6 hours at 37ºC in 5% CO2. Aliquots (3 x 200 μl) of solution were 

transferred to a 96 well plate and analysed using a Thermo- Scientific Multiskan FC. Absorbance 

was analysed at A1= 570 nm and A2 = 600 nm. The percentage reduction was calculated 

according to Equation 3.3: 

% 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 =  
(𝑂600 𝑋 𝐴570) − (𝑂570 𝑋 𝐴600)

(𝑅570 𝑋 𝑁600) − (𝑅600 𝑋 𝑁570)
 𝑋 100 

Equation 3.3 

Where: 

O600 = molar extinction coefficient (E) of oxidized alamarBlue® (Blue) at 600 nm 

O570= E of oxidized alamarBlue® at 570 nm 

R570 = E of reduced alamarBlue® at 570 nm 

R600= E of reduced alamarBlue® at 600 nm 

A570 = absorbance of test wells at 570 nm 

A600= absorbance of test wells at 600 nm 

 

N570 = absorbance negative control well (media plus alamarBlue®, no cells) at 570 nm N600 = 

absorbance negative control well (media plus alamarBlue®, no cells) at 600 nm 

 

3.5.3 Immunofluorescence Staining 

For focal adhesions, hMSCs were seeded onto the disks at a cell density of 3000 cells/cm2. The 

samples were incubated for 3 days then washed with PBS (Sigma-Aldrich), fixed with 3.7% v/v 

formaldehyde/PBS for 15 minutes at 37ºC, permeabilized and stained for vinculin using 

monoclonal anti-vinculin antibody (1:100 dilution) (Sigma-Aldrich) and actin diluted in 1:500 

PBS/BSA. Antibody was removed, and cells washed three times for 5 min with PBS/0.5% v/v 

Tween. Secondary antibody (horse anti-mouse IgG, Biotinylated, Vector laboratories, UK 

Z0715) was added for 1h at 37ºC. Antibody was removed, and cells washed 3x for 5 min with 

PBS/0.5% v/v Tween. Streptavidin-FITC (Vector laboratories, UK SA-5001) was added and 

incubated at 4ºC for 30 mins then washed three times for 5 min with PBS/0.5% v/v Tween. A 

small drop of Vectorshield-DAPI (Vector Laboratories) was added before microscopy.  
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3.5.4 Alizarin Red S Staining 

Alizarin Red S (ARS) staining was used to qualitatively indicate calcium deposition within the 

cells, indicative of osteogenic differentiation. Culture medium was removed from the titanium 

surface, which was gently washed three times with PBS. The cells were then fixed with 4% 

formaldehyde for 15 minutes at room temperature. The fixative was removed, and the surfaces 

washed three times with diH2O. The water was removed and 1 ml of 40 mM ARS (Sigma-

Aldrich) was added to each surface and incubated at room temperature for 20 - 30 min with gentle 

shaking. The dye was removed, and the cells washed five times with diH2O. Excess water was 

removed, and the cells were imaged using a phase microscope.  

 

3.5.5 von Kossa staining  

von Kossa staining was carried out to visualise deposits of phosphate. The titanium surfaces were 

first washed in PBS followed by fixation in 3.7% v/v formaldehyde/PBS for 15 minutes at 37C. 

A solution of 5% silver nitrate (Sigma-Aldrich) was added, and the plates were exposed to UV 

light for 30 min. The plates were then rinsed three times with diH2O before adding 5% sodium 

thiosulfate (Sigma-Aldrich) for 10 min. The plate was washed with tepid running tap water for 

10 min, followed by three further washes in diH2O. Samples were quickly dehydrated by adding 

70% EtOH prior to light microscopy to detect any mineralization. 

 

3.5.6 Giemsa staining  

Giemsa staining was used to visualise and assess the morphology and confluency of the hMSCs. 

After cell fixation, the cells were stained with Giemsa stock solution (Gurr) for 1 minute and 

washed thoroughly with distilled water. The samples were air-dried and observed using a Zeiss 

immunofluorescence microscope under fluorescent illumination at 495 nm/519 nm (excitation 

and emission) and under normal light.  

 

3.5.7 qRT-PCR 

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was used to measure 

the expression of three genes: osteocalcin (OCN), osteopontin (OPN), osteonectin (ON), which 

are indicative of osteogenic differentiation. 
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Total RNA was extracted at day 28 of cell culture using a Qiagen RNeasy Micro kit and protocol. 

To standardise for quantitative analysis, equal amounts of RNA from each sample were used for 

cDNA synthesis using the Qiagen QuantiTect RT-PCR kit and protocol. qRT-PCR was carried 

out using the Qiagen Quantifast SYBR Green kit and the reactions run in a 7500 Real Time PCR 

cycler (Applied Biosystems). Reaction parameters were 10 minutes at 95°C; 40 cycles of 15 s at 

95°C and 60 s at 60°C. Four biological and two technical replicates from each sample were 

analysed. Expression of OCN, OPN and ON was normalised against the housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primers used are shown in Table 3.3. 

 

Gene Name PRIMER SEQUENCE 

GAPDH 
Forward: TCAAGGCTGAGAACGGGAA 

Reverse: TGGGTGGCAGTGATGGCA 

Osteonectin (ON) 
Forward: AGAATGAGAAGCGCCTGGAG 

Reverse: CTGCCAGTGTACAGGGAAGA 

Osteopontin (OPN) 
Forward: ACAGCCGTGGGAAGGACAGT 

Reverse: GACTGCTTGTGGCTGTGGGT 

Osteocalcin (OCN) 
Forward: GCCCTCACACTCCTCGCC 

Reverse: CTACCTCGCTGCCCTCCTG 

Table 3.3- Primers used for qRT-PCR 

 

3.5.8 Statistical Analysis 

Statistical analysis was carried out with one-way ANOVA test followed by Tukey and Bonferroni 

post-hoc tests using SPPS 24 software (IBM). A p value of ≤0.05 was considered to be statistically 

significant. 
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4.1 Introduction 

n 1998 the alkaline hydrothermal technique was first used to grow TiO2 nanotubes on TiO2 -

based powder (Kasuga et al., 1998). This TiO2 nanotopography exhibited appealing properties 

such as photocatalytic activity, high surface area and layered walls, facilitating its potential as 

photocatalysts and humidity sensors (López Zavala, Lozano Morales and Ávila-Santos, 2017; 

Wong, Tan and Mohamed, 2011; Simović et al., 2019; Liu et al., 2014). The alkaline 

hydrothermal process has also been used to grow nanowires/nanotubes on substrates that mimic 

the topography observed on insect wings and have potential antimicrobial properties (Diu et al., 

2014; Tsimbouri et al., 2016; Cao et al., 2018).  

Hydrothermal synthesis is an attractive method for the generation of nanostructures due to its 

simplicity and high and reliable yield. It is also environmentally friendly due to the relatively low 

temperatures and closed system operating conditions with water-diluted alkaline as the reaction 

medium (Wong, Tan and Mohamed, 2011; Simović et al., 2019). The basis of the technique 

involves immersion of a titanium metal substrate into an aqueous alkaline solution, such as 

sodium hydroxide (NaOH), within an autoclave or acid-digestion vessel. This is heated to above 

boiling point to generate a saturated vapour pressure. The alkaline reaction with titanium forms 

titanite topography, and the physical structures and crystal composition can be manipulated or 

optimised by changing the operating conditions such as the temperature, duration of synthesis, 

alkaline molarity and volume and then with the subsequent heating and post treatment steps 

(Dong et al., 2007; Wong, Tan and Mohamed, 2011). 

The hydrothermal process consists of three major steps. The first results in the generation of 

alkaline titanate nanostructures. The second involves the substitution of alkali ions within the 

titanate with hydrogen ions by immersion in an acid. The third and final step involves heat 

dehydration in ambient air and crystallisation at an elevated temperature. On pure titanium, the 

conditions for the physical formation of nanotopography, reminiscent of topography seen on the 

surface of insect wings, have been studied by Dong et al. (2007) and Diu et al. (2014). 

The nanotopographies generated have most commonly been visualised using SEM (Dong et al., 

2007; Simovic et al., 2019), and their physical characteristics (such as nanospike height and 

diameter and roughness) quantified using SEM (Dong et al., 2007), TEM (Song et al., 2007), 

AFM (Guo et al., 2017), optical profilometry (Ekoi et al., 2019) and CLSM (Diu et al., 2014). 

The elemental and crystal structure of various nanotopographies have been analysed through 

various techniques such as XRD (Dong et al., 2011, 2007), EDX (Wang et al., 2011; Lai et al., 

2015), XPS (Guo et al., 2017; Song et al., 2005) and TEM (Wang et al., 2011; Dong et al., 2011).  

I 
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The objective of the studies presented in this chapter was to build upon the work of Dong et al. 

(2007), Diu et al. (2014) and Tsimbouri et al. (2016) and perform a systematic characterisation 

of nanotopography formation on titanium substrates using the alkaline hydrothermal method. 

Through systematic parameter changes of duration, temperature, sodium hydroxide molarity and 

volume, the surfaces were optimised for subsequent bactericidal analyses and antimicrobial 

peptide functionalisation. The nanotopography was visualised and physically characterised by 

multiple techniques (SEM, AFM, CM and optical profilometry) to compare quantitative 

measurements and more accurately estimate the dimensions of the topography. The crystal 

structure and chemistry of the nanotopography was analysed throughout the stages of the alkaline 

hydrothermal process using a range of techniques (EDX, TEM, XRD and XPS). 

 

4.2 Formation of Nanotopography 

4.2.1 Nanotopography at Different Stages of the Alkaline 

Hydrothermal Process 

These experiments were carried out to analyse the formation of nanotopography during the 

different stages of alkaline hydrothermal treatment, and to investigate if there was any visual 

change in the topography with the subsequent post treatment. The alkaline hydrothermal method 

consisted of four stages:  

1. Alkaline hydrothermal treatment to generate sodium titanate nanotopography. 

2. Heat fixation at 300°C for 1 hour to ensure stabilisation of nanotopography to the pure 

titanium substrate. 

3. Ion exchange in 0.6 M HCl between sodium ions in sodium titanate and hydrogen ions in 

the hydrochloric acid.  

4. Calcination at 600°C for 2 hours to convert hydrogen titanate into titanium dioxide.  

Figure 4.1 shows representative SEM images of nanospike structures at each stage of the alkaline 

hydrothermal process including the post treatment steps. These were made on mirror polished 

pure titanium substrate, as shown in Figure 4.1A. The first step involved the alkaline 

hydrothermal treatment at the conditions of 240°C, 1 M and 52 ml NaOH for 2 hours. As shown 

in Figure 4.1B, topography was formed at the first stage and could be observed across the whole 

surface as perpendicular spikes protruding from the surface. The following post-treatment steps 
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(Figure 4.1C-E) showed very little change in the conformity of the nanospikes, indicating that 

the nanotopography remained stable after the first alkaline hydrothermal treatment stage.  

 

Figure 4.1- SEM images showing nanotopography on titanium substrate at the four stages of alkaline 

hydrothermal treatment. A) Mirror polished flat titanium surface, B) Alkaline hydrothermal process at 
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240°C, 2 hours, 1 M and 52 ml NaOH, C) After 300°C heat treatment, D) After 0.6 M HCl for 1 hour, E) 

After heat treatment at 600°C for 2 hours. Columns 1 and 2 show different magnifications. 

 

4.2.2 Systematic Studies of the Alkaline Hydrothermal Process 

After confirming the formation of nanotopography by the alkaline hydrothermal treatment 

process, further experiments were carried out by systematically changing the processing 

parameters at the alkaline hydrothermal treatment stage, to investigate the range of nanostructures 

that could be generated. Four key parameters that potentially could determine the nanotopography 

during the alkaline hydrothermal treatment were duration, temperature, sodium hydroxide 

(NaOH) molarity and volume. The post treatments were subsequently carried out after the initial 

alkaline hydrothermal treatment. The parameter changes that were investigated are summarised 

below: 

Duration at 240°C with 1 M and 52 ml NaOH: 

30 minutes, 1 hour, 1 hour 30 minutes, 2 hours, 2 hours 30 minutes, 3  hours, 4 hours, 5 

hours, 6 hours, 7 hours. 

Temperature with 1 M and 52 ml NaOH for 2 hours: 

180°C, 200°C, 220°C and 240°C. 

Sodium Hydroxide Molarity at 240°C, in 52 ml of NaOH for 2 hours: 

1 M, 2 M, 3 M, 4 M and 5 M. 

Volume of Sodium Hydroxide at 240°C, with 1 M NaOH for 2 hours: 

28 ml, 36 ml, 44 ml, 52 ml, 60 ml and 66 ml. 

The surfaces were imaged by SEM. This technique gives a highly magnified and detailed 

representation of an interface by analysing the secondary electrons emitted from a sample surface 

after being subjected to a focused electron beam.  

 

4.2.2.1 Duration 

The time-duration experiment was carried out to observe the growth of nanotopography over a 

range of time intervals during the alkaline hydrothermal process. Ten time points were chosen, 

and the post treatment steps subsequently carried out. The resultant nanotopography was then 

visualised using SEM. 
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After 30 minutes hydrothermal treatment (Figure 4.2A), the nanospikes were in their infancy, 

with short, stubby or spherical protrusions starting to appear from the surface. The nascent growth 

was not homogenous, with some areas appearing flatter with no growth visible. Lower 

magnification images revealed that similar growth characteristics occurred over a wide area. After 

1-hour, the nanospikes were markedly longer than the 30-minute disks, highlighting epitaxial 

growth in specific regions (Figure 4.2B). The growth was heterogeneous and flatter areas were 

still visible. There was generally a random angle of nanospike growth, with some spikes 

protruding directly perpendicular to the substrate, while others were more acute to the surface.  

After 1 hour 30 minutes of alkaline treatment, the nanospikes had continued upwards growth and 

some growth was also observed in areas where previously there was limited growth. A greater 

proportion of nanospikes had started to protrude upwards from the surface (Figure 4.2C). After 

2 hours of alkaline treatment, the titanium surface had a greater homogeneous covering of 

nanospikes with little of the flatter areas previously observed. Most of the nanospikes were 

generally protruding upright from the surface but not necessarily directly perpendicular. Most of 

the nanospikes were straight and round along their lengths and tips (Figure 4.2D). 

With 2.5 hours of hydrothermal treatment, the nanospikes were significantly longer and bending 

and intertwining between multiple nanospikes was observed. The reduced density of long 

nanospikes was also evident (Figure 4.2E). After 3 hours, further lengthening and interweaving 

of the nanotopography was observed, forming ‘pockets’ or ‘nests’. The walls of these pockets 

were smooth, consisting of the sides of the nanospikes, with the nanospike tips comprising 

braided singular spikes that protruded directly upwards (Figure 4.2F). 

After 4 hours, most of the nanospikes had intertwined completely at the tips and edges to form 

pockets of varying sizes and shapes. Flat ridges of interconnecting nanospikes had formed and 

the columellar protrusions previously noted at 3 hours were absent (Figure 4.2G). For the 5 hours 

(Figure 4.2H), 6 hours (Figure 4.2I) and 7 hours disks (Figure 4.2J), the nanotopography 

continued to form intertwining pockets that progressively increased in diameter. The height of 

the nanotopography also continued to increase over time. 

 

4.2.2.2 Temperature 

The temperature at which the alkaline hydrothermal process was carried out was systematically 

changed to investigate its effect on nanospike growth and configuration. Four temperatures were 

chosen during the alkaline hydrothermal with the post treatment steps subsequently carried out.  

The 2-hour time point was selected as, from the duration experiment, this was the optimal 

incubation period to form pronounced nanospikes without intertwining. Intertwining led to the 
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decrease in density of spikes protruding from the surface. It was hypothesised that this may reduce 

potential antimicrobial activity through physical rupturing of the bacterial membrane due to fewer 

contact points on the membrane. 

At 180°C (Figure 4.3A), there was heterogeneous growth, with the nanotopography resembling 

flakes or ribbons. The tips of these protrusions were noticeably blunt. The hydrothermal treatment 

at 200°C (Figure 4.3B) showed similar nanospike conformity and arrangement to that at 180°C. 

Although taller, the growth was dominated by flake-like structures. At 220°C (Figure 4.3C), the 

nanospikes were more homogeneous in height and more rounded. The spike diameters were 

similar from the base to the tip. The orientation of the nanospikes was more perpendicular than 

observed at the lower temperatures. A temperature of 240°C is close to the maximum advised for 

the acid digestion vessels of 250°C; the topography had a similar character to that at 220°C but 

was noticeably taller (Figure 4.3D). 

 

4.2.2.3 Sodium Hydroxide Molarity 

The aim of this experiment was to investigate the growth of the nanospikes with increasing NaOH 

concentrations. Six NaOH concentrations were chosen during the alkaline hydrothermal stage 

followed by the post treatment steps. The 2-hour/240°C parameters were selected as the previous 

experiments indicated these to be the optimal duration/temperature to form the most pronounced 

nanospikes without intertwining. 

At 0.5 M NaOH concentration, the nanotopography was very dense and the spikes were flaky in 

appearance and blunt at the tip, as if they were fused together. The height between the spikes was 

consistent (Figure 4.4A). The 1 M NaOH disks were similar, with homogeneous growth of 

separate, rounded nanospikes (Figure 4.2B). With 2 M NaOH, the nanospikes were taller and 

less dense, comparable to the 2.5-hour duration experiment. The tips of the nanospikes could be 

observed to start to bend and intertwine with neighbouring nanospikes. The spikes appeared 

thinner compared with the 1 M NaOH samples (Figure 4.4C). 

With 3 M NaOH, the nanotopography arrangement differed significantly from the previous disks 

and was similar to the 4-hour topography seen in the duration study. Pockets of intertwined 

nanospikes were observed and the nanospikes themselves appeared disjointed and ‘blebby’. This 

indicated that at the high molar NaOH concentration, the nanospike growth may lead to structural 

weaknesses (Figure 4.4D). Both the 4 M and 5 M NaOH disks showed pocket arrangements of 

intertwined nanospikes. As with the 3 M NaOH disks, the nanospikes looked deformed and 

‘blebby’ but more extreme, causing the walls of the pockets to structurally break down (Figure 

4.4E and F). 
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4.2.2.4 Sodium Hydroxide Volume 

The sodium hydroxide volume, in which the titanium disks were submerged during the alkaline 

hydrothermal process, was systematically changed to investigate its effects on the nanospike 

growth and character. Six volumes were chosen during the alkaline hydrothermal stage with the 

post treatment steps subsequently carried out. The nanospikes were grown within the acid 

digestion vessel for 2 hours in 1 M NaOH at 240°C, as optimised from the previous experiments 

to form nanospikes without intertwining. The results indicated there was minimal sensitivity to 

nanotopography growth with the different NaOH volumes (Figure 4.5). At each of the volumes 

tested, the structure and arrangement of the nanotopography were very similar. All disks showed 

separate, rounded nanospikes, with the same diameter along their length, and generally protruding 

upwards from the surface.  
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Figure 4.2- Representative SEM images of nanotopographical growth over time using the alkaline 

hydrothermal process. Nanotopography was grown on pure titanium substrates within a Teflon-lined 

acid digestion vessel with the conditions of 52 ml 1  M NaOH at 240°C. A) 30 minutes, B) 1-hour, C) 1 

hour 30 minutes, D) 2-hours, E) 2 hours 30 minutes, F) 3-hours, G) 4-hours, H) 5-hours, I) 6-hours, J) 7-

hours. Columns 1 and 3 show images at different magnifications and column 2 shows 30° tilt ed images.  
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Figure 4.3- Representative SEM images of nanotopographical growth with increasing temperature 

during the alkaline hydrothermal process. Nanotopography was grown on pure titanium substrates 

within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH for 2 hours and A) 

180°C, B) 200°C, C) 220°C, or D) 240°C. Columns 1 and 3 show images at different magnifications and 

column 2 shows 30° tilt images.  
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Figure 4.4- Representative SEM images of nanotopographical growth with increasing NaOH molarity 

during alkaline hydrothermal process. Nanotopography was grown on pure titanium substrates within a 

Teflon-lined acid digestion vessel with the conditions of 52 ml NaOH at  240 °C for 2 hours. Molarities of 

NaOH used were A) 0.5 M, B) 1 M, C) 2 M, D) 3 M, E) 4 M and F) 5 M. Columns 1 and 2 show images 

at different magnifications. 



4. FORMATION AND CHARACTERISATION OF NANOTOPOGRAPHY 

74 
 

 

Figure 4.5- Representative SEM images of nanotopographical growth with increasing NaOH volume 

during the alkaline hydrothermal process. Nanotopography was grown on pure titanium substrates 

within a Teflon-lined acid digestion vessel with the conditions of 1 M NaOH at 240°C for 2 hours. 

Volumes of NaOH were A) 28 ml, B) 36 ml, C) 44 ml, D) 52 ml, E) 60 ml and F) 68 ml. Columns 1 and 2 

show images at different magnifications. 
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4.2.3 Reproducibility of Nanotopography Growth 

Disks within the same batch and between different batches were imaged to assess the 

reproducibility of nanotopography growth, using the conditions of 2 hours, 240°C, 52 ml of 1 M 

NaOH. Figure 4.6A shows the nanotopography on two separate disks from the same batch at the 

same magnification. Very similar nanotopography was observed between these two surfaces.  

Figure 4.6B shows the nanotopography on two separate disks from a different batch to that shown 

in Row A. Again, the intra-batch nanotopography was similar, but there was a difference between 

batches. For the second batch (Row B), the nanospikes appeared a little thinner, and with some 

potentially fusing. The nanospikes also appeared to have a greater variety in angular orientation 

to those from the first batch (Row A). Visual differences may be due to quality of imaging and 

sputter coating. 

 

 

Figure 4.6- Intra- and inter-batch variability of nanospike growth. Nanotopography was grown on pure 

titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH at 

240°C for 2 hours. SEM images of nanotopography grown within the same batch (1 and 2) and between 

different batches (A and B). 

The Teflon vessels used during the alkaline hydrothermal treatment noticeably degraded over 

time. This is highlighted in Figure 4.7, where there is observable discolouration from the pristine 

white of a new vessel. The walls at the top of the old vessels (Figure 4.7B1) and lids (Figure 

4.7C1) became deformed and elongated, potentially affecting the closed system seal of the acid 



4. FORMATION AND CHARACTERISATION OF NANOTOPOGRAPHY 

76 
 

digestion vessels. This vessel degradation over time was a key factor in the variability between 

different batches of nanotopography. 

 

 

Figure 4.7- Images of Teflon vessels highlighting degradation with use. Discolouration and deformation 

of the vessel is evident together with the elongation of the vessel lids. A) Used vessel (left) and unused 

vessel (right), B1/2) Vessels with lid removed, C1/2) Vessel lids. 
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4.2.4 Nanotopography Change and Resolution 

Due to wear and tear of the vessels over time (Figure 4.7), a change in the nanotopography was 

observed. Figure 4.8A shows a 2-hour disk that was generated early in this project, before 

noticeable warping of the vessels, and represents the ‘typical’ 2-hour nanotopography. The effect 

of the vessel warping on nanotopography is shown in Figure 4.8B, with heterogeneous nanospike 

growth appearing stunted, and with fusing spikes and flakes. It is believed that this decline in 

spike quality may be due to warping of the vessel causing the tight seal to fail, leading to a loss 

or fluctuation of pressure. 

New vessels were purchased, but the nanotopography formed with these new vessels was notably 

different from that previously generated. Thick, flat, flaky, heterogeneous structures, with poorly 

developed spikes, were observed (Figure 4.8C). Analysis of the new Teflon vessels revealed that 

they were ~3 mm shorter than the old vessels. This meant that within the acid digestion bombs, 

the Teflon had a greater volume to expand during heating. 

It was hypothesised that this would lead to a decrease and fluctuation in pressure. To counteract 

this, a ‘spacer’ was placed underneath the acid-digestion vessel to raise the adjustable floor and 

completely remove the available space for the Teflon vessel to expand into. Following this 

modification, single, smooth protruding nanospikes were generated that were very similar to 

those previously obtained (Figure 4.8D).  
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Figure 4.8- SEM images showing difference in 2-hour nanospikes when grown in a used-degraded 

Teflon vessel, new Teflon vessel and Teflon vessel with spacer. Nanotopography was grown on pure 

titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH at 

240°C for 2 hours. A) ‘Typical’ 2-hour nanospikes, B) 2-hour nanospikes grown in used-degraded vessel, 

C) 2-hour nanospikes grown in new vessel, D) 2-hour nanospikes grown in new vessel with spacer. 

 

4.2.5 Formation of Nanotopography on Ti64 Alloy 

Ti64 alloy is primarily used for orthopaedic implants. Nanospike growth using the alkaline 

hydrothermal method was therefore also tested on this alloy. Figure 4.9A shows SEM images of 

2-hour growth on the Ti64 alloy (with 6% aluminium and 4% vanadium). The arrangement was 

similar to growth at 2-hours on the pure titanium. The 3-hour growth on Ti64 appeared similar to 

the 2 hours 30 minutes pure titanium disks (Figure 4.9B).  
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Figure 4.9- SEM images of nanotopography generated on Ti64 substrate. Nanotopography was grown 

on Ti-6Al-4V alloy substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M 

NaOH at 240°C. A) 2-hour nanotopography, B) 3-hour nanotopography. 

 

4.2.6 Mechanical Robustness of Nanotopography 

The nanotopography formed on the titanium surface is susceptible to being damaged from 

handling. During the implantation of a dental or orthopaedic implant, the surface will be touched, 

which may lead to any interfacial topography being destroyed. This experiment was carried out 

to highlight the potential result of human handling on the topography. 

The effects of three different physical touches on 2-hour nanospike surfaces were investigated 

(Figure 4.10). After a gentle swipe of the finger across the surface, the nanotopography had been 

completely flattened, with no independent nanospikes compared with the control (Figure 4.10A-

B). A scratch by a metal scalpel effectively destroyed the nanotopography (Figure 4.10C). For 

disks that had been subjected to a gentle finger compression on the surface, some of the 

nanotopography remained intact and unharmed, while other regions had been destroyed (Figure 

4.10D). 
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Figure 4.10- Representative SEM images showing physical damage of nanotopography. Nanotopography 

was grown on pure titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 

52 ml 1 M NaOH at 240°C for 2 hours. The resulting nanospikes were then subjected to different types of 

physical damage: A) Untouched control, B) Gentle finger swipe, C) Scratch with a metal scalpel, D) 

Gentle compression with finger. 
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4.3 Physical Characterisation of Nanotopography 

The nanotopographies formed from 30 minutes to 7 hours on pure titanium disks exhibited a wide 

range of structures. To better characterise and accurately quantify the physical attributes of these 

nanotopographies, several analytical microscopy-based techniques were utilised. 

