
Quantification of bacterial growth 

within orthopaedic scaffolds and 

assessment of the efficacy of 

antibacterial surface treatments  

 

 

 

Michał Żurawski 

Department of Engineering 

University of Nottingham 

 

This dissertation is submitted for the degree of 

Doctor of Philosophy 



 

 

 

  



 

This thesis is dedicated to my late mother, Monika Żurawska, and my late 
grandmother, Barbara Zaremba-Smok; both of whom dedicated their lives to 
science and attainment of knowledge. They both saw the beginning of this 
work, though, regrettably, not its conclusion. 

  



 

  



Declaration 

I hereby declare that except where specific reference is made to the work of 

others, the contents of this dissertation are original and have not been 

submitted in whole or in part for consideration for any other degree or 

qualification in this, or any other University. This dissertation is the result of 

my own work and includes nothing which is the outcome of work done in 

collaboration, except where specifically indicated in the text. This dissertation 

contains fewer than 65,000 words including appendices, bibliography, 

footnotes, tables and equations and has fewer than 150 figures. 

 

Michał Żurawski 

2021 

   



 



Acknowledgements 

And I would like to acknowledge the tireless effort and support from my 

supervisors: Prof. David Grant, Prof. Colin Scotchford, Prof. Steve Atkinson 

and Dr. Reda Felfel. Each of them was instrumental in shaping the work in 

this thesis and in instilling my interest in this field across the years.  

Further to the above, I’d like to thank Zimmer-Biomet, especially Imran Khan 

and Elaine Lovelady, for supporting this work both financially and with their 

expertise, and allowing the use of their commercial samples for the studies 

mentioned herein. 

 

Final and additional thanks go to Prof. David Grant, who supported me in 

times of personal difficulty and acted as a stabilising presence to make the 

completion of this thesis a possibility. 

  



 



Abstract 

This thesis reports on the development of quantifiable methods for the 

assessment of bacterial bioburden within three-dimensional orthopaedic 

scaffolds, and the subsequent investigation of the effects of exposure of their 

surfaces to proteins has on the observed biofouling. The lack of readily 

available methods for this purpose, and the rising cost (both human and 

financial) of biofilm infection of orthopaedic devices prompted the need for 

this research. 

Existing methods are identified during the literature review, such as Confocal 

Laser Scanning Microscopy (CLSM) and Micro-CT which are used in the 

research field are first investigated for efficacy as they have been used in some 

studies. 

The aim of this study is to develop and validate a new analysis method to 

provide quantifiable, accurate and reliable results for the measurement of 

bacterial biofouling on flat and three-dimensional samples alike. This method 

is then used to measure the bacterial biofouling of samples once inoculated 

and incubated with S. aureus in a protein-rich environment they would be 

exposed to in situ inside a patient. 



Analysis using SEM micrographs is adopted as a methodology and refined in 

this work. The standardised approach which takes readings in triplicate from 

each sample, and measures bacterial surface coverage of the imaged area 

through computational image analysis is used to study commercially-available 

orthopaedic scaffolds (Ta and Ti6Al4V), as well as samples containing 

elements known for their antibacterial properties (Cu and I). 

The reliability of the novel SEM methodology is shown through validation 

against the research standard of CLSM, which is readily used for analysis of 

flat, two-dimensional samples. Once validated, the SEM methodology is then 

used to study the effect a surface which has been pre-conditioned with protein 

has on bacterial biofouling compared to a clean surface, both when the 

substrate surface chemistry has known antibacterial properties or not. It is 

found that the physical shielding of bacterial cells from the antibacterial 

surface agent by the protein film reduces the antibacterial effect. 

The new method developed is of significance as it provides researchers a 

reliable way to measure biofouling in three-dimensional structures with a 

protocol made for that very purpose. It is hoped that this method will continue 

to be refined to further enable research within microbiological assessments 

within orthopaedic scaffolds which carry a risk of biofilm infection in a 

clinical setting. The protein conditioning studies go on to explain why 

samples, even when containing known antibacterial agents, are still 

susceptible to bacterial infection in a clinical setting.  
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Chapter 1 Introduction 

This chapter intends to create a foundation of understanding of the key 

underlying concepts of the work, as well as provide context for the direction in 

which the studies were taken, as well as the aims and objectives of the 

research. 