 

4.3.1 Scanning Electron Microscopy (SEM) 

SEM was used to image the surfaces generated in Section 4.2.2.1. Image J, an image processing 

program, was used to quantify: 

1. average nanospike height 

2. average nanospike diameter 

3. nanospike density per µm2 

4. average pocket diameter for durations 3 - 7 hours 

As shown in Figure 4.11A, the height of the nanotopography increased over time. Initially, there 

was gradual growth and after 30 minutes, the median height of the nascent nanotopography was 

80 nm. Growth then became more rapid and after 2 hours, the average height was 445 nm, a ~5.5-

fold increase from 30 minutes. This rapid growth continued, with a ~8-fold increase from 2 to 3 

hours, resulting in an average spike height of 3.46 µm. By 2.5 hours the nanospikes had started 

to bend and intertwine. By 7 hours growth, the height of the nanotopography had increased to 7 

µm, with the growth rate slowing between 3 to 7 hours. 

In contrast to nanospike height, the diameter of the nanotopography remained constant at 

approximately 45 nm over the 7-hour duration (Figure 4.11B). 

The density of identifiable nanospikes decreased with time (Figure 4.11C). After 30 minutes 

growth, the average density observed was 226 nanospikes/µm2. The density continued to decrease 

and at 2 hours growth, had reduced to 37 nanospikes/µm2. At 3 hours, the last time point with 

distinct nanospikes, there was an average of 2 nanospikes/µm2. At further time points, no ‘spikes’ 

were observed, as the nanotopography had intertwined to form ridges. 

As the nanospikes intertwined they formed pockets/niches that increased in diameter over time 

(Figure 4.11D). At 3 hours the pockets were the smallest, with an average diameter of 1.6 µm. 

The variability in diameter was also small, with a standard deviation of 0.4 µm. There was over 

a four-fold increase in median pocket diameter from 3 to 4 hours, but expansion then slowed from 
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4 to 6 hours. A larger increase of 1.6-fold was seen from 6 to 7 hours, the latter having a median 

diameter of 13.3 µm. As the time increased, a greater variability between the pocket diameters 

was also observed. 

 

 

Figure 4.11- SEM quantification of nanotopography grown with the alkaline hydrothermal process over 

30 mins to 7 hours. Nanotopography was grown on pure titanium substrates within a Teflon -lined acid 

digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. Using Image J, physical 

characteristics of the nanotopographies were determined based on 60 measurements from 3 disks from 

different batches. A) Average nanospike height, B) Average nanospike diameter, C) Average nanospike 

density per µm2, D) Average pocket diameter.  
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4.3.2 Atomic Force Microscopy (AFM) 

AFM utilises a small sharp probe which interacts directly with the sample interface. The 

movement of the probe is measured by a laser beam angled onto the probe and directed into a 

detector. The technique allows 3D imaging with high vertical resolution of around 0.1 nm and 

direct measurement of the sample surface which is not possible with SEM. 

As this technique requires direct contact with the surface, high aspect ratio topographies such as 

those grown for 3 or more hours can lead to inaccurate imaging and measurements as a result of 

tip convolution, topography movement and random nanospike orientation. Taking these into 

consideration, the AFM was only used to image the 30 minutes to  2-hour nanotopographical 

surfaces. The calculated RMS roughness is the standard deviation of the distribution of surface 

heights and is more sensitive to large deviations than the average height measurements (Soliman 

et al., 2002).  

The following topography characteristics were quantified using AFM: 

1. Average nanospike height 

2. RMS surface roughness  

3. surface area increase  

The resulting images are illustrated in Figure 4.12. The mirror polished titanium surface had an 

average height of 8.9 nm and an RMS roughness of 3.1 nm, indicating a very flat surface for the 

nanotopography to grow upon (Figure 4.13). The height of the nanospikes generally increased 

with time. However, between 1 and 1.5 hours there was little change, whereas from 1.5 to 2 hours 

the average nanospike height increased by two-fold to 432 nm (Figure 4.13A).  

The RMS roughness showed a similar trend to that of the height (Figure 4.13B). The 2-hour 

nanospikes had the highest surface RMS roughness of 112 nm. The surface area increased from 

25 µm2 over time, again showing a similar trend to that of nanospike height (Figure 4.13C). 
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Figure 4.12- AFM imaging of nanotopography grown with the alkaline hydrothermal process from 30 

mins to 2 hours. Nanotopography was grown on pure titanium substrates within a Teflon-lined acid 

digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. A) Flat mirror polished surface, B) 30 -

minutes nanospikes, C) 1-hour nanospikes, D) 1.5-hour nanospikes, E) 2-hour nanospikes. Imaging area 

of 5 µm by 5 µm. 
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Figure 4.13- AFM quantification of nanotopography grown with the alkaline hydrothermal process from 

30 mins to 2 hours. Nanotopography was grown on pure titanium substrates within a Teflon -lined acid 

digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. Using NanoScope  software, physical 

characteristics of the nanotopographies were measured. A) Median nanospike height, B) RMS 

Roughness, C) Surface area % increase.  
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4.3.3 Optical Profilometry (OP) 

AFM could only be used to analyse topography grown at the shorter time durations and therefore 

another technique had to be used to analyse the larger topography grown from 3 hours. Optical 

profilometry (OP) is a non-contact visualisation technique widely used in material science to 

analyse surface topography in 3D. 

In this project OP was used to measure the surface roughness, both RMS and maximum 

roughness, and average height of the nanotopography/ridges grown between 3-7 hours. The 

maximum roughness is the vertical distance between the lowest valley observed and highest peak 

along the profile length (Soliman et al., 2002). As it uses light and dependent on the objective, 

the resolution is relatively low compared to SEM and AFM. This meant it was only possible to 

image topography that had been grown for more than three hours and with a large surface area. 

OP was used to quantify the following characteristics: 

1. Average height of nanotopography (ridges) 

2. RMS surface roughness 

3. maximum surface roughness 

Top and 3D views of the 3-7-hour disks are shown in Figure 4.14. These illustrate the pocket 

walls, highlighted in red, with the bottom of the pockets shown in blue. The columnar peaks of 

the multiple intertwined nanospikes can be seen in green. There was a clear trend of the pocket 

area (blue) to widen over time, with a corresponding decrease in peaks (green) and walls (red). 

The height of nanospikes increased over time, with a median height of 2.3 µm at 3 hours, 

increasing by 2.7-fold to 6.1 µm at 7 hours (Figure 4.15A). Similar profiles were seen for RMS 

roughness, which increased from 0.4 µm at 3 hours to 1.32 µm at 7 hours (Figure 4.15B), and 

for maximum roughness (Figure 4.15C). 
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Figure 4.14- Optical profilometry imaging of nanotopography grown with the alkaline hydrothe rmal 

process from 3 to 7 hours. Nanotopography was grown on pure titanium substrates within a Teflon-lined 

acid digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. Optical profilometry scans 

(20x20 µm) with top view (1) and tilted 3D models (2) of A) 3-hour nanospikes, B) 4-hour nanospikes, C) 

5-hour nanospikes, D) 6-hour nanospikes and E) 7-hour nanospikes.  
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Figure 4.15- Optical profilometry quantification of nanotopography grown with the alka line 

hydrothermal process from 3 to 7 hours. Nanotopography was grown on pure titanium substrates within 

a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. A) Median 

nanospike height, B) RMS Roughness, C) Maximum Roughness. 
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4.3.4 Confocal Microscopy (CM) 

CM enables accurate and representative imaging with high resolution by only using light at a 

specific Z-plane on the sample. This is achieved by two pinholes preventing out-of-focus light 

reaching the detector and giving a lateral resolution of less than 0.2 µm, better than the optical 

profilometer. Due to sample availability and the location of the confocal microscope at the 

National Physical Laboratory (NPL), the CM was only used to measure the 3 - and 4-hour 

nanotopographies.  

CM was used to visualise the nanotopography and the following characteristics were quantified: 

1. Average height of nanotopography (ridges) 

2. RMS roughness 

The 3-hour nanotopography had small pockets of intertwined nanotopography (Figure 4.16A), 

which appeared to widen, with the formation and thickening of ridges, at 4 hours (Figure 4.16B). 

The median height of the nanotopography at 3 hours was measured at 1.44 µm, increasing 2.6-

fold to 3.8 µm at 4 hours (Figure 4.17A). The RMS roughness similarly increased with time, by 

35% from 0.82 µm to 1.1 µm (Figure 4.17B). 

 

 

Figure 4.16- Confocal micrographs of nanotopography grown with the alkaline hydrothermal process 

for 3 and 4 hours. Nanotopography was grown on pure titanium substrates within a Teflon -lined acid 

digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. A) 3-hour nanospikes, B) 4-hour 

nanospikes. 
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Figure 4.17- Confocal microscope quantification of nanotopography grown with the alkaline 

hydrothermal process for 3 and 4 hours. Nanotopography was grown on pure titanium substrates within 

a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C. A) Mean peak 

height, B) RMS roughness. 
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4.4 Crystal Characterisation of Nanotopography 

During the alkaline hydrothermal process, the nanotopography formed is hypothesised to be 

transformed through different chemical and crystal configurations with the final product being 

titanium dioxide. Numerous analytical techniques were used to analyse these transformations. 

 

4.4.1 X-Ray Diffraction (XRD) 

Grazing incident X-Ray diffraction was carried out to investigate the crystal structure of the 

nanotopography formed at each stage of the alkaline hydrothermal process. The four major steps 

of the alkaline hydrothermal method (see Section 4.2.1) were expected to result in different 

chemistries and crystal structures.  

1. Alkaline hydrothermal treatment to generate sodium titanate nanotopography. 

2. Heat fixation at 300°C for 1 hour to ensure stabilisation of the nanotopography to the pure 

titanium substrate. 

3. Ion exchange in 0.6 M HCl between sodium ions in sodium titanate and hydrogen ions in 

the hydrochloric acid to form hydrogen titanate.  

4. Calcination at 600°C for 2 hours to convert hydrogen titanate into titanium dioxide.  

Figure 4.18 shows initially pure titanium (black) with diffraction peaks at 100, 002, 101, 102, 

110, 103, 200 and 201. After alkaline hydrothermal treatment with sodium hydroxide, diffraction 

peaks of 200, 110, 310, 020 and 220 appeared (red) corresponding to the sodium titanate crystal 

structure. The peaks present in the pure titanium sample could also be seen, corresponding to the 

underlying titanium substrate from which the nanotopography was grown. After 300°C fixation 

for 1 hour (blue) and 1-hour immersion in 0.6 M HCl (pink), the same peaks were observed, 

indicating no change in the crystal structure. At the end of the process, polymorphous titanium 

dioxide was observed (green), with the presence of anatase (A) peaks such as 101, 200, 105 and 

rutile (R) peaks such as 110 and 111. 

As a polymorphic composition of both anatase and rutile was observed, the relative amounts of 

each phase by weight were estimated from the Spurr and Myers equation (Spurr and Myers, 1957; 

Su et al., 2011). Using the relative intensity values from the XRD spectra (Figure 4.18 (green)) 

of the anatase 101 peak (108.75) and the rutile 110 peak (38.20), the percentage anatase present 

was calculated using Equation 3.1. The results indicated that the titanium dioxide consisted of 

approximately 70% anatase and 30% rutile.  



4. FORMATION AND CHARACTERISATION OF NANOTOPOGRAPHY 

92 
 

0 20 40 60 80

(R)

(R)

(A)

(R)

(R)
(R)

105(A)

200(A)

111(R)(R)

(R)
110(R)

101(A)

020 220

310

110200

220020

310

200

201
200103

110102101002

 Titanium substrate, no alkaline hydrothermal treatment.

 After alkaline hydrothermal treatment.

 After heat fixing treatment at 300 °C for 1 hour.

 After 1M HCl ion exchange treatment.

 After calcination of 600 °C for 2 hours. 

R
e

la
ti
v
e
 I

n
te

n
s
it
y
 (

a
rb

.)

2theta (degrees)

100

110

020 220
110200

310

 

Figure 4.18- XRD analysis at each stage of the alkaline hydrothermal process. Nanotopography was 

grown on pure titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 

1 M NaOH at 240°C for 2 hours. Disks were systematically removed at each stage for analysis. 
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4.4.2 Transmission Electron Microscope (TEM) 

TEM allows the visualisation of the internal crystalline structure of a sample. The crystal lattice 

structure of the 2-hour nanospikes generated by the alkaline hydrothermal process was analysed 

for anatase and rutile phases. As this technique also enabled imaging of the nanospike, the 

diameter was also measured.  

Visualisation of a 2-hour nanospike by TEM showed the presence of a polymorphous crystal 

lattice with many different planes, shown in red and orange, indicating different crystal 

orientations within the spikes (Figure 4.19). The nanospikes were predominantly anatase (red), 

as most of the planes had a lattice spacing of 0.332 nm. Some of the planes had a lattice spacing 

of ~0.238 nm, consistent with the rutile phase (orange). The TEM images also confirmed that the 

2-hour nanospikes had an average diameter of ~45 nm consistent with the SEM measurements.  

 

 

Figure 4.19- TEM image of 2-hour nanospike showing crystal lattice. Nanotopography was grown on 

pure titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M 

NaOH at 240°C for 2 hours. The nanotopography was scraped off the disk and fixed onto a copper lattice 

for TEM imaging. Anatase lattice indicated in red and rutile in yellow. 

  

Region of Nanospike 
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4.4.3 Energy Dispersive X-Ray Spectroscopy (EDX) 

EDX is widely used to investigate the elemental composition of a sample. In this project it was 

used to analyse the elemental composition of the nanospikes after the 2-hour alkaline 

hydrothermal process and post treatment.  

Two regions of a nanospike were analysed (Figure 4.20A) and gave comparable results, 

indicating that the nanospikes were essentially homogeneous (Figure 4.20B). Both regions 

showed that titanium (~45%) and oxygen (~35%) were the most common elements present. 

Copper (~20%) was also present in both regions, due to contamination from the copper mesh on 

which the nanospikes were fixed. EDX analysis confirmed that the nanospikes consist of pure  

titanium dioxide. No sodium from the sodium titanate was present, indicating that the complete 

ion exchange with hydrochloric acid during the post treatment process was successful.  
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Figure 4.20- EDX analysis of 2-hour nanospikes. Nanotopography was grown on pure titanium 

substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 1 M NaOH at 240°C 

for 2 hours. A) SEM showing nanotopography and regions of EDX analysis. B1) and B2) EDX spectra of 

nanospikes from the two different regions. 
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4.4.4 X-Ray Photoelectron Spectroscopy (XPS) 

XPS is used to analyse elemental surface composition and bonding states between elements 

within a sample. XPS was utilised in this project to corroborate the EDX and XRD results that 

indicated titanium dioxide as the final product of nanospike growth and also to give information 

regarding the elemental binding states. 

Three main elements were present in the pure titanium substrate in the form of oxygen ~530 eV, 

titanium ~454 eV and carbon ~285 eV (Figure 4.21). Nitrogen was also included to enable 

comparison with AMP-functionalised surfaces in subsequent studies. The titanium spectra 

indicated that titanium dioxide was present, along with the underlying titanium metal. The oxygen 

spectra showed the presence of metal oxides, likely to be titanium oxide. There was a little 

nitrogen present on the surface, as shown by the lower intensity values compared to titanium and 

oxygen. There was also a minor presence of carbon in the form of C-C and C-C=O bonds likely 

due to natural contamination of the surfaces by air adsorption. 

The survey scan of the 2-hour nanotopography, as with the pure titanium substrate, indicated that 

the dominant elements of the nanotopography were titanium, oxygen and carbon (Figure 4.21). 

The titanium was present primarily as titanium dioxide. The underlying metal of pure titanium 

was not measured, as the nanotopography was more than 5 nm in height and therefore exceeded 

the analytical depth of XPS. Oxygen was present as a metal oxide, likely to be titanium dioxide, 

with the presence of additional metal hydroxides. There was also contamination with some 

nitrogen in small amounts and carbon with C-C and C-C=O bonds as seen on the pure titanium. 

Taken together, these results highlighted that the nanotopography was most likely to be titanium 

dioxide, supporting the results of the XRD and EDX analyses. 
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Figure 4.21- XPS spectra of pure titanium and 2-hour nanotopography. Nanotopography was grown on 

pure titanium substrates within Teflon-lined acid digestion vessels with the conditions of 52 ml 1 M 

NaOH at 240°C for 2 hours. XPS analysis was carried out on pure titanium (column A) and 2-hour 

nanospikes (column B). Includes survey scan and highlighted regions of titanium, oxygen, nitrogen and 

carbon. CPS=counts per second. 
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4.5 Discussion 

4.5.1 Effects of Processing Conditions on Nanotopography 

In this project, the alkaline hydrothermal technique was used to generate titanium dioxide 

nanotopographies on the surface of pure titanium substrate. This method has been widely used 

with varying temperatures, durations and sodium hydroxide molarities to generate different 

nanotopography structures on titanium substrates (Dong et al., 2007; Diu et al., 2014; Guo et al., 

2017; Song et al., 2005; Simović et al., 2019). The protocols used in this project were similar to 

those of Dong et al. (2007), Diu et al. (2014) and Tsimbouri et al. (2016). The hydrothermal 

process involved four stages. The first stage involved the generation of the nanotopography by 

immersing in sodium hydroxide, followed by heat treatment at 300°C, immersion in 0.6 M HCl 

and a final calcination of 600°C. There was little visual change in the nanotopography during 

these stages, confirming that the nanotopography generated at the first stage could withstand post 

treatment conditions.  

Building on the work of Dong et al. (2007), systematic studies were then conducted to determine 

the optimal sodium hydroxide volumes, concentration, temperature and growth times required to 

form a nanotopography most alike to the bactericidal nanospikes reported on insect wings. The 

nanospikes grew progressively in length with time. It has been suggested that the nanospikes 

grow both upwards and downwards, the downwards growth ensuring stability in the corroded 

layer and a generally perpendicular orientation upwards (Dong et al., 2007). From 2.5 hours 

onwards, the nanospikes started to bend and intertwine, which led to the formation of ‘pockets’ 

or ‘nests’. These comprised of smooth sides and nanospike tips of braided singular spikes 

protruding directly upwards, which increased in diameter and height with time. Such observations 

were generally consistent with previous studies (Tsimbouri et al.; 2016; Diu et al., 2014; Dong 

et al., 2007), with the intertwining proposed by some workers to be encouraged by the high-

tension environment static charge between nanospikes (Dong et al., 2007; Sun et al., 2006; Kong 

et al., 2004). 

The nanospikes became taller, more perpendicular and sharper with temperature. This may have 

been a result of increasing temperature promoting the nucleation and crystal growth and higher 

pressure within the vessel (Liu et al., 2014). The growth of the nanotopography was also more 

rapid and may have been due to the increasing temperatures above 130°C that are required to 

break the titanium oxygen bonds, which is an initial step to form sodium titanate during the 

alkaline treatment (Liu et al., 2014; Ou and Lo, 2007; Lai et al., 2015). A maximum temperature 

of 250°C was limited by the specification of the acid-digestion vessels. 
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Optimum nanospikes were observed using 1 M NaOH, consistent with Dong et al. (2007). 

Increasing molarity leads to the reaction being accelerated due to enhanced titanium dissolution 

and the formation of sodium titanate (Liu et al., 2014). At the high NaOH molarity of 3-5 M, the 

nanostructures became less well formed probably due to excessive titanium dissolution (Ou and 

Lo, 2007; Liu et al., 2014; Wang et al., 2011). 

Changing the volume of 1 M NaOH had minimal effects on the nanotopography formed. This 

may have been due to the saturated vapour pressure that occurs within the closed Teflon vessel, 

as water evaporates at the high temperature of 240°C, with an equilibrium between the rate of 

evaporation and condensation of the water in the vessel. Any minor changes may be due to the 

small pressure changes generated within the Teflon vessel with increasing liquid volumes (Wong, 

Tan and Mohamed, 2011; Huang, 2018).  

With use, the Teflon vessel degraded gradually due to the high temperatures and pressures that 

were exerted upon it, close to the maximum operational temperature of 260°C for the Teflon 

vessels (Venkateswarlu et al., 2014). As a result, the quality of the nanospike growth decreased. 

The results from the old vessels, new vessels and the addition of the spacers suggest that pressure 

maintenance is imperative for high quality and reliable growth of the nanotopography, affecting 

titanium dissolution and the sodium titanate formation processes. The ability to form separate 

thin nanospikes is affected by a lower pressure environment. Therefore, variability in the 

pressure, due to leakage from a compromised seal or fluctuation in vessel volume during heating 

and cooling, would compromise this process.  

 

4.5.2 Application of Nanotopography in the Clinical Setting  

The alkaline hydrothermal method was also tested on the Ti64 alloy, which is primarily used for 

orthopaedic implants. The nanospikes for pure titanium and Ti64 were similar for the 2-hour 

disks, but for the 3-hour disks, the nested topography on Ti64 appeared similar to topography 

generated on pure titanium after 2.5 hours, indicating that marginally longer time periods may be 

required for optimised growth on Ti64 . Variability in growth between batches could have 

accounted for the observed differences but more likely reflects the fact that there is less titanium 

in the alloy. Nonetheless, the results indicate that the alkaline hydrothermal method has potential 

to be used on different Ti64 alloy substrates and thus possibly for a wide range of applications.  

The nanotopography was found to be easily damaged by physical touch. Orthopaedic and dental 

implants require significant handling during surgery. Based on the observations presented here, 

this could lead to destruction of some nanotopography before or during implant surgery. Although 

the titanium dioxide is biocompatible, damaged nanospikes could cause adverse effects such as 
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inflammation and osteolysis and ultimately lead to implant failure (Guo et al., 2019; Hallab, 

Cunningham and Jacobs, 2003; Eger et al., 2018). Hallab et al. (2003) found the wear and 

corrosion from titanium spinal implants resulted in high levels of pro-inflammatory cytokines 

such as tumour necrosis factor-alpha (TNF-α) and osteoclasts, and elevated levels of osteolysis, 

which led to bone resorption. To mitigate these potential problems, strict handling procedures 

should be investigated, with specific areas designed on an implant that are available to touch and 

where no nanotopography is present. Trabecular implants, generate a 3D porous environment, 

and nanotopography growth within this environment could shield the nanotopography from 

destruction during insertion into the body (Bencharit et al., 2014).  

 

4.5.3 Comparison of Different Quantification Techniques 

Physical characterisation of the nanotopography was measured by a wide range of techniques to 

determine nanotopography height, diameter and density, together with surface roughness and 

surface area. Certain measurements could only be obtained from a specific technique, but most 

of the physical attributes could be determined using multiple approaches, enabling comparisons 

to be made. 

 

4.5.3.1 Average Nanospike Height 

To measure the height of the nanotopography, SEM was used for all surfaces (30 mins to 7 hours), 

while AFM was used only for the shorter time periods of 30 minutes to 2 hours. Optical 

profilometry and CM was used to quantify height for 3-hour nanotopographies and above. Figure 

4.22 summarises the average height measurements obtained with each technique. 

For the short time durations, between 30 minutes and 2 hours, the SEM and AFM results were 

generally similar. Both techniques also highlighted inhibited growth between 1 and 1.5 hours. 

This may be due to the time required for sufficient corrosion of the titanium surface to occur to 

encourage nanotopography growth (Dong et al., 2007). The longer time duration measurements 

using SEM, optical profilometry and CM had a greater variation as heights increased. Generally, 

the SEM measurements were higher, and this is likely due to the difficulty in determining the 

depth of the topography using a 30° tilt image with the Image J software, leading to an 

overestimation. Optical profilometry and CM produced similar height measurements for the 3-

hour and 4-hour disks. CM has a high resolution (~0.2 µm) compared to OP (~0.5 µm), but 

differences may also be due to natural batch variation during alkaline hydrothermal growth 

(Fouquet et al., 2015). Measurements were taken from SEM images of decreasing magnification 

due to the changes in the dimensions of the nanotopography over time. For example, 2-hour 
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nanotopography were imaged with SEM at 80,000x magnification while 7-hour topography were 

imaged at 10,000x magnification. For AFM, CM and OP the surface area remained the same for 

each duration imaged and nanotopography dimensions measured. Different surface areas were 

measured between the techniques. For AFM a 5µm2 surface area was measured as the 

nanotopography were on the nanoscale; a small surface area was required to accurate image the 

nanotopography. For OP and CM, a surface area of 20µm2 and 100µm2 were measured 

respectively. Here the topography was microscale in height so a larger area was required to 

visualise the fabricated structures. 

Diu et al. (2014) measured two nanotopographies grown at 240°C in 1 M NaOH and, using CM, 

reported average nanospike heights of ~3 µm after 3-hours growth and ~7 µm after 8-hours 

growth. This is consistent with the SEM measurements from this project. Dong et al. (2007) also 

reported the height of nanospikes generated at 240°C with 1 M NaOH. Using SEM images, they 

measured the topography to be 200 nm at 30 minutes, 400 nm at 1 hour, 2-5 µm at 2 and 4 hours. 

These values are higher at the shorter times than observed in this project, but the exact 

quantification methodology used by Dong et al. (2007) is not known. Likewise, although unclear 

how the measurement was taken, Jaggessar et al. (2018) reported a length of 298±33 nm at 3 

hours growth with 240°C and 1 M NaOH. 

As anticipated, the increase in nanospike height over time correlated with a concomitant increase 

in surface area as measured by AFM. 
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Figure 4.22- Comparison of average nanotopography height using four surface characterisation 

techniques. Statistical significance determined by ANOVA with post-hoc Tukey and Bonferroni tests, * 

p≤0.05. n=3 from 20 measurements. 

Average Nanospike Diameter 

The mean diameter of the nanospikes was found to be ~45 nm, as determined by both SEM and 

TEM, and remained constant during the alkaline hydrothermal growth which highlights the 

epitaxial growth (Liu et al., 2014). Both these techniques have high resolution so the topography 

could be accurately imaged and then measured using image J software. 

To obtain suitable images from SEM microscopy, a thin conductive coating of ~6 nm of gold-

palladium was applied to the surface. If the coating is not used the electron beam may damage 

the sample and over charging may lead to poor imaging. A consideration when adding the coating 

is that it may potentially change/mask some aspects of the structures being visualised (Adamski, 

Rybska and Błoszyk, 2012). This is an important factor when measuring the diameter of the 
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nanotopography. In this project the diameter was measured, and 12 nm removed to give an 

accurate estimate of the diameter of the original nanotopography before the coating was applied. 

The diameter measured in this project differs from some reported diameters from other studies 

using similar hydrothermal techniques. Dong et al. (2007) reported 50-100 nm over time but it is 

unclear how this was measured. Diu et al. (2014) reported ~100 nm at 3-hour and 8-hour growth 

and is believed to have used the confocal microscope. The confocal microscope uses light and so 

has a relatively poor lateral resolution of 180 nm compared to electron microscope techniques 

such as SEM and TEM, which can have a resolution as low as 1 nm (Bogner et al., 2006). This 

may have led to a 2-fold higher estimate of the nanotopography diameter. 

Tsimbouri et al. (2016) reported 25 nm in diameter for 2-hour to 3-hour nanospike growth and 

was probably measured by SEM. The samples were unlikely to be sputter coated, which 

potentially results in low resolution images that can be challenging to accurately measure using 

programs such as image J. 

Cao et al. (2018) reported 70 nm at 2-hours growth and 100 nm at 3-hours growth, measured by 

AFM. As described previously, when imaging and measuring topographies of high aspect ratio 

such as these nanostructures with AFM, tip convolution may lead to inaccurate representations 

of the features. The AFM, along with the confocal microscope, may not be able to distinguish 

between nanospikes when they are intertwined together, leading to an overestimation of the 

diameter, as it consists of multiple spikes. Although unclear how the measurement was taken, 

Jaggessar et al. (2018) recorded an average diameter of 52±12 nm for 3-hour nanotopography. 

 

Nanospike Density and Pocket Formation 

Nanospike density was measured by SEM and progressively reduced with time. This may be due 

to the coalescing of sodium titanate crystals formed during the alkaline hydrothermal process, as 

upward growth occurs over time (Goudeli and Pratsinis, 2017). After 3 hours growth, there was 

intertwining of the nanotopography, which was then quantitatively counted as a single spike. This 

braiding may be due to the surface tension ef fects when in liquid or static charge between the 

nanospikes (Sun et al., 2006; Kong et al., 2004). 

At periods in excess of 3 hours, no individual spikes were observed as the nanotopography had 

intertwined to form ridges; over time, the pockets or niches increased in height and average 

diameter. At 4-hour growth, Dong et al. (2007) reported a pocket diameter of 2-10 µm; for 8-

hour nanotopography Diu et al. (2014) reported an average pocket diameter of 10-15 µm. Both 

these studies correlate with the measurements for this project. The increase in topography height 
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and pocket diameter over time reflects the growth of the nanospikes and as the intertwining of 

the nanospikes are orientated laterally, the pockets increase in diameter. 

 

Roughness 

The RMS roughness of the shorter time durations, 30 minutes to 2 hours, were measured with 

AFM, while the longer time durations (>3 hours) were measured by OP and confocal microscopy. 

RMS and maximum roughness increased progressively with nanotopography development over 

time, reflecting the upward growth and increasing height of the nanotopography.  

The RMS roughness was ~120 nm for the 2-hour nanospikes (from AFM), increasing to ~600 nm 

for the 4-hour nanotopography and ~1400 nm at 7-hours (from OP). The CM values tended to be 

higher (1100 nm at 4-hour nanotopography), possibly due to the significantly higher CM 

resolution compared to OP. Cao et al. (2018) reported roughness of 245 nm at 2-hours growth 

and 619 nm at 3-hour growth. Differences may be due to the techniques used, as Cao et al. (2018) 

used AFM for both surfaces. For AFM, differences in tips used, scan rate and scan area size can 

have a significant effect on tip convolution and subsequent quantification. The maximum 

roughness values (as measured by OP) is generally 2-3 times greater than the RMS values (as 

measured by CM and OP). The maximum roughness is a measurement of the vertical extremes 

of a surface, while the RMS roughness is the standard deviation of the distribution of surface 

heights (Soliman et al., 2002). 
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Figure 4.23- Comparison of roughness measurements using three surface characterisation techniques. 

RMS: Root-mean-square roughness; Max: Maximum roughness 

 

4.5.4 Composition and Crystal Structure of Nanotopography 

Analysis of the crystal structure of the nanotopography confirmed the predicted stages of the 

alkaline hydrothermal method, and that the final product comprised of titanium oxide, primarily 

in the form of anatase. 

When the titanium disks are submerged in NaOH, the surface of the titanium undergoes 

progressive corrosion and sodium titanate nanospikes (Na2Ti2O5⋅H2O) grow perpendicularly 

from the substrate (Equation 4.1). This was confirmed by XRD by the presence of the 200, 110, 

310, 020 and 220 peaks, which correspond to sodium titanate (Liu, Boercker and Aydil, 2008; 

Boercker, Enache-Pommer and Aydil, 2008). The spikes have been shown to have a body centred 

orthorhombic structure made up of TiO6 octahedral sheets, which are electrostatically held 

together by Na+ ions (Boercker, Enache-Pommer and Aydil, 2008; Kiatkittipong et al., 2013; 

Wang et al., 2011).  
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2Ti + 2NaOH + 4H2O                                      Na2Ti2O5⋅H2O + 4H2 

Equation 4.1- Alkaline hydrothermal reaction between titanium and sodium hydroxide to form sodium 

titanate and hydrogen. 

Immersing the disks in hydrochloric acid leads to ion exchange between the sodium ions in the 

sodium titanium nanospikes and hydrogen ions in the HCl to generate hydrogen titanate 

(H2Ti2O5⋅H2O) nanospikes (Equation 4.2) (Liu, Boercker and Aydil, 2008; Boercker, Enache-

Pommer and Aydil, 2008). Hydrogen titanate has the same crystal structure as the sodium titanate 

nanospikes, as shown by the same XRD peaks of 200, 110, 310, 020 and 220 (Liu, Boercker and 

Aydil, 2008; Boercker, Enache-Pommer and Aydil, 2008; Kiatkittipong et al., 2013). Previous 

research (Liu et al., 2008) has observed a shift to the left of the 200 and 310 diffraction peaks, 

indicating a slight change in lattice spacing that may be due to the exchange between sodium and 

hydrogen ions between the titanium oxide octahedral sheets. However, this shift may have been 

due to data processing, and no discernible shift was seen in the XRD data reported here. 

Na2Ti2O5⋅H2O + 2HCl                                   H2Ti2O5⋅H2O + 2NaCl 

Equation 4.2- Ion Exchange reaction to convert sodium titanate into hydrogen titanate and sodium 

chloride. 

The final step of the alkaline hydrothermal process involves calcination/dehydration of the 

nanospikes in air at 600°C for 2 hours, during which the nanospikes should be converted into 

TiO2 nanospikes through topotactic transformation (Equation 4.3). During heating, the TiO6 

octahedral sheets within the hydrogen titanate come together and rearrange to form TiO 2. This 

transformation was confirmed by the presence of peaks resembling titanium dioxide in XRD 

spectra, and the presence of the chemical bond of titanium dioxide, as detected by XPS (Liu, 

Boercker and Aydil, 2008; Boercker, Enache-Pommer and Aydil, 2008; Ijadpanah-Saravy et al., 

2014).  

H2Ti2O5⋅H2O                                  2TiO2 +2H2O 

Equation 4.3- Calcination step where hydrogen titanate is converted into titanium dioxide.  

EDX and XPS analysis confirmed that the nanospikes consisted of pure titanium dioxide. No 

sodium from the sodium titanate was present, indicating that the ion exchange with hydrochloric 

acid during the post treatment process was successful. The XRD and TEM results indicated that 

the titanium dioxide consisted of approximately 70% anatase and 30% rutile. The anatase to rutile 

transformation occurs at around 600°C so more rutile may be expected at higher temperatures 

(Byrne et al., 2016) 
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5.1 Introduction 

The objective of this chapter is to evaluate the antimicrobial potential of the nanotopographical 

arrays produced by the alkaline hydrothermal method as described in the previous chapter. From 

previous studies (Diu et al., 2014; Cao et al., 2018; Tsimbouri et al., 2016) there are indications 

that the nanotopography formed had antimicrobial activity and so it was therefore anticipated that 

the nanotopography generated for this project may also exhibit antimicrobial properties against 

both Gram-positive and -negative bacteria.  

Many of the previous studies used only Live/Dead staining as the method of assessing bactericidal 

potential of the nanotopography (Diu et al., 2014; Tsimbouri et al., 2016; Ivanova et al., 2013; 

Linklater et al., 2017; Hasan et al., 2013). While a valid and well-recognised technique, using a 

single approach limits the extent of the data that can be obtained and can risk potential 

methodology-based bias in data interpretation. 

In this project, a number of viability techniques were therefore tested against both Gram-negative 

(E. coli, P. aeruginosa and K. pneumoniae) and Gram-positive (S. aureus) bacteria. These 

included Live/Dead staining, viability quantitative PCR (v-qPCR), lactate dehydrogenase (LDH) 

assay, and metabolic-based assays BacTiter-Glo and RealTime-Glo. The interaction of the 

bacteria with the nanotopography were also visualised by SEM and SEM-FIM. 

 

5.2 Viability Assays and Techniques 

5.2.1 Live/Dead BacLight Bacterial Viability Assay 

The Live/Dead BacLight assay is a widely used image-based technique using fluorescence 

microscopy or CLSM for visual assessment of intact or disrupted bacterial cell membranes within 

a population adhering to an interface (Ivanova et al., 2012; Bhadra et al., 2015; Pogodin et al., 

2013). The assay involves two fluorescent dyes of different cell permeability and light excitation 
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and emission wavelengths. SYTO9, with excitation/emission spectra of 480/500 nm, is a 

membrane permeable stain that fluoresces green when bound to nucleic acid and consequently 

identifies all bacteria within the population. 

Propidium iodide (PI), with an excitation/emission spectra of 490/635 nm, is membrane 

impermeable and thus may only enters cells with a disrupted membrane. PI binds to bacterial 

nucleic acid and has the capacity to displace any bound SYTO9, so that dead or damaged bacterial 

cells may fluoresce red (Stiefel et al., 2015; Stocks, 2004; Robertson et al., 2019; Rosenberg, 

Azevedo and Ivask, 2019).  

 

5.2.2 Viability qPCR 

Viability polymerase chain reaction (v-PCR) is a technique to assess the viability of bacteria 

within a suspension or on a surface. To discriminate between DNA harvested from viable or non-

viable cells, v-qPCR utilises a non-membrane permeable intercalating DNA dye, propidium 

monoazide (PMA) (Zhou et al., 2019; Telli and Doğruer, 2019). PMA enters bacterial cells with 

a disrupted membrane and in the presence of intense visible light, the dye photolyzes and 

covalently binds to DNA. The DNA is irreversibly modified and consequently PMA inhibits its 

normal amplification by Taq polymerase. A schematic of this process is shown in Figure 5.1. 

Within an experiment, samples are split into PMA-treated and non-treated reactions, which are 

used to calculate the quantity of DNA derived from viable cells and all cells (total DNA) 

respectively. During the qPCR reaction, samples with high levels of cell death will have relatively 

low levels of amplifiable DNA following PMA modification, and therefore will give a high 

threshold cycle (CT) value. The difference in CT values between the PMA-treated and untreated 

reactions potentially allows quantification of the proportion of viable/non-viable cells in a 

population. A standard curve of DNA extracted from bacterial suspensions of known cell number 

against CT values can be used to quantify the number of viable cells present in the test sample 

(Telli and Doğruer, 2019).  
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Figure 5.1- v-PCR schematic. (Biotium, 2019) 

 

5.2.3 Lactate Dehydrogenase Activity Assay 

The lactate dehydrogenase (LDH) activity assay is a colorimetric method developed by Merck 

and is most commonly used for assessing the viability of mammalian cells.  For this study, the 

suitability of this method for bacteria was investigated, as it offered the benefit of not requiring 

bacteria to be recovered from the nanotopography for analysis. LDH is an enzyme present in cells 

that catalyses the reaction between pyruvate and lactate. When the cell membrane is damaged, 

LDH is released into the environment, where it can be detected. High levels of LDH therefore 

indicate high levels of membrane-compromised cells. 

The assay quantifies the amount of LDH present in the environment by applying the substrate 

NAD, which LDH reduces to NADH. NADH is then oxidised by reacting with a tetrazolium salt 

into a red formazan product that can be quantified by absorbance measurements at 450 nm. The 

process is shown schematically in Figure 5.2. The absorbance is related to the amount of LDH 

present and to the number of dead or damaged cells (Kumar, Nagarajan and Uchil, 2018; Kaja et 

al., 2017, 2015). 
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Figure 5.2- Schematic of the LDH activity assay (Promega, 2012) 

 

5.2.4 BacTiter-Glo 

The BacTiter-Glo assay was developed by Promega and provides a quantitative technique based 

on ATP levels to determine the number of metabolically viable microbial cells present in a 

solution. This assay has been used in several recent studies to assess bacterial viability (Reyneke 

et al., 2016; Tschang and Thoma, 2019; Santivañez-Veliz et al., 2016). Bacterial cells are lysed 

to release their ATP. Lysates are then mixed with beetle luciferin and a recombinant firefly 

luciferase. ATP allows the oxygenation of the luciferin by the luciferase enzyme, releasing a 

‘glow-type’ luminescence signal that can be quantified (Figure 5.3). 

Viable, metabolising cells have high levels of ATP, while dead or low metabolising cells have 

low levels of ATP present. The level of luminescence is related to the number of viable cells 

within a solution, which can be determined using standard curves of luminescent signal against 

bacterial CFU (Promega, 2016a).  
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Figure 5.3- Schematic of the BacTiter-Glo assay mechanism (Promega, 2016a) 

 

5.2.5 RealTime-Glo 

RealTime Glo is another microbial viability assay developed by Promega, which measures the 

metabolic reducing potential of the cell as an indicator of viability and is often used for 

mammalian cell studies (Figure 5.4) (Lowin et al., 2018; Petersen, Tang and Fields, 2019; Slotta 

et al., 2018). The assay includes a cell-permeable MT Cell Viability Substrate and a NanoLuc 

luciferase enzyme. The MT Cell Viability Substrate is added to a bacterial suspension and if cells 

are viable, the substrate is reduced within the bacterial cell into a NanoLuc Substrate. This 

substrate subsequently diffuses out from the cells and rapidly reacts with the NanoLuc luciferase 

enzyme, resulting in a bioluminescent signal that can be measured. Non-viable cells are unable 

to reduce the pro-substrate and so cannot produce a luminescent signal. As the assay is non-lytic, 

it allows continuous assessment of bacterial viability over time (Promega, 2016b).  
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Figure 5.4- Schematic of the RealTime-Glo assay mechanism (Promega, 2016b). 

 

5.2.6 SEM and FIB-SEM 

Scanning electron microscopy (SEM) is an imaging technique dating back to 1935. It involves 

firing a focussed beam of accelerated electrons within a vacuum at a specimen and detecting the 

secondary electrons that are emitted from the surface to visualise the surface morphology and 

topography. This is now a routine technique widely utilised in material science , with a high 

resolution of 1-20 nm (Bogner et al., 2007). In this project the SEM was used to visualise the 

interaction of bacteria on the nanotopography. A limitation of the SEM when imaging this 

interaction is the inability to visualise the underneath or inside the bacterium. To overcome this 

problem the focus ion beam-SEM (FIB-SEM) was utilised. 

In FIB-SEM, a focused argon ion beam is sequentially used to slice or mill sample layers, as 

small as 3 nm thick. The SEM takes images of the sample after each slice of the FIB (Romero-

Brey and Bartenschlager, 2015). Using modelling programs such as Avizo, the images can be 

collated to generate 3D models of the sample to give an enhanced 3D perspective.  
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5.3 Assessment of Viability Technique Suitability 

5.3.1 v-qPCR 

5.3.1.1 Generation of a Standard Curve 

v-qPCR relies on the differences in the amount of amplifiable DNA template present within 

samples to quantify bacterial viability. As a first step, a standard curve was generated using 

known quantities (0.005-50 ng) of genomic DNA extracted from P. aeruginosa (Figure 5.5). 

This would allow Ct values from subsequent test samples to be converted into the corresponding 

amount of amplifiable DNA. A log plot of the known concentrations against their respective Ct 

values demonstrated a very high correlation between DNA concentration and fluorescence 

(Figure 5.6). 

 

 

Figure 5.5- Amplification plots for standard concentrations of DNA. Known concentrations of DNA from 

P. aeruginosa were amplified using qPCR to determine threshold cycle values. Systematic increases in Ct 

value with known DNA concentration decreases were seen. Turquoise: 50 ng, Green: 5 ng, Purple: 0.5 

ng, Blue: 0.05 ng and Red: 0.005 ng. 
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Figure 5.6- Log of DNA concentration against Ct value with line of best fit. The Ct values found 
from known concentrations of DNA were plotted against the log of the respective DNA 

concentration in nanograms. 

 

5.3.1.2 Validation of v-qPCR Method  

To assess the capacity of v-qPCR to distinguish between viable and non-viable bacteria, v-qPCR 

experiments were performed using P. aeruginosa suspensions of known viability levels (0%, 50% 

and 100% viability). Bacteria harvested from a mid-exponential phase broth culture were used as 

the 100% viable sample. To obtain a 0% viable sample, the bacterial suspension was heated at 

70°C for 20 minutes, and loss of viability confirmed by viable count. To obtain the 50% viable 

sample, the 100% and 0% viable samples were mixed at a 1:1 ratio. 

For the samples with added PMA, the highest Ct, as expected, was the 0% viability sample with 

a value of 22.1, followed by the 50% viability sample and then the 100% viability sample, with 

a Ct value of 13.28 (Figure 5.7). Confirming comparable cell numbers in each suspension, this 

latter Ct value was similar to the Ct values without PMA for 50% (13.04) and 0% (13.28) 

viability. A mistake during dilution of the genomic DNA in the 100% viability without PMA 

sample resulted in a lower Ct value of 11.11. Using the standard curve shown in Figure 5.6, the 

quantity of initial template DNA was calculated and is shown in Figure 5.7. 

Table 4.1 shows that only very minor amplifiable DNA (0.05%) is present in the 0% viability 

sample. As this sample had only dead cells the PMA dye should arrest all DNA being 

amplified. This technique is considered potentially useful but accurate bacterial viability may be 
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difficult to quantify as the 50% and 100% viability samples recorded values ~15% less at 36% 

and 85% respectively. This may imply that while the v-qPCR could distinguish between 

different levels of viability, it may only be accurate within a certain range of DNA template 

concentrations. These aspects would need to be taken into consideration for subsequent 

experiments. 

 

Figure 5.7- Amplification plots of P. aeruginosa suspensions at different viability levels.  Three 

suspensions of P. aeruginosa were prepared at 0%, 50% and 100% viability. DNA was extracted, 

normalised to the lowest concentration and used as template in v-qPCR. Blue: 0% viability+PMA, Pink: 

50% viability+PMA, Yellow: 100% viability+PMA, Orange: 0% viability-no PMA, Turquoise; 50% 

viability-no PMA; Brown: 100% viability-no PMA.  

 

Sample 
AVERAGE THRESHOLD 

CYCLE (CT) 
INITIAL AMPLIFIABLE DNA (ng) 

Negative Control 25.27 9.07x10-5 

Positive Control 12.27 3.67 

0% viability PMA 22.1 0.001205 

0% viability No-PMA 13.1 1.831 

50% viability PMA 14.3 0.7037 

50% viability No-PMA 13.04 1.972 

100% viability PMA 13.28 1.611 

100% viability No-PMA 11.11 ND* 

Table 5.1- Quantity of amplifiable template DNA from P. aeruginosa suspensions at different viability 

levels. *ND, not done (due to dilution error) 
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5.3.1.3 v-qPCR Pilot Study with Nanotopographical Surfaces 

In a pilot experiment, v-qPCR was used to investigate if a higher percentage of non-viable P. 

aeruginosa cells were present following a 3-hour incubation on 2-hour nanospike disks compared 

to flat disks (Table 5.2). A 3-hour timepoint was chosen due to previous research indicating 

bactericidal activity within this timeframe (Diu et al., 2014; Tsimbouri et al., 2016; Hazell et al., 

2018c; Jaggessar et al., 2018b). 

For both disk types, a higher Ct value was obtained for the samples with PMA compared to 

samples without PMA, indicating some cell death. Quantities of initial amplifiable DNA were 

then calculated, and the relative live/dead cell percentages estimated (Table 5.2). The results 

indicated that there were 10% more dead bacteria on the nanospikes compared to the flat titanium. 

However, the percentages of non-viable bacteria were unexpectedly high, especially for the 

control, at 70-80%. This was inconsistent with viability data obtained concomitantly using other 

methodologies. The merits of this technique is discussed in Section 4.6.1 but it was decided it 

was not sufficiently reliable so was not taken forward for further viability analyses. 

 

Sample 
AVERAGE THRESHOLD 

CYCLE (CT) 
INITIAL AMPLIFIABLE 

DNA (ng) 
% VIABILITY 

Flat Titanium with PMA 14.09 0.9523 Live: 28 
Dead: 72 

 Flat Titanium without PMA 12.06 3.425 

2-hr Nanospikes with PMA 14.92 0.4682 Live: 18 
Dead: 82 2-hr Nanospikes without PMA  12.9 2.646 

Table 5.2- Viability of P. aeruginosa on flat titanium and 2-hour nanospikes 
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5.3.2 Lactate Dehydrogenase Assay 

The lactate dehydrogenase (LDH) technique is a colorimetric assay that quantifies the amount of 

lactate dehydrogenase, released from a cell when it lyses. The higher the absorbance, the more 

LDH is present in the suspension indicating a higher proportion of non-viable cells. 

Two Gram negative bacteria, P. aeruginosa and K. pneumoniae , were incubated for 1 and 3 

hours on flat mirror-polished titanium disks or on five different nanotopographies generated over 

30 minutes to 7 hours (Figure 9.1). For P. aeruginosa, after 1-hour incubation, the A450 values 

were approximately 0.1 for all surfaces, rising to 0.3 after 3 hours. Likewise, A450 values were 

approximately 0.2 for K. pneumoniae, increasing to over 0.5 for all the test surfaces after 3 hours. 

Most of the nanotopographical surfaces had very slightly higher OD values than the flat titanium 

suggesting a higher proportional of dead cells. 

To convert these A450 values into % of dead cells, a total lysis sample was needed for each test 

surface to calculate the maximum quantity of LDH that could be released using the equation as 

shown in Section 3.3.2.2. Triton X-100 and a range of SDS-NaOH concentrations were tested, 

as the lysis solution supplied with the LDH assay was only compatible with eukaryotic cells. Only 

the Triton X-100 solution was able to lyse all the bacterial cells, and only for P. aeruginosa. 

These calculations implied that after 1-hour incubation, the percentage of dead cells was 

approximately 60% for all the surfaces, rising to nearly 100% after 3 hours (Figure 9.2). 

These data were inconsistent with those obtained using other methodologies. It was noted that 

there was a distinct colour difference between the test surfaces and positive control, possibly 

indicating that the Triton X-100 was interfering with the formation of formazan and thus the 

absorbance reading. Due to this complication, the LDH assay was not taken forward for further 

viability analyses. 
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5.4 Bacterial Viability on Nanotopography 

5.4.1 Live/Dead Stain 

Live/Dead imaging was used for K. pneumoniae and E. coli to qualitatively assess the distribution 

and number of cells adhering to the nanotopography compared to the flat titanium control, and 

the extent of any membrane disruption.  

On the control, most K. pneumoniae cells were viable, with a few non-viable cells present (Figure 

5.8). Likewise, across the different nanotopographies, most cells were still viable, with their 

membrane seemingly intact. This suggested that K. pneumoniae cell membranes were not 

penetrated by the nanospikes within the 3-hour incubation period. Furthermore, there were 

significantly fewer bacteria adhering, in excess of a 50% reduction, on the 2-, 3- and 4-hour 

nanospikes than on the flat titanium (Figure 5.8). Bacterial attachment on 3-hour and 4-hour 

nanotopographies, which have niches of ~1-2 µm and 5-7 µm in diameter, respectively, suggested 

that the topographies may sequester the bacteria within the niches (Figure 5.8D-E), as opposed 

to the more homogeneous coverage seen on flat titanium and short nanotopographies.  

 

 

Figure 5.8- Live/Dead staining of K. pneumoniae after 3-hours incubation on different surfaces.  

Bacterial inoculum (40 µl) was pipetted onto A) flat titanium, B) 1.5 -hour nanospikes, C) 2-hour 

nanospikes, D) 3-hour nanotopography, or E) 4-hour nanotopography surfaces and incubated at 37°C 

for 3 hours. The surfaces were washed in Tris-HCl and then incubated with SYTO9/PI stain for 15 

minutes. After washing to remove excess stain, the disks were then imaged under a fluorescence 

microscope. 
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For E. coli, on all the surfaces, most cells were green, indicating viable cells with intact 

membranes, and only a few red cells were visible (Figure 5.9). There was also evidence of 

bacteria being sequestered within the niches of the 3- and 4-hour nanotopography. There was a 

relatively homogeneous spread of E. coli cells on the flat titanium, but this was reduced 

considerably for the nanotopography, especially for the 3- and 4-hour disks, and even more than 

the cases for K. pneumoniae.  

 

 

Figure 5.9- Live/Dead staining of E. coli after 3-hours incubation on different surfaces. Bacterial 

inoculum (40 µl) was pipetted onto A) flat titanium, B) 1.5-hour nanospikes, C) 2-hour nanospikes, D) 3-

hour nanotopography, or E) 4-hour nanotopography surfaces and incubated at 37°C for 3 hours. The 

surfaces were washed in Tris-HCl and then incubated with SYTO9/PI stain for 15 minutes. After washing 

to remove excess stain, the disks were then imaged under a fluorescence microscope. 
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5.4.2 BacTiter-Glo 

5.4.2.1 Standard Curves 

BacTiter-Glo is a metabolic end-point assay that quantifies the presence of ATP as luminescence 

in a solution after it has been released from lysed bacteria. The assay measures the viability of 

the bacteria in the overlying solution and on the disks while the Live/Dead staining investigates 

the cells adhered on the disks. To be able to correlate luminescence with CFU, standard curves 

for each test strain were generated. 