Bacterial, and the resulting biofilm, infections are a prevalent problem across 

all areas of medicine, chief amongst which are infections affecting medical 

devices; be that a short-term polymer catheter, a medium-term metal fixation 

plate or a long-term hip replacement. Such infections, apart from the obvious 

risk to health, also result in the necessary removal and replacement of the 

affected device, requiring revision surgeries which have many risks associated 

with them, as well as costing the NHS dearly[1]. An additional issue with 

removal and replacement of total joint replacement (TJR) devices is that due 

to the nature of the procedure and the implants themselves, they have a finite 

amount of times they can be replaced in a lifetime (around 3 in a young, 

healthy adult), and bearing in mind the implants themselves have an 

approximate life-span of 15 years due to wear and tear, using up one of these 

adversely affects the quality of life for these patients in the future. There were 

170,000 TJR procedures in 2019 in the UK, out of which 9,154 resulted in 



6 Introduction 

 

biofilm infections, affecting as many people and at a cost of approximately 

£45 million to the NHS[1].  

Biofilm infections are particularly troublesome, because once bacteria adhere 

to a surface they begin to secrete extracellular polymeric substances- such as 

gellan, N-acetylglucosamine and hyaluronic acid- which form a protective 

biofilm around them[2-4]. This biofilm creates a physical barrier between the 

bacteria and the immune system and antibiotics, more often than not rendering 

any treatment useless. When this biofilm forms on a medical implant, 

treatment is nearly impossible and the implant needs to be replaced.  

1.1 Literature review 

There is a large body of literature outlining the study of bacterial growth and 

biofouling, both in general terms and in the medical device context. This 

literature review aims to build a basis of understanding around the 

foundational concepts of bacteria, medical devices and their relationship in 

healthcare, as well as identifying possible methods for the study of bacterial 

cell behaviour within 3D medical scaffold implants. 

1.1.1 The bacterial cell 

There are variations in the composition of the bacteria cell wall but their 

cytoplasmic membranes are comparable to those of eukaryotic cells which are 

composed of lipids assembled in a bilayer arrangement (see Figure 1). The cell 
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wall structures themselves are categorised into two classes: Gram-positive and 

Gram-negative, depending on the reaction of the structure to the Gram staining 

process, in turn revealing its permeability [5]. These differences can influence 

the type of bacteria considered for a study as different environments (clinical 

or otherwise) can have differing ratios of Gram-positive and Gram-negative 

bacterial species present. There are, however, surface features which are 

common to both Gram-positive and Gram-negative bacteria. Fimbriae are an 

example of such features (see Figure 1). These serve as adhesive organelles- 

they are present on the surface of bacteria and play an important role in the 

interaction between bacterial cells, host cells and other surfaces [6]. They allow 

bacterial cells to aggregate between cells of its own species, co-aggregate with 

bacterial cells of other strains, attach to non-biological surfaces or interact 

with host cells [7]. Some specialised fimbriae, termed sex pili, are present on 

Gram-negative bacteria and serve as a way for bacterial cells to transfer 

genetic material during bacterial mating [8]. These are present in lower 

numbers and appear longer and wider than common fimbriae[8].  
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Bacterial DNA is present in two forms in a cell, namely; a chromosome or a 

plasmid. Chromosomes are different from plasmids in that they contain 

essential genes, whereas plasmids usually do not [9]. They are large, 

supercoiled loops of DNA. Chromosomes initiate replication once per cell 

cycle; ergo display characteristic cell cycle-linked replication kinetics 

dissimilar to those of plasmids [10]. It is not unusual for prokaryotic bacterial 

cells to contain more than one chromosome [10] although secondary 

chromosomes usually only contain few essential genes and tend to be much 

Figure 1: Simplified bacterial cell showing the major organelles and physical structures of 

the bacterium. 
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smaller than the primary chromosomes. In spite of this, some studies have 

shown that there are exceptions to this rule, such as a study by Mackenzie et 

al. (2001) which showed that R. sphaeroides contain two chromosomes with 

equal weighting of essential genes [11].  Furthermore, a study by Wood et al. 

(2001) found that the secondary chromosome of A. tumefaciens is of rival size 

to the primary chromosome (2.08Mb as opposed to 2.84Mb, accordingly)[12]. 