Mid-exponential phase inocula of E. coli, K. pneumoniae and S. aureus were serially diluted, 

mixed with BacTiter-Glo reagent, and the luminescence measured on a plate reader. Mid-

exponential bacteria were used due to high metabolic rates during this phase, important for 

metabolic assays such as BacTiter-Glo. E. coli, K. pneumoniae and S. aureus were all used due 

to their prevalence in orthopaedic implant infections (Section 2.2.1) while P. aeruginosa was 

discarded due to possible mutation within bacterial stocks. Concomitant viable counts were 

carried out and the CFU calculated. Standard curves were then made by plotting the log of the 

luminescence against CFU (Figure 5.10). The graphs show a linear relationship between the log 

of the luminescence and corresponding CFUs for all three bacterial species. The slope of the line 

was used to convert measured luminescence values in subsequent experiments to CFU.  
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Figure 5.10- BacTiter Glo standard curves for E. coli, K. pneumoniae and S. aureus. Mid-
exponential phase inocula of A) E. coli, B) K. pneumoniae and C) S. aureus were serially 

diluted, mixed with BacTiter-Glo reagent, and the luminescence measured on a plate reader. 
These values were then plotted against corresponding viable counts. n=3 in triplicate. 
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5.4.2.2 Viability of Bacteria on Nanotopography 

Bacteria were incubated on five surfaces, including four nanotopographies (1.5-hour, 2-hour 3-

hour and 4-hour), for 3 hours, and levels of viability determined by BacTiter-Glo assay. For E. 

coli (Figure 5.11), K. pneumoniae (Figure 5.12) and S. aureus (Figure 5.13), numbers of viable 

cells on the nanotopographies were generally lower but not significantly different compared to 

the titanium control. This suggests that the metabolic activity of the bacterial cells was not 

significantly affected by the presence of nanotopographical surfaces within the 3-hour incubation 

period. Nonetheless, there was a trend for lower CFU values to be seen for E. coli on the niche-

type disks, and for K. pneumoniae across all of the nanotopographies. The most encouraging trend 

was exhibited by K. pneumoniae which indicated up to 50% fewer cells in the solution on the 

nanotopography than on the flat titanium. Of note, the trend was not apparent for S. aureus, a 

Gram-positive bacterium within the first 3 hours of incubation. S. aureus was then analysed for 

a 9-hour period by the RealTime-Glo assay as described Section 5.4.3. 

 

 

Figure 5.11- Viability of E. coli on different nanotopographical surfaces as assessed by BacTiter-Glo. 

Bacterial inocula (40 µl) were pipetted onto control (flat) or nanospike (NS) surfaces and incubated for 3 

hours at 37°C. BacTiter-Glo reagent was then added and the luminescence measured on a plate reader 

after 5 minutes (A). Luminescence values were converted into CFU using a standard curve (B). As 

determined by ANOVA with post-hoc Tukey and Bonferroni tests, NS=not significant. n=4 in duplicate. 
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Figure 5.12-Viability of K. pneumoniae on different nanotopographical surfaces as assessed by 

BacTiter-Glo. Bacterial inocula (40 µl) were pipetted onto control (flat) or nanospike (NS) surfaces and 

incubated for 3 hours at 37°C. BacTiter-Glo reagent was then added and the luminescence measured on 

a plate reader after 5 minutes (A). Luminescence values were converted into CFU using a standard curve 

(B). As determined by ANOVA with post-hoc Tukey and Bonferroni tests, NS=not significant. n=4 in 

duplicate. 

 

Figure 5.13- Viability of S. aureus on different nanotopographical surfaces as assessed by BacTiter-Glo. 

Bacterial inocula (40 µl) were pipetted onto control (flat) or nanospike (NS) surfaces and incubated for 3 

hours at 37°C. BacTiter-Glo reagent was then added and the luminescence measured on a plate reader 

after 5 minutes (A). Luminescence values were converted into CFU using a standard curve (B). 

Statistical significance determined by ANOVA with post-hoc Tukey and Bonferroni tests, NS=not 

significant. n=4 in duplicate. 

 

5.4.3 RealTime-Glo 

RealTime-Glo was used to measure the vitality of S. aureus every 10 minutes on flat titanium and 

five nanotopographical surfaces: 1-hour, 1.5-hour, 2-hours, 3-hours, and 4-hour. A duration of 9 

hours was used as, beyond this timepoint, the luminescence on each surface, including control, 
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decreased. This indicated that factors independent of surface morphology were affecting bacterial 

metabolism. 

Up to 3 hours, there was little difference observed between the disks, and bacterial growth on 

each of the surfaces entered the exponential phase at around 4 hours (Figure 9.3). Subsequently 

the highest luminescence readings were seen for both the 1-hour nanotopography and flat titanium 

disks, suggesting that these surfaces were most favourable for bacterial growth. The vitality of S. 

aureus on 1.5-hour and 3-hour nanotopography was similar, and significantly less than the flat 

titanium and 1-hour nanospike disks (Figure 9.3). This indicated that the longer nanospikes of 

the 1.5-hour nanotopography and the formation of pockets for the 3-hour nanotopography may 

be affecting bacterial growth. Luminescence readings for 2- and 4-hour nanotopographies 

remained very low over the 9 hours and maximum RLU values were only 5% and 17% 

respectively of those recorded for the flat titanium control (Figure 9.3). These results taken 

together with the BacTiter-Glo data suggest that the longer nanospikes and niche morphologies 

significantly impaired S. aureus metabolic activity but only after a 4-hour incubation period. 

 

5.5 Imaging Bacterial Interactions with Nanotopographies 

5.5.1 SEM Imaging of Bacterial Interactions with Surfaces 

Live/Dead staining had suggested that little membrane piercing, or disruption occurred when E. 

coli or K. pneumoniae interacted with the different nanotopographical surfaces over 3 hours. To 

better assess this by visualising the interactions at high magnification, SEM was utilised to image 

Gram-negative bacteria P. aeruginosa, E. coli, and K. pneumoniae, and the Gram-positive 

bacterium S. aureus, on flat titanium and three different nanotopographies: 2-hour, 3-hour and 4-

hour.  

 

5.5.1.1 P. aeruginosa Images 

On flat titanium (Figure 5.14A) there was evidence of cell division and the presence of adhesins 

assisting the attachment of P. aeruginosa to the surface. This suggests that the cells were healthy 

and growing. However, there was also evidence of excessive dehydration, as cells appeared flat, 

excessively wrinkled, and with membrane subsidence evident. Likewise, on the 2 -hour 

nanospikes, the P. aeruginosa cells had collapsed and deflated onto the spikes (Figure 5.14B).  

On the 3-hour and 4-hour nanotopography (Figure 5.14C and D), the cells had fallen into the 

formed pockets and adhered to the walls. However, once again, the cells appeared very flat; 
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membrane wrinkling and collapsing could be observed, resulting in relatively flat rather than the 

characteristic rod-shaped cells.  

Taken together, these data suggested that the fixation method, which involved fixing the bacteria 

in glutaraldehyde and potassium phosphate buffer, was insufficient, and/or the dehydration 

process in hexamethyldisilazane was too extreme. This risked giving a false impression regarding 

the capacity for the nanospikes to cause membrane disruption and deflation of the bacterial cells 

due to a loss of internal turgor pressure. The protocol was therefore modified for subsequent 

samples, using fixation in glutaraldehyde and sodium cacodylate, and critical point drying as a 

final dehydration step. 
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Figure 5.14- SEM images of P. aeruginosa on flat titanium and 3 nanotopographical surfaces after 3 -

hours incubation. P. aeruginosa cells were incubated for 3 hours at 37°C on A) flat titanium, B) 2 -hour 

nanospikes, C) 3-hour nanotopography, or D) 4-hour nanotopography. Samples were then fixed, 

dehydrated and visualised by SEM. 
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5.5.1.2 E. coli Images 

SEM images of E. coli cells on flat titanium and three nanotopographies, after the processing had 

been optimised, are shown in Figure 5.15. On the flat titanium (Figure 4.18A), there were 

healthy cells with surface-expressed adhesins mediating attachment, along with evidence of 

binary fission having taken place. The cells were bacillus shaped, with no evidence of dehydration 

or membrane collapsing, indicating that the revised protocol had resolved the issues observed for 

P. aeruginosa. On the 2-hour nanospikes (Figure 5.15B), the cells had a healthy appearance, with 

no evidence of membrane disruption or piercing. There were several elongated cells, which may 

be indicative of the first stages of cell division or a sign of unfavourable conditions. There was 

also a notable absence of adhesins expressed by the bacteria. 

On the 3-hour nanotopography (Figure 5.15C), many cells had fallen into the pockets, but some 

had adhered to the ridges of the topography. Due to their length, some E. coli cells were able to 

traverse the pockets. The low density of the spikes of the intertwined nanotopography, and the 

size of the bacteria, implied that effective piecing of the bacterial cells would be unlikely. 

For the 4-hour nanotopography (Figure 5.15D), most cells had adhered to the walls of the pockets 

or the ridges, while some had formed micro-colonies, adhering to each other and avoiding direct 

attachment to the nanotopography. Some cells were also elongated, again suggesting possible cell 

stress, while other bacterial cells appeared to have undergone or be undergoing binary fission. 
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Figure 5.15- E. coli cells on flat titanium and 3 nanotopographical surfaces after 3 -hours incubation. E. 

coli cells were incubated for 3 hours at 37°C on A) flat titanium, B) 2-hour nanospikes, C) 3-hour 

nanotopography, or D) 4-hour nanotopography. Samples were then fixed, dehydrated and visualised by 

SEM. 
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5.5.1.3 K. pneumoniae Images 

On the flat titanium (Figure 5.16A), K. pneumoniae exhibited a healthy, bacillus shape, with no 

evidence of membrane collapse or dehydration, and in some places, small aggregates of cells 

were forming. There was also evidence of adhesins facilitating attachment to the interface. On 

the 2-hour nanospikes (Figure 5.16B), some cells appeared to have some distortions in their 

morphology, suggesting possible membrane disturbance due to their interaction with the 

nanospikes. Some spikes were seen to indent the membranes, causing an irregular morphology, 

but complete piercing was not evident (Figure 4.20). Again, some micro-colonies could be 

observed.  

For the 3-hour nanotopography (Figure 5.16C), a few K. pneumoniae cells were present inside 

the pockets, although most had attached near the top of the pockets or along the ridges. Adhesins 

were evident, facilitating bacterial attachment to the nanotopography. Cell elongation and binary 

fission was also evident, suggesting that bacterial growth was occurring. The size of the bacteria 

enabled them to avoid the low-density upright nanospikes. There was also evidence that the 

nanotopography walls were causing the bacteria to assemble into distinct clusters of cells. On the 

4-hour nanotopography (Figure 5.16D), the K. pneumoniae cells primarily adhered to the ridges 

or upper regions of the walls, with adhesins seen to be assisting their attachment. Overall coverage 

of the surface by the bacterial cells was less than seen on the flat titanium and the 2 -hour 

nanotopography, suggesting that the pocket nanotopography may be hindering bacterial 

attachment. 

The SEM images are consistent with the results from the Live/Dead and BacTiter-Glo assays for 

Gram-negative E. coli and K. pneumoniae. The results together indicate that, although there are 

not significant cell deaths within 3-hours, the nanotopography causes stress and indentations. 

There is also reduced cell attachment especially for the pocket nanotopography.  
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Figure 5.16- K. pneumoniae cells on flat titanium and 3 nanotopographical surfaces after 3 -hours 

incubation. K. pneumoniae cells were incubated for 3 hours at 37°C on A) flat titanium, B) 2-hour 

nanospikes, C) 3-hour nanotopography, or D) 4-hour nanotopography. Samples were then fixed, 

dehydrated and visualised by SEM. Column 3 images are tilted at 30°. 
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Figure 5.17- High resolution images of K. pneumoniae cells on 2-hour nanospikes after 3 hours 

incubation. K. pneumoniae cells were incubated for 3 hours at 37°C on 2-hour nanospikes, fixed, 

dehydrated and visualised by SEM. Images were taken on the edge of the disk. A, B and C are different 

cells and C2 is a higher magnification of the cell in C1. 

 

5.5.1.4 S. aureus Images 

On the flat titanium (Figure 5.18A), the S. aureus cells exhibited a normal coccoid shape. 

Extreme charging was experienced by the electron beam during SEM imaging, which resulted in 

a fuzzy image. On the 2-hour nanotopography (Figure 5.18B), the bacterial cells retained their 

morphology and no significant membrane indentations were visualised. Cell division and 

characteristic clustering of the S. aureus cells were also evident. On the 3-hour nanotopography 

(Figure 5.18C), the S. aureus cells primarily attached around the bottom of the intertwined 

spikes, rather than inside the pockets, or along the ridges/walls. 

Some pockets had no cells, indicating a heterogeneous coverage of bacteria across the surface. 

Due to the low density of the nanotopography, the size of the cells and  the preferred areas of 

attachment, no piercing of the cells by the nanotopography was observed. On the 4-hour 

nanotopography (Figure 5.18D), the S. aureus cells adhered primarily along the ridges of the 

pockets, but many also attached deep down into the pockets. 

The SEM images are consistent with the results from BacTiter-Glo assay for Gram-positive S. 

aureus. The results together indicate that there are not significant cell deaths or cell wall stress 
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within 3-hours. The RealTime-Glo assay indicates significant bactericidal effects but only after 

4 hours of incubation. 

 

Figure 5.18- S. aureus cells on flat titanium and 3 nanotopographical surfaces after 3 -hours incubation.  

S. aureus cells were incubated for 3 hours at 37°C on A) flat titanium, B) 2 -hour nanospikes, C) 3-hour 

nanotopography, or D) 4-hour nanotopography. Samples were then fixed, dehydrated and visualised by 

SEM.  
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5.5.2 Focus Ion-Beam Sectioning 

Most of the SEM images were taken as a top view or a tilt of 30°. These perspectives were unable 

to visualise the direct interaction of the underside of the bacterium on the nanotopography. Focus 

Ion Beam (FIB) was therefore utilised to further investigate the interaction between 2-hour 

nanotopography and two bacterial species, E. coli and S. aureus.  

Using the Avizo modelling program the images were collated to generate 3D models of the 

sample to give an enhanced 3D perspective. This enables analysis of the interaction of the 

nanotopography with the cell from an internal perspective and also underneath the cell, which 

may be unclear with SEM imaging. 

 

5.5.2.1 E. coli Images 

Sequential FIB slicing of an E. coli cell lying upon the nanotopography showed multiple spikes 

interacting with the membrane (Figure 5.19). Some indentations were visible, but no complete 

piercing. A similar interaction was seen for an E. coli cell that had been coated with platinum for 

protection from the argon beam during successive 20 nm milling (Figure 5.20). The 

nanotopography was in contact along the length of the cell and some indentations of the cell wall 

were observed, but there was no evidence of spike penetration into the cell. A 3D reconstruction 

of a cell further demonstrates that there were 10 nanospikes directly interacting with the cell, 

causing indentations underneath, but no clear nanospike penetration (Figure 4.24).  
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Figure 5.19- Representative SEM images of four slices imaged during the FIB sectioning of an E. coli 

cell on 2-hour nanotopography after 3-hours incubation. E. coli cells were incubated for 3 hours at 37°C 

on 2-hour nanospikes, fixed, dehydrated and critically point dried before visualisation by FIB-SEM. A-F) 

Sequential images of E. coli being sliced. 
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Figure 5.20- Representative SEM images of six phases imaged during the FIB sequential sectioning of an 

E. coli cell on 2-hour nanotopography after 3-hours incubation. E. coli cells were incubated for 3 hours 

at 37°C on 2-hour nanospikes, fixed, dehydrated and critically point dried. The bacterium was coated 

with a protective palladium layer and sequential 20 nm slices of the bacterium were cut and imaged 

using FIB-SEM. B=Area of bacterium. 
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Figure 5.21- 3D model of E. coli cell on 2-hour nanotopography after 3-hours incubation. E. coli cells 

were incubated for 3 hours at 37°C on 2-hour nanospikes, fixed, dehydrated and critically point dried. 

Sequential 20 nm slices of the bacterium were cut and imaged using FIB-SEM, and a 3D model of the 

bacterium on nanospikes generated using Avizo software. Images A-D represent different viewpoint 

angles of the same bacterial cell. Image A is a top view perspective. 
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5.5.2.2 S. aureus Images 

Sequential FIB slicing of an S. aureus cell upon the nanotopography indicated multiple spikes 

interacting with the membrane, with minor indentations to the cell, but no piercing (Figure 5.22). 

This was also seen for two S. aureus cells that had been coated with platinum (Figure 5.23). A 

3D reconstruction of the cells indicated that five spikes were directly in contact with the first cell 

and three with the second (Figure 5.24). Minor membrane indentations, but no nanospike 

penetration, were observed for either cell. 

 

 

Figure 5.22- Representative SEM images of four slices imaged during the FIB sectioning of S. aureus 

cells on 2-hour nanotopography after 3 hours incubation. S. aureus cells were incubated for 3 hours at 

37°C on 2-hour nanospikes, fixed, dehydrated and critically point dried before visualisation by FIB-SEM. 

A-D) Sequential images of S. aureus being sliced. 
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Figure 5.23- Representative SEM images of four phases imaged during the FIB sequential sectioning of 

two S. aureus cells on 2-hour nanotopography after 3 hours incubation. S. aureus cells were incubated 

for 3 hours at 37°C on 2-hour nanospikes, fixed, dehydrated and critically point dried. The bacteria were 

coated with a protective palladium layer and sequential 20 nm slices of the bacteria were cut and imaged 

using FIB-SEM.  B=Area of bacterium. 
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Figure 5.24- 3D model of S. aureus cells on 2-hour nanotopography after 3-hours incubation. S. aureus 

cells were incubated for 3 hours at 37°C on 2-hour nanospikes, fixed, dehydrated and critically point 

dried. Sequential 20 nm slices of the bacteria were cut and imaged using FIB-SEM, and a 3D model of 

the bacteria on nanospikes generated using Avizo software. Images A-D represent different viewpoint 

angles of the same bacterial cells.  
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5.6 Discussion 

5.6.1 Comparison of Different Viability Techniques 

5.6.1.1 Viability qPCR 

Viability qPCR quantifies the amount of amplifiable DNA within a sample. PMA dye enters 

bacterial cells with a disrupted, permeable membrane, intercalates with DNA and prevents its 

amplification. Populations of cells that have low levels of amplifiable DNA, should therefore 

have lower levels of viability (Cangelosi and Meschke, 2014; Nocker and Camper, 2009). The 

capacity for viability qPCR to distinguish between bacterial cell populations of different viability 

levels was confirmed here. The results shown in Section 5.3.1.3 indicated 10% more P. 

aeruginosa deaths on flat titanium (72%), compared to the 2-hour nanospikes (82%). However, 

it is considered that the quantity of deaths was unreliable for several reasons. 

The viable cell populations were underestimated by ~15% as the 50% and 100% viability samples 

as measured by v-PCR were 36% and 85% viable respectively. In addition, the levels of viable 

P. aeruginosa on the flat titanium control surface were unexpectedly low. Moreover, these data 

did not correlate with corresponding data using Live/Dead staining, or with previous studies, 

which reported ~10% cell death on control surfaces (Bhadra et al., 2015; May et al., 2016; 

Tsimbouri et al., 2016). 

There may have been several reasons for this discrepancy. Low concentrations of viable bacteria 

have been reported to give low levels of viable cell populations, leading to an underestimation of 

viable bacteria (Liu and Mustapha, 2014; Yáñez et al., 2011). This may be especially pertinent in 

this project, as only bacteria adhered to the surface were assessed and this population 

concentration was low, particularly on the control disks. It has also been reported that PMA may, 

under certain conditions, enter cells with an intact membrane, leading to an overestimation of 

non-viable cell numbers (Barbau-Piednoir et al., 2014; Cangelosi and Meschke, 2014; Nocker et 

al., 2007; Nocker and Camper, 2009). Incomplete extraction of DNA from viable cells may lead 

to lower levels of amplifiable DNA obtained from viable cells, resulting in an underestimation of 

the viable cell population. The removal of the extracted DNA from the disks involved pipette 

washing. 

Differences in physical and surface chemistry between flat titanium disks and nanotopography 

may have affected the efficacy of cell lysis and DNA extraction. During photolysis of the PMA 

stain, the halogen lamp could heat up to high temperatures and as a result, may have caused lysis 

of the bacteria on the disks, leading to high, non-viable populations being measured. While this 

effect was mitigated by placing the well plate onto ice, the effects may have been worse for the 

flat titanium rather than nanotopographies. Due to the significant optimisation that will be 
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required to potentially obtain sufficient accuracy, confidence, the v-qPCR technique was not 

considered further for this project. 

 

5.6.1.2 LDH assay 

The LDH assay is a colorimetric assay that quantifies the amount of LDH released from a cell 

when it lyses and was used to investigate the surface bactericidal properties on P. aeruginosa and 

K. pneumoniae. The technique has been widely used for quantifying the viability of eukaryotic 

cells but there are very few studies with bacteria (Kumar et al., 2018; Kaja et al., 2016).  

The results suggested a higher proportional of dead cells on the nanotopography than on the flat 

titanium although the increases were not very significant. However, using P. aeruginosa, 

extremely low viability levels were detected for bacteria incubated on the control surfaces in 

contrast to data from other techniques and prior studies. It seems likely that these anomalous data 

were, in part, caused by issues with the need to achieve complete bacterial cell lysis. Bacterial 

cells are more resistant to cell lysis than mammalian cells, for which the LDH assay was originally 

developed. As such, detergent Triton X-100 had to be used. 

A noticeable colour difference was seen in both the test wells and positive control wells, which 

may have been indicative of the Triton X-100 interfering with formazan formation and thus the 

absorbance readings. Overall levels of LDH were also extremely low and likely at, if not below, 

the optimal sensitivity range for this assay. Given these issues, LDH was not considered suitable 

for this project.  

 

5.6.1.3 Live/Dead Staining 

Live/Dead imaging was used to determine the viability of the bacteria adhering to the surfaces 

and if there was any bacterial membrane disruption on the nanospikes. This technique has been 

widely used to assess bacterial viability on interfaces (Lorenzetti et al., 2015; Hasan et al., 2018; 

Linklater et al., 2019). Compared to techniques such as viability qPCR and CFU enumeration, 

Live/Dead staining is relatively quick and allows assessment of viability of cell populations via 

a number of potential platforms such as flow cytometry, in a microplate reader and microscopy 

(Stocks, 2004; Stiefel et al., 2015).  

For this project, Live/Dead staining was used to assess the viability of K. pneumoniae and E. coli 

on flat titanium and nanotopography surfaces. However, it is important to recognise that several 

limitations have been described for this technique. When visualising Live/Dead staining by 

microscopy, as for this study, only a small area of the sample is considered. Multiple images can 
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be taken, which can subsequently be combined and quantified, but results may not accurately 

represent the whole sample. PI stain may sometimes fail to displace SYTO9, resulting in an over-

estimation of viable cell numbers (Stocks, 2004; Stiefel et al., 2015). There are also different 

stages of bacterial viability, such as being viable but non-metabolically active, and Live/Dead 

stain is unable to distinguish between such states (Quintas Victor, Prada-Lopez and Carmona 

Inmaculada Tomas, 2014). Given such limitations and to ensure accuracy of data interpretation, 

it is advisable that Live/Dead stain is not used in isolation to assess bacterial viability.  

  

5.6.1.4 BacTiter-Glo 

The BacTiter-Glo test is a measure of the vitality of a bacterial population using luminescence to 

quantify the level of ATP. ATP is produced during metabolic activity, is not stored within cells 

and rapidly degrades after cell lysis, making it a good correlate with cell viability (Abelho, 2005; 

Doll et al., 2016; Sule et al., 2009). With a standard curve of luminescence against CFU, the 

number of viable cells present within a sample can be estimated (Aragonès et al., 2012). 

One of the main advantages offered by the assay for this study was that no washing or sample 

handling steps were required, unlike for viability qPCR and Live/Dead staining, which potentially 

leads to inaccurate and unreliable results. The assay could also be used with 24 -well plates, 

enabling multiple samples and experimental replicates to be included at the same time. Incubation 

time and reading of the samples could be carried out within 10 minutes, and a high sensitivity of 

detection with as few as 10 bacterial cells has been reported (Promega. 2019). In this study, 

BacTiter-Glo was successfully used with E. coli, K. pneumoniae and S. aureus. 

There were, however, limitations of the assay. As this was an end-point assay, involving the 

complete lysis of the cells, no further assessment or imaging could be made. Specific time points 

had to be selected, requiring a high throughput of disks, and the half-life of the luminescence was 

30 minutes, so that a co-ordination of sample reading had to be carefully planned to limit 

discrepancy between samples and repeats (Promega. 2019). 

As performed in this study, the assay measured the vitality of the entire  bacterial population. 

While this meant minimal disturbance of the bacteria in contact with the surface, the viability of 

the bacteria in the planktonic phase directly above the surface versus those adherent to the surface 

could not be differentiated. This contrasts with the Live/Dead staining and viability qPCR 

technique, which analysis the adherent bacteria only on the disks. 
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5.6.1.5 RealTime-Glo 

RealTime-Glo enables the continuous monitoring of the vitality of a cell population in real time 

to give a more accurate representation of changes that may occur over time, this contrasts with 

assays such as Live/Dead, viability PCR and BacTiter-Glo which are end point assays and only 

provide a snap point representation at a particular time. As RealTime-Glo allows for the 

assessment of multiple time points, it also meant that fewer samples were required, in contrast to 

endpoint techniques such as BacTiter-Glo (Duellman et al., 2015). 

RealTime-Glo and BacTiter-Glo assays, although both metabolic assays, measure different 

aspects of metabolism. RealTime-Glo assesses the reduction potential of a specific substrate 

while BacTiter-Glo quantifies the amount of ATP in a solution. These processes may be affected 

differently when the bacteria interact with the surface (Promega, 2016b, 2016a). In this regard, 

bacterial strain was found to be an important factor in the utility of this assay due to differences 

in metabolism between the bacterial species (Hoerr et al., 2012). RealTime-Glo was originally 

designed for use with mammalian cells, which have greater reduction potential than bacterial 

cells. However, of the bacterial test strains used in this project, only S. aureus had sufficient 

reducing power for RealTime-Glo to be used successfully. Levels of luminescence generated by 

E. coli and K. pneumoniae were too low to be reliably measured.  

Considering all the methods investigated in this project, it was concluded that Live/Dead staining 

in combination with BacTiter-Glo were the most appropriate assays for assessing the 

antimicrobial properties of the nanotopographies. RealTime-Glo was also appropriate for use 

with S. aureus. 

 

5.6.2 Comparison of Different Microscopy Techniques 

When imaging P. aeruginosa using SEM, very promising images were obtained implying 

membrane piercing and deflation of the cells, reminiscent of that often illustrated in the literature 

(Hasan et al., 2013; Ivanova et al., 2012; Truong et al., 2017; Bhadra et al., 2015; Pogodin et al., 

2013). However, these observations were not consistent with the data obtained from the 

Live/Dead staining and metabolic assays, and further investigation confirmed that these effects 

were in fact an artefact of sample preparation. The sample processing involved 

hexamethyldisilazane as the final dehydration step with subsequent air drying, and this is believed 

to have resulted in excessive dehydration and membrane disruption. By optimising the process 

by a modified fixation and dehydration protocol using critical point drying, it was clear that 

relatively little piercing on the control or nanotopography surfaces was seen for E. coli, K. 

pneumoniae or S. aureus.  
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During air drying or when in a vacuum, evaporation of the liquid within a sample can cause severe 

sample deformation and structural collapse. This is due to the high surface tension as the liquid 

evaporates into gas. Critical point drying is a more favourable method of processing, as the critical 

point is where the liquid and gas phases have the same density and are indistinguishable. The 

liquid is therefore converted into a gas with minimal cell damage occurring. After sequential 

dehydration treatment with ethanol, the remaining water in the sample is exchanged with liquid 

CO2 within a critical point dryer and brought to its critical point, where it is converted into a gas 

(Hall, Skerrett and Thomas, 1978; Williams, Clifford and Bray, 2003). There are some studies 

that suggest the use of hexamethyldisilazane rather than critical point drying produces better 

images (Jusman, Ng and Abu Osman, 2014; Shively and Miller, 2009). However, the optimal 

technique will be project-specific, and studies here found that critical point drying was optimal.  

FIB-SEM is a well utilised technique to generate 3D models of samples by serial block imaging 

to give a more accurate representation of a sample. In this project, it was used to model the direct 

interaction of the nanotopography underneath and inside the bacterial cells, which SEM imaging 

alone was unable to do. The bacterial samples were sequentially cut and imaged using a ion beam 

and SEM, with images then collated to produce a 3D image with Avizo software (Schertel et al., 

2013; Smith and Starborg, 2019; Beckwith et al., 2015; Svensson et al., 2014). 

The numerous steps of the processing for FIB-SEM is to ensure accurate structural preservation 

of the bacterial cells when subjected to the gallium ion beam. The bacteria are often coated with 

platinum during FIB scanning to help protect the organic tissue from resulting debris caused by 

the ion beam and to improve image quality (Martynowycz et al., 2019). In Figure 5.19 and 

Figure 5.22, ion-beam cuts were made through the bacterial cells with no platinum coating but 

the structural integrity remained, indicating a good processing technique. Nonetheless, the 

platinum coating was still used for the 3D imaging due to the quantity and thinness of the slices 

required. 

Both SEM and FIB-SEM require numerous washing steps and transferring of disks into and out 

of different solutions. For this project, this potentially increased the risk of washing away lysed 

bacteria and debris, which could then have led to an under-representation of the bactericidal 

potential of the nanotopography through physical rupture (Kaláb, Yang and Chabot, 2008). As 

with BacTiter-Glo and Live/Dead staining, SEM and FIB-SEM only provides a snapshot in time. 

Nonetheless, these microscopy techniques offered a method to assess potential bacterial 

membrane disruption by the nanospikes at high resolution that could not be provided by other 

methodologies. 
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5.6.3 Bacterial Interactions with Nanotopography 

A 3-hour timepoint was chosen for the majority of these studies, as previous research had 

indicated bactericidal activity within this timeframe for similar nanotopographies (Diu et al., 

2014; Tsimbouri et al., 2016; Hazell et al., 2018c; Jaggessar et al., 2018b). However, the results 

presented in this chapter demonstrated that over the 3-hour incubation period, none of the 

different nanotopographies exhibited significant bactericidal effects, as determined by both 

metabolic assay and Live/Dead stain. This outcome was further supported by the lack of bacterial 

membrane penetration by nanospikes seen using SEM and FIB-SEM. Cao et al. (2018) reported 

S. epidermidis cell death on topography reminiscent of the 2-hour and 3-hour nanotopography at 

47% and 37% respectively after 2 hours incubation. Diu et al. (2014) claimed more than 50% 

death for P. aeruginosa, E. coli and B. subtilis on 2-hour and pocket nanotopography after only 

1-hour incubation. Tsimbouri et al. (2016) reported around 30% P. aeruginosa cell death after 3-

hours incubation on 2-hour nanotopography. 

Bactericidal potential of a surface will arise from a complex interplay between physical 

topography characteristics (e.g. height, diameter, density of the nanospikes), surface chemistry 

(e.g. wettability) and bacterial morphology and phenotype (Luan et al., 2018). As such, it should 

not be assumed that similar nanotopographies will mediate identical bactericidal effects. 

Nonetheless, there are some key parameter differences for the Live/Dead assays across these 

studies that are also likely to have contributed to the discrepancies. Volumes of bacterial 

suspension differed, with Cao et al. (2018) using 0.5 ml, Diu et al., (2014) and Tsimbouri et al. 

(2016) using 2 ml, and 40 µl being used for this project. This would have affected the dynamics 

of bacterial cell interactions with the surface. Diu et al. (2014) and Tsimbouri et al. (2016) also 

used Tris-HCl buffer rather than the growth medium used here. As the former would have not 

supported bacterial growth, again this will have affected the behaviour of the bacteria. 

Although there was no evidence of bactericidal effects mediated by the nanospikes, these data 

did suggest that the bacteria responded to the nanotopography. This was seen with the different 

surface profiles of bacteria in contact with flat titanium versus nanotopography, as visualised by 

SEM. There was also the trend for fewer viable bacteria to adhere to the nanotopography 

compared to flat surfaces, shown both through BacTiter-Glo and Live/Dead stain. With 

Live/Dead staining more attachment by K. pneumoniae (Figure 5.8) than E. coli (Figure 5.9) was 

visualised after 3 hours incubation. This may be due to the processing and imaging of the samples 

such as more E. coli cells were removed during the washing steps or specific areas of the disk 

were imaged to give an under-estimation of the adhered cells. Quantification of biomass or cell 

counts across large areas of the disk could give more accurate representation of bacterial cells 

adhered to the surface. Differences in between the bacterial species such as motility may also 
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play a role. E. coli being motile while K. pneumoniae being non-motile may enable E. coli cells 

to move away from the nanotopographical surfaces while the K. pneumoniae are unable  to 

(Stocks, 2004; Stiefel et al., 2015; Faruqui et al., 2014; Matthäus, Jagodič and Dobnikar, 2009; 

Lima et al., 2018). Given the bacterial cell membrane indentation caused by the nanospikes seen 

using FIB-SEM, it is possible to speculate that mechanosensing systems within the bacteria might 

be triggered upon contact with the nanospikes.  

Furthermore, these data implied that K. pneumoniae was most susceptible to the effects of the 

nanospikes, followed by E. coli and then S. aureus. This hierarchy may reflect fundamental 

differences in the cell wall structure of Gram-negative and Gram-positive bacteria. Due to the 

thicker peptidoglycan layer within the cell wall of Gram-positive bacteria (20-80 nm compared 

to 1-10 nm), it has been proposed that this confers a more rigid cell envelope with greater 

resistance to membrane stretching (Pogodin et al., 2013; Ivanova et al., 2013; Elbourne, Crawford 

and Ivanova, 2017). 

The response of bacteria differed across the different nanotopographies and provided good  

evidence to support the proposal by Cao et al. (2018) that the pocket topography may be more 

effective in deterring bacterial adherence than the nanospikes. Live/Dead imaging and SEM 

highlighted that bacteria were especially confined to the ridges on the pocket morphology, 

whereas a more homogenous coverage was seen on the flat titanium and nanospikes. This 

supports the hypothesis that the pocket topographies may sequester bacteria within the niches and 

potentially hinder the formation of microcolonies and biofilm formation (Cao et al., 2018).  

Nonetheless, RealTime-Glo data for S. aureus demonstrated that both well-developed (2 hour) 

nanospikes and pocket nanotopographies were able to mediate inhibitory effects on bacterial 

metabolism and growth when incubated for periods of 4 hours or longer. It is possible then that, 

under the test conditions used for these studies, more time may have been required for bacteria to 

adhere, respond to and possibly be killed on the nanotopography (Ivanova et al., 2012; Hasan et 

al., 2013). To determine if these longer-term antimicrobial effects extended to the other test 

bacterial species, future studies would aim to develop a reliable technique that could be used with 

Gram-negative bacteria K. pneumoniae and E. coli over time periods longer than 3 hours. 

Based on the nanospike organisation and the capacity for the surface to impair growth of both 

Gram-negative and -positive bacteria, the 2-hour nanotopography was selected for subsequent 

functionalisation studies. 
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6.1 Introduction 

6.1.1 Antimicrobial Peptide Functionalisation 

hoM (‘chopped cecropin mutant’) is a specifically designed adaptation of the naturally 

occurring AMP Cecropin B (CecB), first isolated from the haemolymph of the giant silk 

moth, Hyalophora cecropia (Figure 6.1) .  

 

Figure 6.1- Adult giant silk moth, Hyalophora cecropia. This moth has a wingspan of approximately 5-7 

inches (13-18 cm), and produces AMP cecropin B (BugGuide, 2013).  

Cecropin B is believed to exert its bactericidal effects by a detergent-like carpet mechanism. 

Above a threshold concentration, the peptide is believed to induce bacterial membrane curvature 

by inserting below the glycerol backbone of the phospholipid headgroups, leading to stretching 

C 
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and thinning of the outer bilayer leaflet (Pfeil et al., 2018). CecB has known activity against 

Gram-negative bacteria such as P. aeruginosa and E. coli, but little or no activity reported against 

some Gram-positive bacteria such as S. aureus (Wang et al., 2018; Pfeil et al., 2018). 

To increase the spectrum of bactericidal activity for CecB, modifications were designed by Pfeil 

et al. (2018) at the National Physical Laboratory (NPL), UK, resulting in ChoM. ChoM was 

produced for this project during a seven-month placement at NPL. Two modifications were made 

to the CecB peptide: 

1. The C-terminal helix of CecB, consisting of 14 amino acids, was removed. This changed 

the bactericidal mechanism from detergent-carpet disruption to poration (Pfeil et al., 

2018). 

2. Substitution of two glycine residues with isoleucine and lysine residues. Th is further 

changed the bactericidal mechanism to a non-pore forming exfoliation of the outer 

bilayer leaflet, which was found to be effective within 10 minutes (Pfeil et al., 2018).  

The bactericidal activity of ChoM was effective against both Gram-positive (S. aureus, B. subtilis, 

Micrococcus mutans) and Gram-negative (P. aeruginosa, E. coli, Salmonella typhimurium) 

bacteria. This made it an attractive AMP to use to functionalise the nanotopography for this 

project. 

The properties of both CecB and ChoM are summarised in Table 6.1 and the helix wheels are 

illustrated in Figure 6.2.  

 

PEPTIDE 
NUMBER OF 

RESIDUES 
AMINO ACID SEQUENCE 

CHARGE AT 

Ph 7.2 
MASS(m/z) 

CecB 35 
KWKVFKKIEKMGRNIRNGIVKAGP

AIAVLGEAKAL-am 
8+ 3834.67 

ChoM 21 KWKVFKKIEKMIRNIRNKIVK-am 9+ 2699.4 

Table 6.1- Properties of the AMPs CecB and ChoM (Pfeil et al., 2018). 
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Figure 6.2- Peptide helix wheels of A) CecB and B) ChoM. Circles-Hydrophilic residues, Diamonds-

Hydrophobic residues, Triangles-Negatively charged, Pentagons-Positively charged. Hydrophobicity 

spectrum-Green, Hydrophilic spectrum-Red, Potentially charged-Blue (Pfeil et al., 2018). 

There are several methods of functionalising interfaces with AMPs. In this project, a physical 

adsorption method was implemented. This was chosen for several reasons: 

1. Simple functionalisation protocol. 

2. Allows short term activity with release into the local environment. 

3. Allows the peptide to be physically free in solution rather than hindering its activity by 

tethering. 

4. Allows control of the peptide concentration applied. 

ChoM was solubilised in water and pipetted at a specific concentration and volume onto the nano-

spiked titanium surface. After being left to evaporate under aseptic conditions, the peptide coated 

the nanotopography.  

 

6.1.2 Biocompatibility and Osteogenic Potential of AMP-

Functionalised Nanotopography 

Human mesenchymal stem cells (hMSCs) are multipotent fibroblastoid osteoprogenitor cells 

capable of differentiation into a variety of cell types, from adipocytes to osteoblasts and 

chondrocytes. hMSCs have been isolated from a range of human tissue, including bone marrow, 

adipose tissue, umbilical cord matrix, tendon, lung and periosteum (Lee et al., 2017). 
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Stem cell adhesion to an implant surface is critical for successful tissue development. Under 

physiological conditions, all adherent cells are surrounded by an extracellular matrix (ECM), 

which provides support, trophic signalling and biophysical cues. The ECM defines fundamental 

cell properties such as cell cycling, survival, paracrine activity, motility, homing behaviour and 

cell fate. These native, inherently mechanical properties dictate stem cell differentiation and 

function (Dobbenga, Fratila-Apachitei and Zadpoor, 2016; Lee et al., 2017).  

Diu et al. (2014) reported that on ‘brush-type’ nanotopography, analogous to the 2-hour 

nanospikes grown in this project, MG-63 osteoblast-like cells exhibited lower adhesion and 

arrested proliferation relative to control from 0-7 days. Metabolic activity data (PrestoBlue) 

indicated that the nanotopography was biocompatible up to 14 days, the longest duration tested. 

On both the flat titanium and brush-type surfaces, a monolayer of cells was formed, but the 

morphology of the cells differed. Unrestricted spreading and elongation were seen across the flat 

titanium surface, while stretched ‘teardrop’ morphology was more commonly observed on the 

nanotopography, as the spikes were able to pierce and physically tether the cells, thereby 

encouraging unidirectional movement. 

Tsimbouri et al. (2016) further investigated the interactions of bone marrow-derived stem cells 

(bMSCs) on 2-, 2.5- and 3-hour nanotopography. After one-week incubation on flat titanium, 

bMSCs had well organised cytoskeletons and formed a monolayer, approaching high confluence. 

Reduced cell coverage and adhesion were observed on the nanotopography surfaces, with cells 

appearing smaller with limited spreading, dense tubulin around the nucleus and a less organised 

cytoskeleton. The expression of osteogenic lineage genes osteopontin (OPN) and  osteocalcin 

(OCN) were significantly upregulated after 35 days and 14 days respectively.  Together these 

papers highlighted that the 2-hour nanotopography was biocompatible and although lower cell 

adhesion and differing morphology was initially observed, the nanotopography appeared to 

encourage MSC differentiation along the osteoblastic lineage. 

The overall objectives of the studies reported here were to investigate if the antibacterial 

properties of the nanotopography could be enhanced by AMP functionalisation. A preliminary 

investigation of the biocompatibility and potential osteogenicity of the 2-hour nanotopography 

with or without AMP functionalisation was also carried out.   
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6.2 Synthesis of ChoM 

The peptide synthesis process involved six major steps: 

1. Solid phase peptide synthesis (SPPS) to generate the peptide chain.  

2. Matrix assisted laser desorption/ionisation-time of flight (MALDI-TOF) to confirm 

presence of the desired product. 

3. Reverse phase-high performance liquid chromatography (RP-HPLC) to purify the 

peptide solution. 

4. MALDI-TOF analysis of each of the RP-HPLC fractions to determine purity. 

5. Freeze drying of solution to obtain a dry powder. 

6. MALDI TOF confirmation and purity quantification with analytical HPLC. 

 

6.2.1 MALDI-TOF Analysis 

After the SPPS step, MALDI-TOF analysis was carried out to confirm that the correct peptide 

product was synthesised based on the molecular weight. The peptide was mixed with a matrix 

and then subjected to an ultraviolet nitrogen laser beam, which vaporises and ionises the peptide, 

releasing protonated ions; the speed is a function of the peptide mass to charge ratio (m/z). Figure 

6.3 shows the spectra of the MALDI-TOF analysis with a strong peak at 2700 m/z. This indicated 

the presence of ChoM, which has a molecular weight of 2699.4. However, as MALDI-TOF is not 

quantitative, the amount of ChoM could not be calculated. The presence of other peaks indicated 

impurities. The peaks around 2900 m/z and 2950 m/z corresponded to ChoM + ions such as 

sodium and potassium from the matrix. 
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Figure 6.3- MALDI-TOF spectrum of crude peptide. This highlights the presence of ChoM peptide at 

~2699 m/z. 

 

6.2.2 Purification of Peptide 

Reversed-phased high-performance liquid chromatography (RP-HPLC) was used to purify the 

peptide solution. RP-HPLC is a purification technique used to separate a range of molecules based 

on their relative hydrophobicity. The peptide is streamed (the mobile phase) through a column 

permeated by hydrophobic ligands (the stationary phase). Their relative interaction determines 

the speeds at which each constituent of the sample will travel. The more hydrophobic/non-polar 

a compound is, the longer it will take to pass through and elute from the column. This is measured 

as the retention time.  

Analysis of the HPLC purification is shown in  Figure 6.4. The retention time of previous 

synthesis runs for ChoM was known, so fractions from 20 to 40 minutes were collected into 40 

tubes, as shown in blue. The large peak between fractions 11-33 was considered likely to be 

ChoM and so these fractions were further analysed with MALDI-TOF to determine the qualitative 

purity of the peptide. The spectra of 4 example fractions are shown in Figure 6.5. 
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ChoM has a molecular weight of 2699. Spectra in Figure 6.5A-B had a large peak at this 

molecular weight, but also other peaks around 2000 m/z and 3100 m/z respectively, which were 

indicative of impurities. As such, neither fraction was included in the final pooled peptide 

solution. Spectra in Figure 6.5C-D showed few other peaks other than ~2699 m/z, suggesting a 

high purity. Fractions 14-24 had similar spectra to Figure 6.5C-D and so were combined into the 

final peptide solution. This was freeze dried to produce a white flaky powder, which was stored 

at -80°C long term. The purity of the final peptide solution was quantitatively measured with 

analytical HPLC and calculated to be 98.4%. 

 

Figure 6.4- HPLC separation of peptide solution. Highlighted blue region indicates the 40 fractions that 

were collected. 
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Figure 6.5- MALDI TOF spectra of HPLC fractions. Fractions shown in A and B were not included in 

the final peptide solution due to the presence of impurities, as shown  by peaks around 2000 m/z and 3100 

m/z respectively. Fractions shown in C and D were included in the final peptide solution, as high puri ty 

was predicted due to only a few minor peaks seen other than ChoM at 2699 m/z.  

 

6.3 Antimicrobial Activity of ChoM 

6.3.1 Minimum Inhibitory Concentration (MIC) 

The minimum inhibitory concentration (MIC) is the lowest peptide concentration required to 

inhibit the growth of a bacterium. Using a standard two-fold microdilution assay, the MIC for 

both E. coli and S. aureus was found to be 25 µM. This established the reference amount of ChoM 

that, if functionalised onto the titanium, would be expected to inhibit bacterial growth, assuming 

100% release. Based on this, ChoM concentrations of 1x, 2x and 4x the MIC were used in 

subsequent experiments.  
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6.4 Antimicrobial Peptide Interfacial Release 

The flat titanium and 2-hour nanotopography were functionalised with ChoM by physical 

adsorption. This involved pipetting 40 µl of different concentrations of ChoM onto the surfaces 

and then allowing them to air dry. A first step was then to investigate the release of ChoM from 

the flat titanium and 2-hour nanospikes over time.  

[N.B. For these studies, surfaces functionalised with ChoM are abbreviated according to the 

following scheme: flat titanium surface functionalised with 25 µM ChoM = Flat-25, nanospikes 

functionalised with 25 µM of ChoM = NS-25]. 

 

6.4.1 ChoM Release Mechanics 

This experiment investigated the release of ChoM into water from the functionalised flat titanium 

and 2-hour nanospike surfaces over a 3-hour period. The surfaces were functionalised with ChoM 

at concentrations of 25 µM, 50 µM and 100 µM, these being 1x, 2x and 4x the MIC for E. coli 

and S. aureus. Sterilised distilled water (40 µl) was then pipetted onto each surface and after 10 

minutes, 30 minutes, 1 hour, 2 hours or 3 hours, 2 µl was removed and the peptide concentration 

measured using a Nanodrop spectrophotometer at wavelength 280 nm. Studies had to be 

terminated after 3 hours, as dehydration of the surfaces was observed.  

For flat titanium surfaces, there was a burst of ChoM released from all the surfaces tested within 

the first 10 minutes, with the highest levels of ChoM being released from Flat-50 and Flat-100 

(Figure 6.6). From 10 minutes onwards, levels of ChoM plateaued for Flat-25 and Flat-50 and 

from 30 minutes for the Flat-100. This suggested that most of the available ChoM was released 

within 10-30 minutes in a dose-dependent manner.  

For the nanospike surfaces, ChoM was also released most rapidly within the first 10 minutes, but 

overall levels of peptide released were less than from the flat surfaces over the 3 -hour 

experimental period (Figure 6.6). NS-25 exhibited no further release of ChoM after 10 minutes. 

However, NS-50 and NS-100 saw a gradual increase in peptide level from 10 minutes onwards, 

and to be approaching the Flat-100 case after 3 hours.  

Taken together, these data indicated that ChoM was depleted rapidly (10-30 minutes) from the 

flat titanium surfaces, but that the nanotopography exhibited a slower release profile of several 

hours. Thus, ChoM appeared to hinder the ChoM release from the nanospike surface. 
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Figure 6.6-ChoM release mechanics from flat and 2-hour nanospike surfaces. Flat (black) or 2-hour 

nanospike (red) surfaces were functionalised with 25 µM (triangle), 50 µM (circle) or 100 µM (square) 

of ChoM. Peptide released into the surrounding dist illed water was measured at A280. n= 2 in duplicate 
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6.4.2 SEM Imaging of ChoM Coating 

SEM was used to image the 50 µM ChoM coating on flat and 2-hour nanospike surfaces after 

functionalisation to visualise the homogeneity of the coating and its thickness in relation to the 

nanotopography. Images were also taken of the coating after elution periods of 10 minutes to 3 

hours to determine if ChoM release over this time period could be visualised. Mueller Hinton  

(MH) broth was to be used for the subsequent BacTiter-Glo and RealTime-Glo assays to assess 

antibacterial activity of the surfaces. Therefore these studies were performed using Mueller 

Hinton broth rather than distilled water, to ensure the release kinetics of ChoM could be directly 

related to this later work. At the determined time interval, the broth was removed, and the disks 

left to air dry, before being sputter coated and observed under SEM. 

Differences were seen in the coverage of ChoM on both the flat titanium and 2-hour 

nanotopography at time zero (Figure 6.7, Figure 6.8A-B). On the flat surface, a more 

homogenous covering of the peptide was seen, while on the nanotopography, variable levels of 

ChoM coating could be observed. In some areas there was little peptide coating visible (Figure 

6.8G), while in others, the coating was relatively thin, with the nanotopography still visible 

(Figure 6.8A-G). Other areas had a very thick coating, which masked the underlying 

nanotopography (Figure 6.8G). 

For the flat titanium disk, residual ChoM coating was visible at each of the time points, although 

this seemed to be very limited by 30 minutes (Figure 6.7). By contrast, for the nanospike disks, 

the peptide coating could still be seen covering the majority of the nanotopography after 10 

minutes, with the tips of some of the nanospikes just visible (Figure 6.9). Large flake-like matter 

was also seen on some areas of the disks, which could be dried peptide or remnants from the 

broth. As the incubation time was increased, there was limited thinning of the peptide coating, 

but generally the coating remained heterogenous across the surface (Figure 6.10, Figure 6.11, 

Figure 6.12 and Figure 6.13). Again, flake-like entities were seen at each time interval. These 

data supported the hypothesis that greater levels of ChoM coating remained on the nanospikes 

than on the flat titanium surface over the elution period of 3 hours. 
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Figure 6.7- SEM images of 50 µM ChoM coating on flat titanium following elution into MH broth over 3 

hours. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. After A, 

B) 0 minutes, C) 10 minutes, D) 30 minutes, E) 1 hour, F) 2 hours, or G) 3 hours, the broth was removed 

and the surfaces were dried and imaged. 
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Figure 6.8- SEM images of 2-hour nanospikes functionalised with 50 µM ChoM at different 

magnifications. ChoM (40 µl) was pipetted onto 2-hour nanospikes, dried and then imaged. Images B 

and D are with 30° tilt. 
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Figure 6.9- SEM images of 50 µM ChoM coating on 2-hour nanospikes following elution into MH broth 

over 10 minutes. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. 

After 10 minutes, the broth was removed and the surfaces were dried and imaged. Rows A and B are of 

two different disks. Columns 1 and 2 are different magnifications and regions of the same disk.  

 

Figure 6.10- SEM images of 50 µM ChoM coating on 2-hour nanospikes following elution into MH broth 

over 30 minutes. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. 

After 30 minutes, the broth was removed and the surfaces were dried and imaged. Rows A and B are of 

two different disks. Columns 1 and 2 are different magnifications and regions of the same disk. 
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Figure 6.11- SEM images of 50 µM ChoM coating on 2-hour nanospikes following elution into MH broth 

over 1 hour. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. 

After 1 hour, the broth was removed and the surfaces were dried and imaged. Rows A and B are of two 

different disks. Columns 1 and 2 are different magnifications and regions of the same disk. 