Plasmids are small loops of DNA (between 1% and 5% of the size of the 

chromosome), which are present in the cell’s cytoplasm and are therefore 

translated independently of a chromosome. Chromosomes are normally tasked 

with housing essential genes [10] whereas plasmids contain genetic information 

which allow the plasmid to replicate along with genes which impart a selective 

and/or survival advantage to the cell [13, 14]. There are several classes of 

plasmid: 

• Resistance factors; these contain genes which allow the cell to resist 

potentially damaging environmental changes, such as a presence of 

antibiotics [15]. 

• Virulence factors; contain genes which are translated into proteins that 

have a pathogenic effect on host cells. For example Salmonella 

virulence plasmids (SVPs) increase the bacteria’s ability to replicate in 

extraintestinal organs of infected host animals, leading to death more 

frequently and rapidly than those infected with strains without SVPs 

[16]. 
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• Fertility factors; these plasmids are responsible for holding information 

vital to the process of conjugation [17]. 

• Bacteriocin; these plasmids encode for the production of bacteriocins, 

which are released into the environment and kill any bacteria that do 

not contain a copy of this gene. This results in less competition for 

resources for the cells which contain this gene [18]. 

Cell growth of bacteria is much faster than that of eukaryotic cells; for 

example Clostridium perfringens are able to double their colony size 

(generation time) in as little as 6.3 minutes [19]. However this time may be 

much longer for some species, like Mycobacterium tuberculosis which has a 

generation time of between 12 and 16 hours [20]. Bacterial cell growth is 

regulated and influenced by both environmental and internal factors. As a 

result of the short generation time, a bacterial colony may quickly adapt to 

changes in its environment, as selection pressures will result in a gene which 

provides the cell with a selective advantage becoming prevalent in a short 

amount of time. Such advantageous genes can be passed directly down the 

genetic line as the cells replicate or during conjugation where an entire 

plasmid will typically be transferred. Due to the fact that many non-essential 

advantageous genes are present on plasmids, these can be passed between 

bacteria via sex pili easily, and with no disturbance to the bacterial cell’s 

chromosome. 

Bacterial growth (see Figure 2) can be separated into four distinctive stages. 

The first stage is the Lag Phase, during which the bacteria adapt to their 
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environment[21]. The duration of this stage is dependent on how similar their 

new environment is to their old one- the higher the similarity, the shorter the 

time. The second stage, also known as the Log phase represents rapid, 

normally exponential growth of the culture as a result of an excess of nutrients 

and the adaptation of the bacteria to their environment during the previous 

stage[22]. Over time the bacteria enter the stationary phase, which is initiated 

by one, or more, of the following factors: the nutrients are limiting the 

population size, as only so many cells can obtain enough to survive; the 

concentration of waste product of the bacterial metabolism reaches the 

bacteria’s limit, above which cells cannot survive, or the bacteria have reached 

their limit of space[23]. The duration of the stationary phase depends on the 

amount of nutrients available to the bacteria, and on whether or not the 

nutrients are replenished[23]. If the nutrients are not replenished, the bacteria 

inevitably reach the death phase, during which the bacteria begin to die as a 

result of a lack of nutrients. This may carry on until all bacterial cells die, or 

until there is a sufficiently low number of bacteria to be sustained by the low 

amount of nutrients.  
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Gram-positive bacteria possess a thick protective membrane consisting of 

peptidoglycans, which protects the cells from changes in the osmotic pressure 

of their environment, preventing osmotic lysis, as well as an exoskeleton to 

provide mechanical strength [24].  All Gram-positive bacteria also synthesise 

anionic polymers which are attached to the peptidoglycan layer via covalent 

bonds or are alternatively tethered to a lipid anchor moiety [25, 26]. The Gram-

positive classification name arises as the result of the aforementioned Gram 

staining process, during which a dye (Crystal Violet (CV)) is added and 

retained by the thick peptidoglycan cell wall, resulting in a purple appearance 

under a light microscope [27]. 

Figure 2: Simple bacterial growth curve. The first, blue, section demonstrates 

the lag phase. The second, green, section demonstrates the Log phase of rapid 

division. The penultimate, red, phase shows the stationary phase, during which 

the colony size remains constant. The final, orange, section shows the death 

phase, during which two outcomes are considered- a new lower stationary phase 

or total death of the colony. 
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Gram-negative bacteria have a more complex cell wall system, with a much 

thinner peptidoglycan membrane.  Due to the nature of the outer wall of these 

cells, the CV dye used in the Gram staining procedure is not retained by the 

membrane, resulting in the bacteria appearing pink under a light microscope. 