 

Figure 6.12- SEM images of 50 µM ChoM coating on 2-hour nanospikes following elution into MH broth 

over 2 hours. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. 

After 2 hours, the broth was removed and the surfaces were dried and imaged. Rows A and B are of two 

different disks. Columns 1 and 2 are different magnifications and regions of the same disk.  
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Figure 6.13- SEM images of 50 µM ChoM coating on 2-hour nanospikes following elution into MH broth 

over 3 hours. ChoM was functionalised onto flat titanium and 40 µl MH broth added onto the surface. 

After 3 hours, the broth was removed and the surfaces were dried and imaged. Rows A and B are of two 

different disks. Columns 1 and 2 are different magnifications and regions of the same disk.  

 

6.4.3 Antimicrobial Properties of ChoM Released from 

Functionalised Surfaces 

To ensure that ChoM released from the surface of the titanium disks remained functional, its 

antibacterial activity was monitored following release. This was achieved by testing ChoM eluted 

from the surface of 50 µM ChoM-functionalised flat titanium surfaces and nano-spikes over 3 

hours in a MIC assay. ChoM eluted into 40 µl of MH broth over 3 hours was incubated with mid-

exponential phase E. coli (106 CFU/ml) for 20 hours. Bacterial growth was then quantified by 

measuring the absorbance at 595 nm.  

Levels of ChoM released from the functionalised flat surfaces after 30 minutes onwards were 

enough to inhibit bacterial growth relative to the controls (Figure 6.14). As anticipated from the 

previous ChoM release experiment, after 3 hours, levels of ChoM released from the 

functionalised 2-hour nanotopography impair growth of E. coli, relative to the controls but were 

not sufficient for the MIC to be reached (Figure 6.14).  
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Figure 6.14- ChoM release as a function of E. coli growth. ChoM (50 µM) was functionalised onto flat 

and 2-hour nanospike disks. MH broth (40 µl) was then pipetted onto the disks for between 10 minutes 

and 3 hours, before being recovered and added to a mid-exponential suspension of E. coli. After 20-

hours incubation, bacterial growth was measured at A595. ***P<0.001 compared to respective control 

surface, as determined by ANOVA with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. 

 

6.4.4 Potential Delayed Release from Nanotopographical Surfaces 

The studies performed so far implied that ChoM was being released at a slower rate from 

nanospike surfaces compared to flat surfaces. As such, there was the potential for greater levels 

of ChoM to be released from the nanospike surfaces with a longer incubation period. This was 

assessed by immersing disks in 400 µl broth for 3 or 12 hours. This broth was then recovered and 

incubated with E. coli or S. aureus for 3 hours. Levels of bacterial metabolic activity were then 

determined using BacTiter-Glo, and the levels of luminescence converted into colony forming 

units (CFU). 

Bacteria recovered from the non-functionalised flat titanium and 2-hour nanotopography had 

relatively high levels of metabolic activity, with evidence of replication. This was seen by the 
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increase in CFU from the original E. coli inoculum of 5x105 CFU/ml to approximately 3x106 

CFU/ml for the 3-hour and 5x106  for the 12-hour time points (Figure 9.4B and D). A similar 

trend was seen for S. aureus, where the bacterial concentration reached around 1x106 CFU/ml 

(Figure 9.5B and D).  

For the functionalised flat titanium, there was a significant drop in luminescence for the 3- and 

12-hour timepoints for E. coli compared to non-functionalised, corresponding to a ~10-fold 

reduction in CFU (Figure 9.4). The CFU values after 3 hours were similar to the inoculum but 

increased after 12 hours to 106 CFU/ml. These data also imply that the longer incubation time did 

not result in ChoM being released. It is possible that nearly all the peptide was released within 

the initial 30 minutes consistent with the previous time release studies.  

In contrast to the flat titanium, no significant reduction was observed in luminescence and CFU 

for E. coli for the 3-hour timepoint from the functionalised 2-hour nanotopography compared to 

non-functionalised (Figure 9.4). This suggests that lower levels of ChoM were released from the 

2-hour nanotopography within the initial 3 hours compared to the flat titanium. After 12 hours it 

was notable that the E. coli population had increased by a factor of 3x on the functionalised flat 

titanium but had remained relatively constant on the nanospikes. This implies peptide was still 

being released after 3 hours and/or the nanospike surfaces were relatively bactericidal. These 

results are consistent with the previous peptide time release studies. 

For S. aureus, there was lower luminescence measured for the functionalised flat titanium 

compared to the non-functionalised surface for both time points, but this did not correspond to a 

significant difference in CFU/ml (Figure 9.5) As might be expected, a similar trend was seen for 

the 2-hour nanotopography surfaces. This suggests that insufficient ChoM was released from any 

of the surfaces to inhibit growth of S. aureus. At 3 hours the viability on the functionalised 

nanospikes was more than for the flat titanium, but less at 12 hours, consistent with the results 

for E. coli and the time release studies. 
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6.5 Bacterial Interactions with Functionalised Surfaces 

Having established that the nanotopography could modulate the release of ChoM relative to a flat 

surface, a more extensive set of studies were performed to investigate how the release kinetics 

might be further manipulated. 

 

6.5.1 Effect of Time and Concentration of ChoM 

The effects of increasing ChoM concentration and incubation time on the antibacterial activity of 

functionalised disks was investigated, using E. coli metabolic activity as the measure. Bacterial 

inocula (40 µl; 5x105 CFU/ml) were pipetted on top of the functionalised disks and incubated for 

1-3 hours, before being mixed with BacTiter-Glo reagent and luminescence measured (Figure 

9.6A). Luminescence values were then converted into CFU (Figure 9.6B).  

Bacterial growth from non-functionalised flat titanium and 2-hour nanotopography showed 

increasing luminescence and CFU as the duration increased from 1 hour to 3 hours (Figure 9.6). 

There was no statistical difference between growth on flat and 2-hour nanotopography, indicating 

that the nanotopography had little effect on the vitality of E. coli cells at least over the 3-hour 

period. 

For the flat titanium functionalised with 25 µM ChoM, bacterial growth was seen over the 3 

hours, but was consistently less than on the non-functionalised surfaces, with a significant 

reduction being seen by 3 hours (Figure 9.6). With higher ChoM concentrations (50 µM, 100 

µM), only very low levels of metabolic activity were detected at all time points, and numbers of 

recovered viable bacteria were static at ~2x104 CFU. Together, these data indicated a dose-

dependent release of ChoM from flat titanium, which, at concentrations of 50 µM or higher, was 

sufficient to reach the MIC for E. coli. 

For the nanospike titanium functionalised with ChoM, higher levels of bacterial growth were seen 

compared to the equivalent flat surfaces. Nonetheless, a significant reduction in CFU was seen at 

3 hours for each functionalised surface relative to the non-functionalised nanospike surface, 

indicating that ChoM released from the nanotopography was able to impair E. coli growth. The 

extent of bacterial growth inhibition increased with increasing ChoM concentration (Figure 9.6), 

indicating a dose-dependent effect on ChoM release, as for flat titanium.  

Taken together, these data support the hypothesis that ChoM was released from the 

nanotopography at a slower rate than from the flat titanium surface, such that the MIC was not 

reached over the 3-hour period for any of the ChoM concentrations tested although at the highest 

concentration of 100 M it was probably approaching the MIC. By contrast, peptide release from 
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the flat titanium was relatively rapid and reached the MIC threshold with a 50 µM ChoM coating 

within around 1 hour. These results are consistent with the peptide time release experiment 

(Section 5.4.1) which also indicated that after 3 hours the peptide release f rom the Flat-50 was 

similar to the NS-100. Further release would also be anticipated from the NS-100 after 3 hours. 

6.5.2 Wettability 

Differences had been noted between the flat and 2-hour nanospike disks when applying the ChoM 

solution or bacterial suspensions, which implied variations in regard to their wettability. It was 

considered that this may be a factor contributing to the difference in the ChoM release profiles 

between these two disk types. Wettability is the interaction between a fluid and a solid interface 

and is dependent on the intermolecular forces between the two phases. Water contact angle 

measurements were therefore carried out on the flat titanium and 2-hour nanotopography to 

determine if the surfaces were hydrophobic (low wetting) or hydrophilic (high wetting).  

Surface wettability was quantified by measuring the contact angle of a deionised water droplet 

when added to the test surface. If the contact angle is less than 90°, the surface is termed 

hydrophilic, or if less than 10°, it is classed as super-hydrophilic. If the contact angle is above 

90°, it is classified as hydrophobic.  

The water droplet formed on mirror polished flat titanium had an average contact angle of 80° 

and was therefore classified as hydrophilic (Figure 6.15). By contrast, the water contact angle on 

the 2-hour nanotopography was unquantifiable. The water droplet completely spread over the 

surface with an average angle below 10°, indicating that the 2-hour nanospikes were super-

hydrophilic (Figure 6.15). In fact, this super-hydrophilic property was observed for all the 

nanotopographies generated over 30-minutes to 7-hours. As the contact angle could not be 

measured, a high-speed video was used to observe the droplet interacting with the 2 -hour 

nanospike surface (Figure 6.16). By 2 seconds, the droplet had completely spread over the 

surface.  
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Figure 6.15- Water contact angle measurements on mirror polished flat titanium surface and 2-hour 

nanospikes. Nanotopography was grown on pure titanium substrates within a Teflon -lined acid digestion 

vessel with the conditions of 52 ml 1 M NaOH at 240°C for 2 hours. Water (2 µl) was pipetted onto the 

disks and the resulting contact angle imaged and measured. A) Water droplet on flat titanium surface, B) 

Water droplet on 2-hour nanotopography, C) Average contact angle on flat and 2 -hour nanotopography 

(unquantifiable as <10°) (n=3 in triplicate). 
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Figure 6.16- Video images of water droplet interaction on 2-hour nanospikes. Nanotopography was 

grown on pure titanium substrates within a Teflon-lined acid digestion vessel with the conditions of 52 ml 

1 M NaOH at 240°C for 2 hours. Water (2 µl) was pipetted onto the disk and the resulting droplet 

interaction imaged approximately every 0.001 seconds. 

 

6.5.3 Effect of Shorter Nanotopography and Elution Environment on 

Peptide Release 

So far, the results indicated that less peptide was released from the nanotopographical surface 

than the flat titanium surface. It was considered that this may be due to the physical nature of the 

nanotopography itself and/or may relate to the differences in hydrophilicity between these surface 

types. The latter meant that on the flat surface, the ChoM/inoculum was present as a meniscus 

while on the nanotopography, the liquid was completely spread across the disk. It was 

hypothesised that the meniscus environment may encourage more peptide release by generating 

a larger diffusion gradient. To investigate these two possibilities, 1-hour nanospikes were tested. 

These were shorter and it was considered that reducing the topography height might help to 

promote more rapid release of the peptide. There was also a variant of this 1-hour nanospike 

surface available that had been stored for 1 year and had become hydrophilic, rather than 

superhydrophilic, As such, liquid placed onto the surface of this variant formed a meniscus rather 
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than a completely wetted surface. The peptide release from this surface could therefore be 

compared to the ‘normal’ 1-hour nanospikes, where no meniscus was present.   

Flat titanium, 1-hour and 2-hour nanospike surfaces were functionalised with 50 µM ChoM, 

before being incubated with 40 µl of E. coli (5x105 CFU/ml) for 1, 2 and 3 hours. BacTiter-Glo 

reagent was added, the luminescence read and then converted into CFU. 

Over time there was an increase in the number of bacteria on each of the non-functionalised 

control surfaces, with comparable CFU recovered at each time point (Figure 9.7). This indicated 

similar bacterial growth on each of these surfaces, independent of nanotopography or meniscus 

environments.  

For the functionalised flat titanium, bacterial growth was significantly lower than on the non-

functionalised surfaces over the three hours (Figure 9.7). Numbers of recovered viable bacteria 

were static at ~2x104 CFU, indicating that the MIC threshold for E. coli had been reached within 

the first hour. By contrast, for the functionalised nanospike surfaces, numbers of CFU increased 

with time. Nonetheless, E. coli growth was impaired, with significant reductions in CFU seen 

from 2 hours for all functionalised nanospike surfaces (Figure 9.7).  

Comparison of the functionalised 1- and 2-hour nanotopography indicated a significant reduction 

in CFU recovered at each time point from the 1-hour nanotopography (Figure 9.7). This implies 

that the longer nanospikes may have impeded rapid release of ChoM into the local environment. 

Furthermore, there was no significant increase in CFU from the 1-hour nanotopography between 

2 and 3 hours, in contrast to the 2-hour nanotopography. This suggests that the MIC threshold 

concentration may have been reached on the 1-hour nanotopography by 2 hours, but not for the 

2-hour nanotopography.  

Comparison of the functionalised 1-hour nanotopography ± meniscus suggests that the presence 

of the meniscus assisted early ChoM release, as CFU values were significantly lower from the 1- 

hour variant than the ‘normal’, superhydrophilic 1-hour nanospikes (Figure 9.7).    

Together, these results show that ChoM was released from the 1-hour nanospikes quicker than 

the 2-hour nanospikes over 3 hours, although the shorter topography still hindered ChoM release 

compared to the flat titanium surface. The results also suggest that the presence of a meniscus on 

the flat titanium surface is likely to assist the release of ChoM compared to the superhydrophilic 

nanospike surface. 
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6.5.4 Effects of Disk Immersion on Peptide Release  

The presence of a meniscus had been shown to influence the different ChoM release profiles seen 

between the flat titanium and 2-hour nanospike surfaces. To overcome these effects, studies were 

performed where E. coli or S. aureus were incubated on functionalised disks that were submerged 

in a larger volume of growth medium. Functionalised disks were incubated in 400 µl of bacterial 

suspension for up to 3 hours, after which levels of bacterial metabolic activity were determined 

by BacTiter Glo. The results for E. coli are shown in Figure 9.8 and S. aureus in Figure 9.9. 

For both E. coli (Figure 9.8) and S. aureus (Figure 9.9), cell numbers on non-functionalised flat 

and 2-hour nanospikes were not significantly different, indicating that the nanotopography did 

not affect growth of the bacteria over the 3-hour period.  

For E. coli, functionalising the flat titanium with increasing concentrations of ChoM from 25-200 

µM  resulted in a progressive, significant decrease in viability compared to the non-functionalised 

flat surface (Figure 9.8). For the functionalised nanotopography there was a similar trend, but a 

significant reduction in CFU was only seen for surfaces functionalised with 100-200 µM ChoM. 

At 100 µM ChoM, the CFU values were similar to the original inoculum of 5x105 CFU/ml, 

indicating that the MIC may have been reached. 

A similar trend was seen for S. aureus, with the exception that a significant reduction in CFU 

relative to control was recorded for nanospike surfaces functionalised with 100 µM ChoM 

(Figure 9.9).  

These data suggest that disk immersion may have improved ChoM release from the 2-hour 

nanospike surfaces, since impairment of S. aureus growth, as well as that of E. coli, was seen. 

However, differences in peptide release were still seen between flat titanium and 2 -hour 

nanospike disks. This supports the earlier results that ChoM release from nanotopographical 

surfaces was initially slower than from flat surfaces and suggests that the presence of a meniscus 

environment was not the only factor that caused the differences in peptide release mechanics.  

 

6.5.5 Vitality of S. aureus on Functionalised Surfaces with RealTime-

Glo 

The previous experiments were generally limited to a 3-hour time period. This assay considered 

the bactericidal properties of the functionalised and non-functionalised disks over a significantly 

longer period of up to 11 hours. Beyond 10 hours, S. aureus viability decreased on all surfaces, 

indicating that a factor independent of nanotopography, such as nutrient availability, was 

affecting bacterial growth. The viability of S. aureus cells was assessed on flat titanium and 2-
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hour nanospike disks functionalised with 50 µM ChoM. Luminescence was measured at 10-

minute intervals by RealTime-Glo. 

For the non-functionalised flat titanium surface, a rapid luminescence increase was observed from 

4 hours to a maximum of 6 x104 RLU at around 10 hours, after which the luminescence started 

to drop (Figure 6.17). By contrast, the non-functionalised nanotopography appeared to impair 

the vitality of S. aureus over time, with a maximum luminescence reading of 2x104 RLU recorded 

at 6 hours. This was significantly lower than the highest luminescence seen on the flat surface.   

Growth of S. aureus was inhibited on the functionalised flat surface throughout the 11-hour time 

period, indicating that the MIC had been reached very quickly (Figure 6.17). Overall levels of 

luminescence were similar for the nanospike surfaces ± ChoM. However, for the functionalised 

nanospike surface, a delayed luminescence increase until around 6 hours was seen compared to 

that of around 2.5 hours for the non-functionalised nanospikes (Figure 6.17). 
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Figure 6.17- Vitality of S. aureus on functionalised titanium disks as assessed by RealTime-Glo. Flat 

titanium and 2-hour nanospike disks were functionalised with 50 µM ChoM. RealTime-Glo reagent was 

added to 40 µl S. aureus suspension and after 1 hour added to functionalised surfaces. The vitality of S. 

aureus was measured by luminescence every 10 minutes for 11 hours. Light shading is the standard error 

at each time point. N=2 in duplicate. NS=Nanospikes. 
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6.5.6 Promoting Peptide Release with Mechanical Stimulation 

6.5.6.1 Promoting Peptide Release using Nanokick 

Nanokick is an ultra-low sonication device that has been shown to help stimulate osteogenesis. 

This device was used to investigate if peptide release from nanotopography could be promoted 

through a stimulus such as low-level sonication. The experiment was performed using E. coli 

with a 3-hour incubation period with or without nanokick stimulus. Levels of bacterial metabolic 

activity at 3 hours were determined using BacTiter Glo and luminescence values converted into 

CFU. 

Supporting previous experiments, significant reductions in E. coli viability were seen for flat 

titanium functionalised with 25 µM+ ChoM, and, to a lesser extent, with 50 µM+ ChoM for 

nanospike surfaces. However, nanokick stimulation did not affect these outcomes (Figure 6.18). 

Somewhat unexpectedly, nanokick stimulation did appear to impact viability of bacteria 

recovered from both non-functionalised surfaces, although to a very moderate reduction level. 
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Figure 6.18- Effects of nanokick stimulation on the antibacterial activity of ChoM against E. coli. Flat 

titanium and 2-hour nanotopography were functionalised with 25/50/100 µM ChoM and the disks 

immersed in 400 µl E. coli suspension (5x105 CFU/ml) for 3 hours ± continuous nanokick stimulation. 

Aliquots (40 µl) of the suspension were then mixed with BacTiter-Glo reagent and the metabolic activity 

of E. coli measured by luminescence (A) and converted into CFU (B). **p≤0.01, compared to respective 

control surface, as determined by ANOVA with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. 

NS=Nanospikes. 
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6.5.6.2 Promoting Peptide Release with Shaking 

As the peptide released from nanotopography was not improved with nanokick, a more rigorous 

stimulation was tested. Disks were functionalised with 50 µM ChoM and immersed in 400 µl E. 

coli suspension for 3 hours ± shaking at 100 rpm. BacTiter-Glo was then used to measure the 

metabolic activity of the bacteria, and luminescence values converted into CFU. 

Shaking had no significant impact on bacterial viability for the non-functionalised flat and 

nanospike surfaces (Figure 6.19). As expected, there was a significant reduction in CFU for both 

the Flat-50 and NS-50 surfaces compared to their respective non-functionalised controls (Figure 

6.19). However, only a minor additional decrease was observed with shaking. This implies that 

shaking at 100 rpm did not significantly alter the release of ChoM into the local environment. 
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Figure 6.19- Effects of shaking on the antibacterial activity of ChoM against E. coli. Flat titanium and 2-

hour nanotopography were functionalised with 50 µM ChoM and the disks immersed in 400 µl E. coli 

suspension (5x105 CFU/ml) for 3 hours ± continuous shaking. Aliquots (40 µl) of the suspension were 

then mixed with BacTiter-Glo reagent and the metabolic activity of E. coli measured by luminescence (A) 

and converted into CFU (B). *p≤0.05, compared to respective control surface, as determined by ANOVA 

with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. NS=Nanospikes. 
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6.5.7 Membrane Disruption caused by ChoM 

ChoM is believed to exert its antibacterial mechanism by exfoliating the membrane leading to 

membrane thinning. It was hypothesised that this may make bacteria more susceptible to being 

pierced by the underlying nanotopography. To explore this in more detail, SEM was used to 

visualise bacteria adhered to flat and 2-hour nanospike surfaces ± 50 µM ChoM. After 3 hours 

incubation on the non-functionalised flat surface, E. coli displayed the normal bacillus 

morphology expected for this species (Figure 6.20A), whereas on Flat-50 there were potential 

pores/indentations present on the membrane (Figure 6.20B; highlighted with orange arrows). On 

the 2-hour nanotopography, the E. coli cells exhibited the typical bacillus shape (Figure 6.20C). 

By contrast, on the functionalised 2-hour nanotopography there was evidence of potential 

membrane blebbing and cytoplasm leakage (Figure 6.20D; highlighted with orange arrows). 
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Figure 6.20- Morphology of E. coli in contact with non-functionalised or ChoM-functionalised surfaces. 

Flat titanium and 2-hour nanospike surfaces were functionalised with 50 µM ChoM. E. coli suspension 

(5x105 CFU/ml; 40 µl) was pipetted onto the disks and incubated for 3 hours. The suspension was then 

removed, and the samples processed for SEM imaging. A) Non-functionalised flat titanium, B) 50 µM 

ChoM functionalised flat titanium, C) Non-functionalised 2-hour nanotopography, D1-4) 50 µM 

functionalised 2-hour nanotopography. Orange arrows indicate blebbing and membrane disruption  
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6.6 Biocompatibility of AMP Functionalised Nanotopography 

In this section a preliminary investigation of the biocompatibility and potential osteogenicity of 

the 2-hour nanotopography with or without ChoM-functionalisation was also carried out. The 

work was carried out by Laila Damiati under the supervision of Professor Matt Dalby at the 

University of Glasgow. The samples were supplied by the author. 

 

6.6.1 Adhesion of hMSCs to Functionalised Surfaces 

Focal adhesions are membrane-associated complexes consisting of several proteins such as talin, 

vinculin, focal adhesion kinase (FAK) and paxillin. The function of focal adhesions is to link the 

ECM on the outside of the cell to the actin cytoskeleton on the inside through transmembrane 

receptors. This facilitates cell survival and movement in response to external environmental cues 

such as nanotopography (Kim and Wirtz, 2013). When a cell adheres to a favourable surface it 

spreads, with focal adhesions growing at the periphery of the cell. The elongation of the cell 

indicates tension along the plane of direction (Seo et al., 2013). 

To determine if nanotopography and ChoM functionalisation affected hMSC adherence to the 

titanium surfaces, immunofluorescent staining was used to visualise focal adhesion formation. 

hMSCs were seeded onto flat titanium and 2-hour nanospike surfaces ± functionalisation with 

100 µM ChoM and incubated for 3 days. Immunofluorescent staining of actin (red), tubulin in 

the cellular cytoskeleton (green) and the nucleus (blue) then enabled changes to be observed in 

cell shape and focal adhesion points in response to interaction with the surfaces (Figure 6.21). 

Cell elongation and a well organised cytoskeleton were visualised on the flat titanium disks, in 

the presence or absence of ChoM (Figure 6.21A, C). Numerous focal points could be seen (in 

red and highlighted with white arrows), indicating attachment to the titanium surfaces. These 

adhesion points were observed along the leading edges of the cells, highlighting the movement 

of the cell in multiple trajectories across the surface. Lamellipodia and filopodia were also 

present, as the cells spread and sensed the surface. 

On both 2-hour nanospike surfaces, smaller hMSCs were observed, with less evidence of cell 

spreading or motility across the surface (Figure 6.21B, D). Focal adhesion points were not 

visualised, suggesting only weak interactions with the interface. The cytoskeleton was not well 

organised, with few tubulin filaments observed, and dense tubulin present around the nuclei for 

most of the cells. Taken together, these images suggest that after 3 days, the hMSCs preferred to 

attach and spread on flat titanium rather than the 2-hour nanotopography. The presence of the 

AMP coating had no discernible effect on these interactions. 



6. FUNCTIONALISATION OF NANOTOPOGRAPHY WITH ANTIMICROBIAL PEPTIDE 

181 
 

 

Figure 6.21- Immunofluorescent staining of hMSCs after 3 days on different surfaces. hMSCs were 

seeded onto A) non-functionalised flat titanium, B) non-functionalised 2-hr nanospikes, C) ChoM-coated 

flat titanium, and D) ChoM-coated 2-hr nanospikes at 3000 cells/cm2 and incubated for 3 days at 37°C in 

5% CO2. Cells were washed, fixed and then stained for vinculin (green) and actin (red). Nuclei were 

stained with DAPI (blue). White arrows indicate actin focal points. 
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6.6.2 Viability of hMSCs 

The previous data suggested that the flat titanium may be a more favourable interface for hMSC 

attachment after 3 days than the 2-hour nanospike surface, and this was ChoM independent. To 

investigate if cell viability also differed between the two surfaces or in the presence of ChoM, the 

alamarBlue assay was used. This assay quantitatively determines the viability of mammalian cells 

by measuring the innate reducing power of a cell. Living cells take up and reduce resazurin into 

resorufin, which fluoresces red. The experiment was performed over 28 days. 

On day 3, hMSC viability was ~60% for uncoated flat titanium and the 2-hour nanotopography, 

and this was unaffected by AMP functionalisation (Figure 6.22). A similar trend was seen at days 

7, 14 and 21, with cells on all surfaces exhibiting viability values of ~100%. At 28 days, the 

longest time point tested, the viability dropped slightly for all the surfaces to around 70%. Again, 

there was no statistical significance between the surfaces ± ChoM, indicating that the peptide did 

not cause any cytotoxicity. These results demonstrate that both the flat surface and the 2 -hour 

nanotopography exhibit comparable biocompatibility, at least over a 28-day period. This was not 

affected by the ChoM peptide coating.  
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Figure 6.22- hMSC viability following incubation on different surfaces over 28 days. hMSCs were seeded 

onto flat titanium and 2-hour nanotopography ± 100 µM ChoM and incubated at 37°C in 5% CO2 for A) 

3 days, B) 7 days, C) 14 days, D) 21 days, and E) 28 days. AlamarBlue solution was then added to each 

well, incubated for 6 hours at 37°C in 5% CO2, and the absorbance measured at 570 nm and 600 nm. 

N=4 in quadruplicate. 
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6.7 Cellular Morphology and Qualitative Osteogenic Analysis 

Calcium and phosphate are the two main micronutrients involved in bone formation as they are 

the main constituents of hydroxyapatite (Bonjour, 2011). The presence of phosphate and calcium 

are indicative of osteoblastic differentiation and their deposition is carried out by osteoblasts 

during the osseointegration process; this may occur within the first 4 weeks of implantation 

(Khang et al., 2006). Calcium and phosphate deposition were therefore used as markers to assess 

the effects of nanotopography and ChoM functionalisation on the osteogenic potential of the 

titanium surfaces, alongside observing general cellular morphology. 

 

6.7.1 Giemsa Staining 

Giemsa staining was used to visualise and assess the morphology and confluency of the hMSCs 

on each of the surfaces (flat and 2-hour nanospikes ± ChoM ± osteogenic medium) after 28 days’ 

incubation. Osteogenic medium was used as a positive control to generate a highly beneficial 

environment for hMSC adhesion and proliferation on both flat titanium and 2-hour nanospikes 

disks. 

After 28 days on the flat titanium (Figure 6.23A, C, E), the hMSCs were clearly visible, with the 

nuclei staining dark blue/purple and the cytoplasm a light blue. The cells had formed a dense 

layer of cells with a range of morphologies, and the majority demonstrated spreading and motility 

across the surface, with elongated and stretched membranes. The morphology was similar to 

hMSCs grown in osteogenic medium and did not alter in the presence of ChoM. 

Visualisation of cells on the nanotopography with the light microscope was challenging due to 

the underlying colour of the disks (Figure 6.24), which was not seen on the flat surface. There 

was also high intra-disk and inter-disk variability in colour and patterning. Nonetheless, a dense 

coverage of hMSCs was seen across the surface, with cell stretching and motility evident in the 

majority of cells (Figure 6.23B, D, F). There was no observable difference to the morphology 

seen in the presence of osteogenic medium, and cells were comparable when grown on disks with 

a peptide coating.  

Visualising the Giemsa staining under fluorescence allowed the detection of bone-like nodules, 

which appear white and are indicative of differentiation and matrix mineralization. All six 

surfaces (flat and 2-hour nanospikes ± ChoM ± osteogenic medium) displayed a number of white 

dots, which may be evidence of bone-like nodules. However, the dots may also represent 

contaminants on the disk that fluoresce dimly. 
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Together, these results suggest that the hMSCs could adhere and spread across the 

nanotopography, as well as on the flat surface, regardless of the presence of ChoM, but that in all 

instances, no significant osteogenic differentiation occurred during the 28-day time period. 

 

 

Figure 6.23- Brightfield imaging of Giemsa-stained hMSCs on different surfaces. hMSCs were seeded 

onto A) osteogenic medium flat, B) osteogenic medium 2hr-NS, C) non-functionalised flat titanium, D) 

non-functionalised 2-hr NS, E) ChoM-functionalised flat titanium, and F) ChoM-functionalised 2-hr NS 

disks. The disks were seeded with 3000 cells/cm2 and incubated for 28 days at 37°C in 5% CO2. Cells 

were washed, fixed and then stained with Giemsa stain. White brackets highlight individual cells. 
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Figure 6.24- Representative light microscope image of a 2-hour nanospike surface.  
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Figure 6.25- Bone nodule visualisation of Giemsa-stained hMSCs on different surfaces. hMSCs were 

seeded onto A) osteogenic medium flat, B) osteogenic medium 2hr-NS, C) non-functionalised flat 

titanium, D) non-functionalised 2-hr NS, E) ChoM-functionalised flat titanium, and F) ChoM-

functionalised 2-hr NS disks. The disks were seeded with 3000 cells/cm2 and incubated for 28 days at 

37°C in 5% CO2. Cells were washed, fixed, stained with Giemsa stain and then visualised by 

fluorescence microscopy with excitation/emission of 495/519 nm.  
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6.7.2 Alizarin Red S Staining 

The differentiation of hMSCs into osteoblasts can be qualitatively visualised using the Alizarin 

Red S stain, which indicates the presence of calcium deposition. Intracellular calcium deposits 

usually stain bright orange-red. A dense coverage of hMSCs with elongated morphology was 

seen on all the surfaces (flat and 2-hour nanospikes ± ChoM ± osteogenic medium), as for the 

Giemsa stain (Figure 6.26). No red-stained deposits were observed for the osteogenic medium 

controls or the non-functionalised or functionalised flat titanium or 2-hour nanospikes. These 

images provide further evidence that, after 28 days, the surfaces were biocompatible, but there 

was little evidence of early osteoblastic differentiation. 

 

6.7.3 Von Kossa Staining 

Von Kossa staining was used to visualise phosphate deposition within cells as a qualitative 

indication of osteogenic differentiation. During the staining process, phosphate reacts with silver 

ions, which photochemically degrade from silver phosphate to silver under light illumination. 

The silver can then be observed as black dots within the cells. Once again, a dense coverage of 

stretched hMSCs was seen on all the surfaces (flat and 2-hour nanospikes ± ChoM ± osteogenic 

medium) (Figure 6.27). There were a few black areas on the surfaces (highlighted with white 

arrows), apart from on the non-functionalised 2-hour nanotopography. It is unclear whether the 

black areas were due to phosphate deposition, as similar black regions were seen for the Giemsa 

staining (Figure 6.23) and alizarin red S staining (Figure 6.26).  
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Figure 6.26- Visualisation of calcium deposition in hMSCs on different surfaces. hMSCs were seeded 

onto A) osteogenic medium flat, B) osteogenic medium 2hr-NS, C) non-functionalised flat titanium, D) 

non-functionalised 2-hr NS, E) ChoM-functionalised flat titanium, and F) ChoM-functionalised 2-hr NS 

disks. The disks were seeded with 3000 cells/cm2 and incubated for 28 days at 37°C in 5% CO2. Cells 

were washed, fixed, stained with alizarin red S stain and then visualised using a phase -contrast 

microscope. White brackets indicate individual cells. 
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Figure 6.27- Visualisation of phosphate deposition in Von Kossa-stained hMSCs on different surfaces. 

hMSCs were seeded onto A) osteogenic medium flat, B) osteogenic medium 2h r-NS, C) non-

functionalised flat titanium, D) non-functionalised 2-hr NS, E) ChoM-functionalised flat titanium, and F) 

ChoM-functionalised 2-hr NS disks. The disks were seeded with 3000 cells/cm2 and incubated for 28 days 

at 37°C in 5% CO2. Cells were washed, fixed, incubated with 5% silver nitrate and exposed to UV light 

for 30 minutes. Cells were then washed, incubated with 5% sodium thiosulfate for 10 minutes, dehydrated 

in 70% ethanol and visualised by light microscopy. White brackets indicate individual cells. White 

arrows indicate potential phosphate deposits. 
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6.8 Osteogenic Gene Expression 

Osteopontin (OPN) is a protein released by both osteoclasts and osteoblasts and is important in 

the modulation of osteoclast function, adherence of osseous cells, and  modulation of matrix 

mineralisation (Icer and Gezmen-Karadag, 2018; Tsimbouri, 2015; Tsimbouri et al., 2016). 

Osteocalcin (OCN) is a protein secreted exclusively by osteoblasts with the primary role to 

minimise excess bone mineralisation (Zoch, Clemens and Riddle, 2016). Osteonectin (ON) is a 

collagen binding protein with a role in facilitating the formation of a mineralised matrix involving 

procollagen processing and collagen cross-linking (Rosset and Bradshaw, 2016). Expression of 

genes for these proteins is indicative of osteoblastic differentiation. 

This was therefore used to further investigate if flat titanium and 2-hour nanospikes were 

osteogenic, and any potential impact of ChoM-functionalisation, by qPCR. The housekeeping 

gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was used for normalisation. There 

were no significant differences in gene expression between the flat surface and 2-hour 

nanotopography or osteogenic medium controls (Figure 6.28). Likewise, functionalisation had 

no effect on gene expression. As such, there was little indication, from these data, of osteoblast 

formation for any of the surfaces.  
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Figure 6.28- qPCR analysis of the expression of osteogenic genes. hMSCs were seeded onto disks at 

3000 cells/cm2 and incubated for 28 days at 37°C in 5% CO2. Total RNA was then extracted, and the 

concentrations normalised for cDNA synthesis. Expression of genes A) osteopontin (OPN), B) 

osteonectin (ON) and C) osteocalcin (OCN) was normalised against housekeeping gene GAPDH. N=4 in 

duplicate. 
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6.9 Discussion 

The main aim of these studies was to determine if the antimicrobial potential of the 

nanotopography could be enhanced by addition of a coating comprising antimicrobial peptide 

ChoM, that is if a synergistic effect between nanotopography and ChoM could be seen. Although 

the bactericidal effects of the ChoM peptide have been previously studied, this project 

investigated how effectively the peptide may be integrated with dif ferent surface 

nanotopographies, its subsequent release and interaction with bacteria. Pilot work was also 

performed to assess if the functionalisation impacted the interactions of the titanium surfaces with 

hMSCs.  

 

6.9.1 Biofunctionalisation of Titanium with ChoM by Physical 

Adsorption 

In this project, physical adsorption was used to functionalise the titanium surf aces with the 

antimicrobial peptide ChoM. Functionalising the titanium surface involved pipetting a solution 

of solubilised peptide directly onto the titanium disk and subsequently allowing it to dry under 

sterile conditions in a flow hood. Adsorption and desorption processes are dependent on a range 

of factors such as the surface chemistry, solution chemistry, surface area, surface topography, 

capillary force surface hydrophobicity/hydrophilicity and surface charge (Sevilla, Gil and 

Aparicio, 2017; Richert et al., 2010). 

As there are differences in the properties between the two chosen titanium surfaces: flat mirror 

polished titanium and 2-hour nanotopography, it might be anticipated that these could influence 

the functionalisation and interaction of ChoM with the surface, and consequently how, and how 

rapidly, the peptide was released from the interface into the local environment.  

 

6.9.2 Factors Influencing Adsorption of Peptide  

Wettability is the interaction between a fluid and a solid interface dependent on the intermolecular 

forces between the two phases. Flat titanium was found to be slightly hydrophilic and the 2-hour 

nanotopography to be super-hydrophilic, with a water contact angle below 10° (Webb, Crawford 

and Ivanova, 2014). 

The super-hydrophilic property of the nanotopography is likely to have been due to an increase 

in surface roughness and surface area and a change in the surface chemistry, leading to high 

surface energy. The Wenzel model is proposed to describe the relationship between the apparent 
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contact angle and the surface roughness (Hazell et al., 2018; Zhao et al., 2015). This model 

assumes the liquid completely fills the spaces of the rough topography and can be expressed by  

Equation 6.1. The surface roughness factor of the 2-hour nanospike surface, using Equation 6.2, 

was calculated.  

The average of the 2-hour nanospike height measurements from SEM and AFM were used, along 

with the spacing calculated from the density and average nanospike diameter, both quantified by 

SEM. The calculated roughness factor was 2.8. A surface roughness factor >1 results in a more 

hydrophilic surface if the surface was hydrophilic originally. The calculated effective water 

contact angle according to the Wenzel model, using the flat titanium contact angle of 80° and 

Equation 6.1 was ~60° (Zhao et al., 2015; Hazell et al., 2018a). This modelled value is still 

considerably greater than that shown in Figure 6.15B, which indicated a contact angle of <10°. 

Further hydrophilicity of the nanospike surface is likely to have been conferred by the polar 

components such as hydroxides present on the surface (Belyaeva et al., 2018). The hydroxide 

bonds, shown by XPS in Section 4.4.4, were present on the surface as a result of the alkaline 

hydrothermal process. Pre-surface treatments such as ethanol sterilisation and Tris-HCl washing 

are also likely to have increased surface energy (Drelich and Chibowski, 2010; Bhushan and Her, 

2010). Roughness promotes the spread of the liquid, while the large surface area of the 

nanotopography further enhances the surface wetting (Seo, Kim and Kim, 2015; Roach, 

Shirtcliffe and Newton, 2008; Zhang, Wang and Zhang, 2013). 

Cosθw = r cosθ0  

Where: 

r-roughness factor 

θ0 = contact angle of the flat surface of the same material 

θw = effective contact angle on a rough surface 

Equation 6.1- Wenzel Model equation (Zhou et al., 2015; Hazell et al., 2018b) 

 

Roughness Factor (r) = 
(𝑅+𝐿)2 + 4𝑅𝐻

(𝑅+𝐿)2
 

Where: 

R=diameter of nanospikes 

L=spacing between nanospikes 

H=height of nanospikes 

Equation 6.2- Roughness Factor Equation (Hazell et al., 2018b) 



6. FUNCTIONALISATION OF NANOTOPOGRAPHY WITH ANTIMICROBIAL PEPTIDE 

195 
 

The differences in wettability between the flat titanium and nanospike surfaces led to differences 

in the interface functionalisation of the peptide. A 40 µl aliquot of ChoM stock solution was used, 

as this was the maximum volume of liquid that could be pipetted onto the nanotopography disks 

without the risk of spillage. On the flat titanium surface a meniscus formed due to the poor 

wettability, resulting in a small, peptide dense area of the titanium disk being functionalised, 

while the rest of the disk remained non-functionalised, as illustrated schematically in Figure 6.29. 

This would have resulted in a locally thicker, more dense coating of peptide on the surface, and 

thus less ChoM specifically interacting with the titanium interface, as confirmed by SEM.  

Conversely, with the nanotopography, the surface was highly wetting, and the peptide spread 

across the whole surface (Figure 6.29). As a consequence, the peptide coating is likely to have 

been thinner, with lower and more variable densities of peptide across the disk, exacerbated by 

the uncontrolled drying of the peptide solution. Again, this was verified by SEM. A thinner 

coating and lower peptide density, together with the 3D nature of the nanospikes, which increased 

the surface area by approximately 150%, is likely to have led to more direct interactions between 

ChoM and the nanotopography surface than the flat surface, where it was layered. In this project, 

the specific peptide concentration on the surface was not measured, but could be carried out by 

XPS via the quantification of amine groups (Sun et al., 2019; Karam et al., 2013). 

 

 

Figure 6.29- Schematic highlighting differences of potential peptide coverage on flat titanium and 2 -hour 

nanotopography disks due to differences in wettability. Grey indicates base titanium disk. Orange 

indicates peptide covered area.  
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6.9.3 Release Mechanics of Peptide from Functionalised Surfaces 

The physical adsorption method permits the free release of peptide from the surface into the local 

environment or solution, enabling the physically-free peptide to exert effective short-term 

antimicrobial activity. The results presented here showed that ChoM was released more slowly 

from the nanotopography than f rom the flat titanium surfaces, so that the final peptide 

concentration in the surrounding solution was less from the nanotopography than from the flat 

surface. Virtually all of the available peptide was found to be released from the flat surfaces 

within the initial 10-30 minutes, whereas residual ChoM coating could be visualised on the 

nanotopography even after 3 hours. However, even with an extended period of up to 12 hours, 

levels of ChoM released from the nanotopography still did not reach those released from the flat 

surface in the initial 30 minutes, as shown by their failure to achieve the MICs for E. coli or S. 

aureus.  

 

6.9.3.1 Factors that Affect Peptide Release 

Meniscus Environment 

These studies provided evidence that the presence of a meniscus environment may enhance the 

release of ChoM. As the peptide is solubilised in the broth, a diffusion gradient will be formed, 

which will be affected by the volume of liquid into which the peptide can diffuse into. For the 

flat titanium, on which a meniscus of liquid is formed, the ChoM should diffuse easily through 

it, leading to quicker release and greater initial antimicrobial activity. By contrast, liquid pipetted 

onto the super-hydrophilic functionalised 2-hour nanotopography disk predictably spread. 

This will have resulted in a small volume above the nanospikes into which ChoM could solubilise, 

resulting in reduced peptide diffusion through the liquid environment (Chan, Li and Li, 2015). 

Nonetheless, the disk immersion studies (Section 6.4.4) indicated that differences in the meniscus 

environment were not exclusively responsible for the differing ChoM release kinetics between 

the flat and nanospike surfaces and rather multiple factors are potentially involved. 

 

Hydrophilic and Super-hydrophilic surfaces 

Surface hydrophobicity and hydrophilicity are known to affect the adsorption of proteins to an 

interface. AMPs are more likely to be adsorbed onto hydrophilic surfaces than hydrophobic 

surfaces due to the higher surface energy (Kubiak, Adamczyk and Cieśla, 2016; Fabre et al., 

2018). The nanotopography surface has been shown to be more hydrophilic than the flat titanium 

surface. If there is a stronger attraction between ChoM and the nanotopography than flat titanium, 
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the peptide may be released more slowly into the environment. The peptide may also lose some 

of its secondary structure during adsorption onto the surface and specific amino acids of the 

peptide chain may interact with the surface (Roccatano, Sarukhanyan and Zangi, 2017).  

Capillary force 

Due to the reported differences in wettability between the flat and nanospikes surfaces, there are 

likely to have been variations in how a liquid interacts with the surface and poten tially how ChoM 

was released from the surface due to interfacial tension and capillarity imposed by the nanospikes. 

As the nanotopography had a relatively high surface energy, it was able to overcome the surface 

tension, causing the liquid to spread and resulting in a low contact angle. The adhesion of water 

to the nanotopography was stronger than the cohesive forces between the water, causing a 

capillary action within the nanotopography. This would have hindered the release of peptide into 

the surrounding liquid environment (Kosgodagan Acharige, Laurent and Steinberger, 2017).  

 

Surface Charge 

The zeta potential of titanium dioxide at physiological pH of 7.2 is usually negative, while the 

charge of ChoM is positive (Liao, Wu and Liao, 2009; Rapuano and MacDonald, 2011; Pfeil et 

al., 2018). Due to the opposite charges it is likely there is an electrostatic attraction between the 

peptide and the titanium surface. This may have led to an enhanced stability of the peptide 

coating, which may have affected the subsequent release of ChoM from the surface (Sevilla, Gil 

and Aparicio, 2017; Liao, Wu and Liao, 2009). For this project, the zeta potential of the flat 

titanium surface and the 2-hour nanotopography surface was not measured, so any differences 

between the two surfaces and the possible variances on electrostatic interaction was not assessed.  

To encourage the release of ChoM from the nanotopography and overcome the potential capillary 

forces and surface charge that may hinder peptide release, low level vibrations (1 kHz frequency) 

in the form of the nanokick ultrasound device were used. Small differences between ‘nanokicked’ 

samples and controls were observed, which may have been due to the low-level frequency used 

(Childs et al., 2016). However, vigorous shaking at 100 rpm also did not significantly improve 

the release of ChoM from the nanotopography after 3 hours. Further work is therefore required 

to investigate the phasing of peptide release from the nanotopography and, if necessary, to devise 

alternative strategies to encourage enhanced release.  
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Surface Area 

The greater surface area with the more developed nanotopography resulted in lower peptide 

density and more interactions such as electrostatic forces between the nanospikes and ChoM. The 

adsorption of the peptide onto the spikes during functionalisation, along with the increased 

electrostatic interactions, is likely to have impeded early/premature peptide release (Sevilla, Gil 

and Aparicio, 2017; Hollmann et al., 2018). 

 

Shorter Nanotopography 

The physical nature of the nanotopography was hypothesised to inhibit the early release of ChoM 

and in support of this, peptide release did appear to occur more readily from the shorter 

nanospikes generated after one hour than the longer 2-hour nanospikes. The shorter 

nanotopography would have a lower surface area and less peptide interacting directly with the 

spikes, so ChoM diffusion into the liquid environment would be expected to occur more readily. 

Surface charge and capillarity factors would also likely be less effective for the 1-hour than 2-

hour nanotopography.  

In consideration of all of these factors, Table 5.2 compares some potential differences between 

the flat titanium and 2-hour nanotopography surfaces that could have influenced the release of 

ChoM. 

FLAT TITANIUM 2-HOUR NANOTOPOGRAPHY 

Hydrophilic Super-hydrophilic 

Meniscus environment during drying Non-meniscus environment during drying 

Low peptide surface coverage High peptide surface coverage 

High peptide density Low peptide density 

No capillary force Capillary force 

No 3D structure 3D structure 

Low surface area High surface area 

Table 6.2- Differences between the flat titanium and 2-hour nanotopography properties that potentially 

affect ChoM release. 

 



6. FUNCTIONALISATION OF NANOTOPOGRAPHY WITH ANTIMICROBIAL PEPTIDE 

199 
 

6.9.4 Antimicrobial Activity of ChoM 

ChoM was initially made and characterised by Pfeil et al. (2018) at NPL, and was chosen for this 

project due to its antimicrobial activity against a wide range of bacterial species, including Gram-

positive bacteria such as S. aureus and Gram-negative bacteria such as E. coli. The MIC for ChoM 

against E. coli and S. aureus in this project was found to be 25 µM. This was higher than that 

reported by Pfeil et al. (2018), who recorded a MIC below 3 µM for both bacterial species. Both 

assessments were carried out by the two-fold broth dilution method, which is a standard method 

to measure the bacteriostatic nature of the peptide and widely used due to its simplicity and high 

reproducibility (Andrews, 2001). Differences in the MIC calculation could therefore be due to 

variations in batch preparation of ChoM, such as peptide purity and quality, quality of peptide 

stock after freezing, or accurate measurement of peptide stock and serial dilutions (Andrews, 

2001). Nonetheless, the MIC for ChoM of 25 µM was taken forward as the MIC threshold for all 

experiments performed here, and 50 µM and 100 µM concentrations were used as two-fold and 

four-fold excess concentrations. 

Pfeil et al. (2018) considered that ChoM was likely to exert its antimicrobial activity by 

intercalating underneath the phospholipid head groups and lysing the bacteria through exfoliating 

and thinning of the lipid bilayer membrane, rather than through pore formation. This mechanism 

has the potential to act quickly and causes bacterial death potentially within 10 minutes of 

incubation. Other studies have highlighted the speed of AMP activity (Yasir, Dutta and Willcox, 

2019; Dias et al., 2017). Yasir et al. (2019) reported membrane disruption in 30 seconds and 

permeabilization within 5 minutes. Dias et al. (2017) reported a more gradual bactericidal effect 

between 30-180 minutes, dependant on the bacterial species. In this project, the antibacterial 

effects of ChoM were demonstrated within 1 hour. 

The result of ChoM interaction with E. coli was visualised by SEM after 3 hours, showing 

membrane blebbing and cytoplasmic leakage, potentially indicating cell lysis. Blebbing has 

previously been reported after AMP interaction and can occur at sub-lethal concentrations (Alves 

et al., 2010; Chileveru et al., 2015; Toyofuku, Nomura and Eberl, 2019). However, membrane 

blebbing or the production of membrane vesicles can be a natural occurrence and not solely 

indicative of lytic membrane disruption. Bacteria release membrane vesicles that transport cargo 

molecules, which have diverse roles in DNA transfer, bacterial communication, transport of 

virulence factors and antibiotic and eukaryotic host defence factors (Toyofuku, Nomura and 

Eberl, 2019). Blebbing can also result from the intercalation of hydrophobic molecules inducing 

cell envelope stress, SOS responses and hampering cell wall biosynthesis (Yin et al., 2012; 

Toyofuku, Nomura and Eberl, 2019).  
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6.9.4.1 Importance of ChoM Concentration 

For an antimicrobial-releasing biomaterial to be effective, it is important that the MIC threshold 

is reached as quickly as possible to impair microbial growth. For the titanium surfaces tested here, 

it was shown that the higher the concentration of ChoM used for functionalisation, the more 

rapidly the peptide was released, and the more likely that the MIC threshold would be achieved. 

An excess of peptide above the MIC was also needed for functionalisation, since 100% release 

of the peptide was not achieved. However, due to the delayed release of ChoM from the 

nanotopography, only sub-MIC levels of peptide were effective in the first few hours. The results 

highlighted that below the MIC, growth of the bacteria continued but often at a lower rate to that 

of the control surfaces. 

There are several potential effects of a sub-MIC antimicrobial concentration on bacteria, which 

may have both positive and negative implications. Sub-MIC concentrations can cause significant 

changes in bacterial morphology, inhibit enzyme or toxin production, alter growth kinetics, hinder 

adhesive properties and the transcription of genes, induce mutagenesis and SOS responses 

(Vasilchenko et al., 2017; Limoli et al., 2014; Reeks et al., 2005). Sub-MIC levels may also 

provoke changes in membrane architecture, leading to extracellular vesicle formation and the 

release of virulence factors (Vasilchenko and Rogozhin, 2019). 

Beneficial effects have been shown with sub-MIC levels with the potential inhibition of biofilm 

formation by affecting metabolic regulation, cell surface proteins and virulence proteins (Wang 

et al., 2016b; Braga, Sasso and Sala, 2000). Conversely other studies have reported a promotion 

in biofilm formation (Sato et al., 2018). Adverse outcomes from exposing bacteria to sub-MIC 

levels is the development of resistance due to selection pressures and the promotion of protective 

mutations (Wistrand-Yuen et al., 2018).  

The flat titanium surface functionalised with 50 µM of ChoM was able to suppress E. coli growth 

for at least 9 hours. However, this was in a closed system. Since most ChoM release occurred 

from flat titanium within 30 minutes, the peptide is susceptible to being flushed away, as might 

occur during surgery and in vivo. In this case even a significant peptide release might fail to reach 

the MIC.  

The peptide adheres longer onto the nanotopography and is released more slowly and therefore 

potentially remains antimicrobial for an extended period. In this case, if optimised, the longer 

retention and delayed release of ChoM seen for the nanospike surfaces could prove beneficial 

extending the duration of antibacterial activity. This would be especially relevant for titanium 

surgical implants. Further studies should therefore investigate optimisation of the rate of peptide 

release against possible infections by dynamic modelling of in vivo conditions. The release will 

also be connected to how effectively the peptide is tethered or absorbed onto the nanotopography. 
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Many of the experiments that investigated peptide release were limited to a 3-hour period due to 

the potential problems with dehydration for extended durations. The results indicated that initially 

peptide release into solution from the flat titanium discs was rapid compared to the nanospikes. 

However, the slower release over long periods of several days has not been sufficiently evaluated.  