The outermost membrane of Gram-negative bacteria is a lipid-protein bilayer, 

with possible capsules and sheaths present in some organisms. It is composed 

of phospholipids, lipopolysaccharides (LPSs) and proteins, and it provides a 

physical barrier between the cell’s external environment and the periplasm [28] 

(see Figure 1). In some instances bacteria rely on diffusion for removal of 

waste and the uptake of nutrients and therefore this layer must be permeable to 

certain substances, otherwise active transport systems have to be present to 

ensure the required substances are passed across the cell envelope[28].  

Unusually even highly hydrophobic molecules can diffuse through this 

membrane; such as 3-oxosteroid probes studied by Plésiat et al. (1992) [29].  

Quorum-sensing (QS) is the process by which bacteria communicate [30] to 

coordinate a population wide response to external challenge. The production, 

secretion and subsequent detection of extracellular signal molecules allows the 

bacterial cells to convey information about population density and changes in 

their environment [31]. This density-dependent mechanism ensures that above a 

certain threshold the extra-cellular concentration of the signal molecules 

triggers gene expression appropriate to the changes in the environment[32]. The 
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 auto-inducing signal molecules may act on one cell to bring about a change in 

gene expression, or act on the whole population in order to trigger a co-

ordinated population response, which is critical in bringing about the change 

from the log-phase to the stationary phase of their growth (see Figure 2) [33]. 

QS may trigger a shift in the population from favouring rapid replication and 

colonisation of the environment, to a slower replication rate by affecting the 

fertility factors within bacterial cells[33]. The change results in energy 

becoming available to be used for other survival strategies such as activation 

of genes which produce bacteriocins which then reduce competition for 

resources, or products that interact with the environment to alter it in favour of 

the bacteria. The latter effects may sometimes be overlooked in laboratory 

studies, as bacteria are provided with growth substrates which are readily used 

by bacterial cells, however in nature this effect proves to be instrumental to 

cell survival in species such as the predatory Mxyobacteria which use a ‘wolf 

pack’ behaviour to lyse their prey organisms by utilizing extracellular 

enzymes and absorbing the resulting cell contents [34]. This behaviour requires 

the co-ordinated behaviour of the whole colony to work, and would be 

impossible without the use of QS [33]. 
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The quorum-sensing mechanism differs between Gram-positive and Gram-

negative bacteria, due to the difference between the permeability of their cells 

walls (Figure 3 and Figure 4) 

Figure 3: A simplified diagram of peptide quorum sensing. In Gram-positive 

quorum sensing bacterial cells, specific ABC transporter proteins (represented 

as the protein complex in the bacterial membrane)  process and subsequently 

export peptide autoinducers (pheromones) (the precursors of which are 

depicted as long chains of circles inside the bacterial cell, and the autoinducers 

as the short chains of circles outside the bacterial cell). Membrane-bound two-

component sensor kinase proteins recognise these extracellular pheromones. 

Upon binding, the sensor complex then autophosphorylate on a histidine 

residue (H), and transfer a phosphoryl group on to a cognate response 

regulator. These response regulators are phosphorylated on aspartate residues 

(D) (this process is denoted by the P in a circle inside the bacterial cell). Once 

phosphorylated, the response regulator proteins repress or activate the 

transcription of a specific target gene. 
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Gram-positive bacteria secrete peptide signalling molecules, typically through 

a dedicated ABC exporter protein (which is an ATP-binding cassette) [35]. 

These peptides are subsequently recognised by the cognate two-component 

sensor kinase proteins which combine with response regulator proteins within 

the cytoplasm. The mechanism of this signal transduction is known as a 

phosphorelay cascade (see Figure 3) [36]. Gram-positive bacteria adopt a 

common signalling two-component circuit although the type and complexity 

of additional regulatory factors vary [37].  

Gram-negative bacteria employ a signal-response method of QS for the 

control of cell-density dependent responses [38]. They use N-acylhomoserine 

lactone (AHL) autoinducer signal molecules, which depends on a LuxI 

homologue AHL synthase and a LuxR homologue transcription activator 

protein which is responsible for the detection of cognate AHL and the 

induction of expression of the appropriate target genes (see Figure 4) [37]. 