 

6.9.5 Biocompatibility and Osteogenic Potential of AMP 

Functionalised Nanotopography 

Following implant surgery, encouraging the attachment of osteoprogenitor cells, ensuring 

favourable interfacial growth conditions and directing differentiation towards the osteogenic 

lineage leads to stable tissue fixation between the host-bone and implant surface. This is critical 

for long-term success of an orthopaedic or dental implant (Dobbenga, Fratila-Apachitei and 

Zadpoor, 2016). Stem cell behaviour can be modulated by the mechanical and biochemical cues 

from the surrounding environment and ECM (Stanton, Tong and Yang, 2019; Rutkovskiy, 

Stensløkken and Vaage, 2016). It was therefore important to consider in this project if ChoM 

functionalisation affected the interactions of the titanium surfaces with hMSCs. 

 

6.9.5.1 Biocompatibility of the Surface 

Data from the focal adhesion and alamarBlue assays provided evidence that both the flat titanium 

and 2-hour nanotopography surfaces were biocompatible. This correlates with previous work 

(Diu et al., 2014; Tsimbouri et al., 2016; Nadeem et al., 2013; Karazisis et al., 2016) and the 

capacity for titanium to form a surface oxide layer. There was some suggestion from the focal 

adhesion data that the flat titanium surface may initially be more favourable for the attachment 

of hMSCs than the 2-hour nanospike surface, given differences in cytoskeleton organisation, 

number of focal adhesions and the prevalence of lamellipodia and filopodia. That hMSCs may 

initially struggle to have a favourable interaction with the nanotopography supports similar 

observations reported in previous studies (Diu et al., 2014; Tsimbouri et al., 2016; Loye et al., 

2018), and may be related to the diameter of the nanospikes. 

The nanospikes in this project were ~40-45 nm in diameter. Goreham et al. (2013) reported that 

spikes of 16 nm in diameter, compared to 38 nm and 68 nm, encouraged adhesion of MG63 and 

3T3 cells. Sjöström et al. (2009) also found more adhesion and bone matrix formation on titanium 

nanotopographies with smaller diameters of 28 nm compared to 41 nm and 56 nm. Nonetheless, 

as shown here and in previous studies (Diu et al., 2014; Tsimbouri et al., 2016; Stanton, Tong 

and Yang, 2019; Sjöström et al., 2009), greater levels of cellular adhesion on the nanotopography 
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were seen with longer incubation periods. This is likely due to further deposition of the ECM 

onto the nanotopography, making the surface more favourable for hMSC attachment.  

The data from these studies also indicated that functionalisation with ChoM did not compromise 

the biocompatibility of the surfaces. This supports the findings of Pfeil et al. (2018), who showed 

that ChoM concentrations <250 µM did not cause adverse effects on blood cells. However, it 

should be noted that in this project, the growth medium was replenished every 3 days. This would 

have significantly diminished the concentration of ChoM present from day 4 onwards, 

particularly for the flat titanium surfaces.  

 

6.9.5.2 Osteogenic Potential of the Surface 

Geimsa, Alizarin Red S and von Kossa staining were unable to definitively demonstrate bone 

nodule formation, calcium or phosphate deposition, respectively, in hMSCs grown on the flat 

titanium or 2-hour nanotopography, which may imply lack of osteoblastic differentiation. This 

was further supported by the qPCR data, which found no increase in the expression of genes 

OPN, OCN or ON. However, no effects were also seen with the positive controls using osteogenic 

medium, suggesting that there may have been an issue with the promo cells and that further 

investigation is necessary.  

Tsimbouri et al. (2016) found upregulation in expression of OCN and OPN genes after 14 days 

and 35 days respectively in cells grown on an equivalent surface to the 2-hour nanotopography. 

Osteogenic differentiation may be seen by 28 days, but some studies use 35 or 42 days as a final 

time point (Matta et al., 2019; Tsimbouri et al., 2016). It is recommended, therefore, to repeat 

these experiments over a longer time period than the 28 days. In addition, other osteogenic marker 

genes such as alkaline phosphatase (ALP), bone gamma-carboxyglutamate (BGLAP) and runt-

related transcription factor 2 (RUNX2) could be assessed to give further indication of osteogenic 

differentiation of adherent stem cells (Matta et al., 2019; Westhauser et al., 2019).  
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7.1 Conclusions 

7.1.1 Formation and Characterisation of Nanotopography 

lkaline hydrothermal synthesis is an attractive method to fabricate insect-wing mimicking 

nanospikes on titanium due to its simplicity and environmentally friendly operating systems, 

together with its high yield of nanostructures and reproducible nanotopography. The process 

involved submersion of pure titanium in concentrated NaOH, which was then heated under 

pressure. This was followed by heat treatment, ion exchange in HCl and a final calcination step. 

SEM images revealed that nanotopographies were formed at the first stage of NaOH submersion 

and the morphology did not change during the subsequent steps. 

Systematic experiments, modifying key growth parameters such as temperature, duration, NaOH 

volume and concentration, were carried out to form a range of nanotopographical arrays that were 

subsequently assessed for their bactericidal potential. Over time, the nanotopography grew 

upwards and by 2 hours of alkaline treatment, the titanium surface had a homogeneous covering 

of well-developed nanospikes with a conserved diameter. The nanospikes protruded upright from 

the surface with some variability in orientation. At longer time periods, the nanospikes continued 

A 
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to elongate but started to bend and intertwine. This further lengthening and interweaving of the 

nanotopography from 4 hours of treatment formed well developed ‘pockets’.  

With increasing sodium hydroxide molarity, the nanotopography grew quicker but high 

concentrations led to malformed structures as a result of enhanced rates of titanium dissolution. 

Increasing volumes of NaOH resulted in little differences in the nanospike growth, but increasing 

temperatures led to sharper and separated spikes, possibly due to the promotion of nucleation and 

crystal growth caused by the increase in pressure. A time duration of 2-hours for the nanospikes 

and 4-hours for the pocket development with 1 M NaOH concentration at 240°C (close to the 

maximum advised for the acid digestion vessels) was considered optimal. 

The quality and integrity of the Teflon vessels used during alkaline hydrothermal treatment were 

found to be critical for optimal nanospike growth and reproducibility. The vessels degrade with 

time and a replacement batch resulted in inferior nanotopography growth due to a larger vessel 

volume. The addition of the spacer underneath the acid-digestions vessels ensured limited 

expansion resulting in the characteristic nanospike growth previously observed.  

Parameters such as nanospike height, diameter and density, together with surface roughness and 

surface area, were measured for the range of nanotopographies formed. There were notable 

differences in the quantified physical characteristics compared with those reported in research 

papers using similar alkaline hydrothermal parameters. As only one analytical technique is 

usually used to measure the parameters, and with no standardised approach, such inconsistencies 

are unsurprising. Differences between batches with the same experimental conditions can also 

lead to variability in the measurements. In this project, effort was made to utilise several analysis 

techniques, including SEM, AFM CLSM and OP, to provide a more comprehensive and 

quantitative physical characterisation of the nanotopography.  

AFM and SEM are well suited to quantify the height of nanotopography grown for up to 2 hours. 

However, for longer growth periods, AFM was not accurate due to tip convolution in randomly 

orientated and high-aspect ratio structures and SEM overestimated the height. CLSM and OP 

provided reliable height and roughness measurements for these structures. SEM was appropriate 

to measure nanospike diameter, density and pocket diameter. 

Over time, upward perpendicular growth from the surface occurred and by 2 hours the nanospikes 

were ~440 nm in height, ~45 nm in diameter with a density of ~40 spikes per µm2. With further 

growth the nanospikes began to intertwine. The average diameter of the pockets increased from 

~1.5 to 13 µm for the 3-hour and 7-hour nanotopography respectively. 

The crystal structure of the nanotopography was analysed at each step of the alkaline 

hydrothermal method by XRD. The results demonstrated the transformation of the crystal 
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structure from sodium titanate, to hydrogen titanate and finally to titanium dioxide, consisting 

primarily of anatase conformation. This was validated by EDX and XPS, which also confirmed 

the ion exchange success by indicating an absence of sodium.  

Nanotopography growth was equally successful on the Ti64 alloy, which is primarily used for 

orthopaedic implants. However, the nanotopography was found to be easily damaged by 

scratching or by a human finger and will require optimisation to ensure that the material can 

survive handling during implant surgery.  

 

7.1.2 Bacterial Interactions with Nanotopography 

A key approach to assess the bactericidal properties of a surface is to quantify the number of 

viable bacteria after a period of incubation. Several methods were utilised, including Live/Dead 

staining, viability qPCR, LDH, BacTiter-Glo and RealTime-Glo. The surfaces were also 

visualised by SEM and FIB-SEM. Comparison of the data demonstrated that no single technique 

should be used in isolation to assess bactericidal performance, especially when applied to surfaces 

with nanotopography and multiple bacterial strains. Rather, the optimal combination of 

methodologies to be employed will likely be project-specific and will need to consider the precise 

research questions being asked. Given the limited microbiological approach taken by much of the 

literature in the field to date, this raises the question as to whether a standardised set of assays 

should be developed for such studies going forward. This should improve the accuracy of such 

work and enable better comparison of studies.  

Live/Dead staining K. pneumoniae and E. coli after 3 hours incubation revealed little membrane 

permeability and cell lysis when cells adhered to the nanotopography. However, the results 

demonstrated that the niche/pocket nanotopography had anti-biofouling potential. These results 

were supported by SEM images of K. pneumoniae, E. coli and S. aureus which also suggested 

membrane indentations but no evidence of piercing or loss of turgor pressure. This was validated 

by the 3D FIB-SEM modelling of the bacteria on the 2-hour nanospikes. 

These observations are supported by the BacTiter-Glo results for E. coli, K. pneumoniae and S. 

aureus after 3-hours incubation. Although the results of the nanotopographies were generally not 

significantly different from the flat titanium over 3-hours of incubation, the most encouraging 

trend was exhibited by K. pneumoniae which indicated up to 50% fewer cells in the solution on 

the nanotopography than on the flat titanium. The RealTime-Glo data for S. aureus demonstrated 

that there were significant bactericidal effects, although only evident after 4-hours of incubation. 

The techniques taken together gave consistent results indicating that Gram-negative K. 
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pneumoniae, E. coli were beginning to be affected within 3-hours of incubation, but Gram-

positive S. aureus was affected only after 4/5 hours.  

 

7.1.3 Functionalisation of Nanotopography with Antimicrobial 

Peptide 

The aim of these studies was to determine if the antimicrobial potential of the 2-hour nanospike 

surface could be further enhanced by functionalising the nanotopography with ChoM, a synthetic 

AMP, which was synthesised at NPL. ChoM was functionalised by physical adsorption, which 

proved extremely time efficient and avoided the need for initial surface treatment. The method 

also allowed the free release of AMP into the local environment from the surface.  

Studying the release kinetics, it was found that from a flat surface, the majority of ChoM was 

released within the first 10-30 minutes. Release from the nanotopography was delayed, exhibiting 

reduced concentrations in the surrounding environment, especially for the lower ChoM 

concentrations in the first 3 hours. Residual peptide on the nanotopography was visualised by 

SEM and attempts to increase the level of ChoM released by exposing the surface to low level 

ultrasonication or shaking was found to have little effect. As a result, to have comparable effects, 

2-hour nanospikes had to be functionalised with higher concentrations of ChoM than flat 

titanium. Nonetheless, both surfaces had capacity to release ChoM at levels that exceeded the 

MIC and so were able to inhibit growth of both E. coli and S. aureus. 

Bactericidal properties of the AMP on the nanotopography were quantified using BacTiter-Glo 

and visualised by SEM. Most experiments were restricted to 3 hours, but some increased to 12 

hours and up to 19 hours (RealTime-Glo assay). The effect of increasing ChoM concentrations 

from 25 to 200 µM (1 to 8x MIC) was also investigated. 

The BacTiter-Glo assays indicated that against S. aureus, the functionalised nanotopography is 

less effective than the flat titanium over a 3-hour period but potentially more effective over a 12-

hour period, if the peptide exceeds 100 µM concentration. The assays with E. coli also indicated 

that the flat titanium was more effective up to 3 hours but ineffective between 3 and 12 hours 

compared to the nanotopography. At longer time periods, it is anticipated that more peptide will 

be progressively released from the nanotopography as very little residual peptide will remain on 

the flat titanium disks.  

The experiments showed that the peptide is easily flushed from the flat titanium main ly in the 

initial 10 minutes. If the liquid is then further flushed away from the local area, it will have very 

limited bactericidal benefit. The peptide adheres longer onto the nanotopography and is released 

more slowly and therefore potentially remains antimicrobial for an extended period. For titanium 
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surgical implants it is unlikely that the peptide functionalised on the flat surfaces will have 

significant bactericidal benefit as it would have been flushed during or very shortly after surgery.  

The nature of the local environment influences the release kinetics of ChoM which are affected 

by differences in the wettability of the flat titanium and 2-hour nanotopography. The flat titanium 

was hydrophilic, while the 2-hour nanotopography was super-hydrophilic, due to the increased 

surface roughness, surface area and presence of hydroxide bonds. It is likely that the super-

hydrophilicity, electrostatic interactions and greater surface area of the nanospikes results in more 

peptide interaction with the nanotopography and hence slower release into the environment. A 

meniscus is present on the flatter surfaces and promotes the earlier release of the peptide than in 

the case of the super-hydrophilic 2-hour nanospikes and hence is less favourable for peptide 

retention. 

An additional aspect of these studies was to determine the biocompatibility and osteogenic 

potential of the 2-hour nanospikes and the impact of functionalisation with ChoM. This was an 

important consideration, as biocompatibility of materials and stem cell adhesion to a surgical 

implant surface is a requisite for successful tissue development. This work was performed by a 

collaborator at the University of Glasgow and found that, while hMSCs initially preferred to 

attach and spread on flat titanium rather than the 2-hour nanotopography, comparable levels of 

biocompatibility were seen over a 28-day period. This was not affected by ChoM 

functionalisation. The osteogenic properties of the titanium surfaces were investigated by 

Giemsa, Alizarin Red S, von Kossa staining and qPCR over a 28-day incubation period. On all 

surfaces there was a dense coverage of hMSCs with cell stretching and motility evident for the 

majority of cells, but little evidence of osteogenic differentiation. Again, this was not affected by 

the presence of the ChoM coating. 

 

7.2 Recommended Future Research 

7.2.1 Formation and Characterisation of Nanotopography 

In this project, the nanotopography was grown on flat, pure titanium disks. Dental and 

orthopaedic implants are more commonly made of Ti64 with curved surfaces and potential 3D 

interfaces with high roughness. Further work is recommended to investigate the reliability and 

quality of the nanotopographical growth, using the alkaline hydrothermal method, on these 

clinically relevant substrates and shapes. Further AFM and OP optimisation such as probe speed 

and line density will result in higher resolution images and more accurate measurements.  
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The nanotopography is not robust and is easily damaged. More robust surfaces should be 

developed, and further work carried out on other clinically relevant substrates such as Ti64. 

Handling procedures including specific areas available to touch should be investigated. 

Analogous to trabecular implants, procedures may be developed to shield the surfaces during 

insertion into the body. Implants will be exposed to fluid flow in vivo and it will be important to 

test the surfaces under such shear conditions to determine if the nanotopography is mechanically 

stable without premature release into the local environment and without any long-term toxicity. 

 

7.2.2 Bacterial Interactions with Nanotopography 

The nanotopographies generated impaired bacterial attachment and growth but there is scope for 

further bactericidal optimisation by systematic investigations into variations of height, nanospike 

diameter, roughness and density. Longer time periods should also be investigated  to better 

determine the capacity for the nanotopographies to inhibit bacterial biofilm formation. Surface-

bacteria interactions should be monitored in the presence of tissue/serous fluid and clinically 

relevant shear forces. This study used model bacteria that are particularly associated with 

orthopaedic implant infections. A range of Gram-positive/negative and motile/non-motile species 

should be investigated including strains more relevant to the dental community such as Prevotella 

intermedia and Fusobacterium nucleatum that are associated with peri-implant mucositis or peri-

implantitis. 

SEM is a widely used technique to visualise bacterial interactions with a surface, but optimisation 

of processing protocols is essential to avoid false positives. In addition to the critical point drying 

technique used here, further improvements in the SEM sample processing could be made. The 

fixation step is critical and involves preserving and stabilizing the structure of the cells in its 

original state. Rather than using glutaraldehyde as the sole fixative, osmium tetroxide or 

formaldehyde could be used in combination due to their capability of penetrating the cells faster. 

In this project the sequential ethanol dehydration steps of the samples were in 20% increments. 

Smaller increases of 10% could reduce the chance of structural deformation further. 

The combination of assays used in these studies investigated the effects of the nanotopography 

on bacterial adhesion, metabolic activity and the bacterial cell wall. However, little is understood 

on the dynamics of the bacterial cell interactions with the nanotopography over time. Live 

imaging of bacteria interacting with the surface over time could be visualised with CLSM or 

light-sheet microscopy, using bacteria that are tagged, for example, with green fluorescent protein 

(GFP). Further replicates of experiments such as the RealTime-Glo which were conducted to a 

n=2 should also be carried out to an n=3. 
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7.2.3 Functionalisation of Nanotopography with AMP 

A number of approaches could be taken to better define the release kinetics of ChoM from the 

surfaces. A factor controlling the release of ChoM from the 2-hour nanotopography is surface 

charge, as the titanium dioxide nanospikes are potentially negatively charged compared to the 

positively charged AMP. The charge could be determined by measuring the zeta potential of pure 

titanium and the nanotopography with an electrokinetic analyser. 

A quartz crystal microbalance (QCM), which measures the adsorption and desorption of 

molecules to a surface, could be used to assess the detailed release kinetics of ChoM. Fluorescent 

tagging of ChoM may also enable visualisation of the peptide on the surface and in solution. The 

functionalised surfaces should ultimately be tested in more clinically relevant models that can be 

performed over a longer time period and incorporate factors such as tissue fluid flow. 

ChoM was selected for this project due to its known antimicrobial activity against both Gram-

positive and -negative bacteria. However, the size, structure and charge of an AMP are all factors 

that will contribute to its release profile. With a spectrum of AMPs available, other AMPs with 

different characteristics could therefore be functionalised onto the nanotopography and compared 

to ChoM. While low-level sonication or shaking did not enhance ChoM release from the 

nanospikes, more powerful sonication could also be tested.  

The physical adsorption method used for this project allowed the free release of AMPs into the 

local environment from the surface, enabling the peptides to exert effective short-term activity. 

However, for an implant material, a longer period of AMP release may be desirable and other 

techniques for AMP functionalisation could be explored, such as layer by layer functionalisation, 

covalent tethering by silanisation or polymer brushing.  

To be developed into a clinical product, another consideration for an implant material is its storage 

capabilities. Investigations should be carried out to assess the stability of the peptide coating after 

functionalisation. For example, after 1 month stored at 4°C, is the peptide coating as effective as 

one used immediately after preparation? Such data will help to optimise storage requirements and 

the long-term stability of the peptide in the dried state. Further replicates of experiments 

conducted to a n=2 should also be carried out to an n=3. 
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7.2.4 Biocompatibility and Osteogenic Potential 

Investigations on the biocompatibility of the AMP-functionalised surfaces on hMSCs were 

preliminary and thus considerable further work is required. The experiments were restricted to 

the 2-hour nanospikes, but the osteogenic potential of the 3-hour and 4-hour nanotopography 

could also be assessed. Likewise, a wider range of ChoM concentrations could be tested.  

The osteogenic potential assays indicated no significant differences between the titanium 

surfaces. However, as the positive controls also failed, these experiments should be repeated, and 

over a longer time period than 28 days. Other osteogenic marker genes such as alkaline 

phosphatase (ALP), bone gamma-carboxyglutamate (BGLAP) and runt-related transcription 

factor 2 (RUNX2) could also be assessed to give further indication of osteogenic differentiation 

by the adherent hMSCs. 

As the morphology and confluency of the hMSCs on the surfaces were difficult to observe under 

the light microscope, SEM images may enable better visualisation of the interactions with the 

surface. In the alamarBlue assay, fluorescence could be measured to give more accurate results 

due to less interference between the unreduced and reduced alamarBlue spectra.  

Ultimately, to better assess the capacity for any nanotopography to be used as an anti-infective 

implant material, a co-culture model comprising both bacteria and hMSCs should be developed. 

It would then be possible to determine if the antimicrobial properties of a surface are sufficient 

to impair bacteria, thereby allowing the hMSCs to bind to the implant surface and initiate the 

osteointegration process.  
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9.1 Lactate Dehydrogenase Assay 
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Figure 9.1- LDH assay for P. aeruginosa and K. pneumoniae after 1-hour and 3-hours incubation on 

flat titanium and five nanotopographical surfaces. Disks were immersed in 400 µl bacterial inoculum for 

1 or 3 hours at 37°C. Aliquots of the suspension were then removed and tested for the presence of LDH 

by absorbance measurements at 450 nm. N=1 in duplicate. 
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Figure 9.2- Percentage kill for P. aeruginosa after 1- and 3-hours incubation on flat titanium and five 

different nanotopographical surfaces. Disks were immersed in 400 µl bacterial inoculum for 1 or 3 
hours at 37°C. Aliquots of the suspension were then removed and tested for the presence of 

LDH by absorbance measurements at 450 nm. Values were converted to % kill against a total 
lysis control. N=1 in duplicate. 
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9.2 RealTime-Glo 
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Figure 9.3- Vitality of S. aureus on different nanotopographical surfaces as assessed by RealTime-Glo. 

Bacterial inocula (40 µl) containing RealTime-Glo MT Cell Viability substrate and NanoLuc enzyme 

were pipetted onto six different surfaces and placed into a plate reader at 37°C. Luminescence was read 

every 10 minutes for approximately 9 hours. N=2 in duplicate. 
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9.3 Potential Delayed Release from Nanotopographical Surfaces 

 

 

Figure 9.4- Antibacterial activity of ChoM released over 3 and 12 hours against E. coli. ChoM (100 µM) 

was functionalised on flat and 2-hour nanospike disks, which were then immersed in 400 µl of MH broth. 

After 3 (A, C) or 12 (B, D) hours, 50 µl aliquots were recovered and mixed with a mid-exponential 

suspension of E. coli (106 CFU/ml). Samples were incubated at 37oC for 3 hours, after which the 

metabolic activity of the suspension was assessed by BacTiter-Glo (A, C) and luminescence values 

converted into viable counts (B, D). n=2 in duplicate. NS=Nanospikes.  
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Figure 9.5- Antibacterial activity of ChoM released over 3 and 12 hours against S. aureus. ChoM (100 

µM) was functionalised on flat and 2-hour nanospike disks, which were then immersed in 400 µl of MH 

broth. After 3 (A, C) or 12 (B, D) hours, 50 µl aliquots were recovered and mixed with a mid-exponential 

suspension of S. aureus (106 CFU/ml). Samples were incubated at 37oC for 3 hours, after which the 

metabolic activity of the suspension was assessed by BacTiter-Glo (A, C) and luminescence values 

converted into viable counts (B, D). n=2 in duplicate. NS=Nanospikes. 
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9.4 Effect of Time and Concentration of ChoM 

 

Figure 9.6- Effects of time and concentration on the antibacterial activity of ChoM against E. coli. Flat 

titanium and 2-hour nanospikes were functionalised with 25/50/100 µM ChoM. E. coli (5x105 CFU/ml; 

40 µl) was then pipetted onto the disks and incubated for 1-3 hours, after which BacTiter-Glo reagent 

was added, and luminescence measured (A) and converted into CFU (B). ~ =p≤0.05, ~~=p≤0.01,  

~~~=p≤0.001 compared to respective control surface, and * =p≤0.05, **=p≤0.01, ***=p≤0.001 

between illustrated surfaces as determined by ANOVA with post-hoc Tukey and Bonferroni tests; n=2 in 

duplicate. NS=Nanospikes. 
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9.5 Effect of Shorter Nanotopography and Elution Environment 

on Peptide Release 

 

Figure 9.7- Effects of shorter nanospikes and a meniscus environment on the antibacterial activity of 

ChoM against E. coli. Flat titanium, 1-hour nanospike ± meniscus and 2-hour nanospike surfaces were 

functionalised with 50 µM ChoM. E. coli (5x105 CFU/ml; 40 µl) was then pipetted onto the disks and 

incubated for 1-3 hours, after which BacTiter-Glo reagent was added, and luminescence measured (A) 

and converted into CFU (B). ~ =p≤0.05, ~~=p≤0.01,  ~~~=p≤0.001 compared to respective control 

surface, and * =p≤0.05, **=p≤0.01, ***=p≤0.001 between illustrated surfaces as determined by ANOVA 

with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. NS=Nanospikes.  
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9.6 Effects of Disk Immersion on Peptide Release 

 

Figure 9.8- Effects of disk immersion on the antibacterial activity of ChoM against E. coli. Flat titanium 

and 2-hour nanospikes were functionalised with 25/50/100/200 µM ChoM, and the disks immersed in 400 

µl of E. coli suspension (5x105 CFU/ml) for 3 hours. Aliquots (40 µl) of the suspension were then 

removed and the metabolic activity of E. coli was assessed by BacTiter-Glo (A) and luminescence values 

converted into viable counts (B). ~ =p≤0.05, ~~=p≤0.01,  ~~~=p≤0.001 compared to respective control 

surface, and * =p≤0.05, **=p≤0.01, ***=p≤0.001 between illustrated surfaces as determined by ANOVA 

with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. NS=Nanospikes. 
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Figure 9.9- Effects of disk immersion on the antibacterial activity of ChoM against S. aureus. Flat 

titanium and 2-hour nanospikes were functionalised with 25/50/100 µM ChoM, and the disks immersed 

in 400 µl of S. aureus suspension (5x105 CFU/ml) for 3 hours. Aliquots (40 µl) of the suspension were 

then removed and the metabolic activity of S. aureus was assessed by BacTiter-Glo (A) and luminescence 

values converted into viable counts (B). ~ =p≤0.05, ~~=p≤0.01,  ~~~=p≤0.001 compared to respective 

control surface, and * =p≤0.05, **=p≤0.01, ***=p≤0.001 between illustrated surfaces as determined by 

ANOVA with post-hoc Tukey and Bonferroni tests; n=2 in duplicate. NS=Nanospikes. 