Much like in the QS mechanism of Gram-positive bacteria, typically there 

exists additional complexity in the mechanism on top of the simple common 

pathway. For example Ralstonia solanacearum, in which QS controls the 

expression of virulence factors. The research conducted by Schell (1996) and 

Flavier et al. (1997) shows that the expression of the R. 

solanacearum LuxI/LuxR-like (autoinduction) system (SolI/SolR) is regulated 

by a LysR-like transcriptional regulator (PhcA) which responds to 3-hydroxy-

palmitic acid methyl ester. In addition, the SolI/SolR system is also controlled 

by RpoS- the stationary phase sigma factor [37, 39, 40] . 
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Apart from being involved in population density control, antibiotic resistance, 

colony behaviour and virulence, QS is also responsible for the motile-sessile 

transition phenomenon in bacteria which typically occurs in a biofilm. During 

this process bacterial cells change from a freely moving, motile cells to a 

surface-bound fixed position bacterial cell or one with limited mobility [41]. 

The fact that bacteria use QS to communicate changes in population density 

may be exploited to artificially induce a slow growth rate in colonies in an 

effort to manage infections and/or contaminations. Alternatively, QS 

molecules may be utilized that cause the pathogenic bacteria to behave in a 

way detrimental to their own survival. An addition of such molecules to the 

Figure 4: A simple diagram of LuxI/LuxR quorum sensing. In Gram-negative quorum 

sensing bacteria, LuxI autoinducer synthase proteins (blue triangle) produce specific HSL 

autoinducers (red pentagons). These autoinducers freely diffuse out of the bacterial cell 

membrane. Once a critical concentration is reached, the autoinducer is bound by its cognate 

LuxR protein (green circle). The resulting LuxR-HSL autoinducer complex activates 

transcription of a target gene. 
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surface of medical devices or into drugs may prove to be a promising tool in 

the fight against pathogenic bacteria. This approach has already been 

successfully tried for Candida dubliniensis and Candida albicans[42]. Work 

conducted by Ramage et al. (2002) shows that the addition of Farnesol, which 

is a QS molecule utilized by C. dubliniensis and C. albicans that affects 

filamentation- an important mechanism in biofilm formation, can completely 

prevent the cells from producing a biofilm [42]. Further work by Jabra-Rizk et 

al. (2006) supports these findings as well as studying the effect of the reduced 

biofilm formation on antibiotic resistance of the colonies. In this case, the 

approach was conducted on fungal cells with antifungals in the study scope. 

However, in theory, a similar approach may prove effective for bacterial cells. 

Due to the fact that biofilms are seen as an important factor in facilitating 

antibiotic resistance in bacteria, a reduction of biofilm should cause a 

subsequent susceptibility to antibiotic. The results of this study support this 

theory, as colonies which had added Farnesol showed increased susceptibility 

to fluconazole; a common anti-fungal drug used to treat C. dubliniensis [43]. 

1.1.2 The bacterial biofilm 

A biofilm is formed as bacteria which attach to a surface aggregate in a 

hydrated polymeric matrix which they themselves excrete. The first stage in 

biofilm formation is the binding of motile bacterial cells to a surface. Initially 

this is usually via weak Van der Waals, or dipole-dipole forces[44]. The 

reversible nature of these bonds allows the bacteria to move across the surface 
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and replicate freely. Eventually they form irreversible chemical bonds with the 

surface and enter a sessile stage. Bacterial cells possess numerous 

proteinaceous structures which they utilise in attachment to surfaces and cell 

adhesion [44]. These may be anything from simple monomeric proteins to large 

protein complexes [45], including fimbriae and pili, which consist of multiple 

appendages, as well as structures such as intimins, invasins, adhesins and curli 

[45-47]. For example work by Davey et al. (2000) showed that E. coli and P. 

aeruginosa use both pili and fimbriae during biofilm formation to adhere to 

surfaces [48], and the utilization of pili of R. solanacearum and A. avenae as 

well as afimbrial and fimbrial adhesins of X. fastidiosa have been explored by 

Kang et al. (2002), Bahar et al. (2009) and  Feil et al. (2007) respectfully [49-

51]. 

Once a monolayer of the sessile bacteria has formed, they begin to excrete  

extracellular polysaccharide and as the bacteria replicate within the biofilm, 

the increased volume creates a diffusion gradient for nutrients and oxygen. 

This results in the innermost bacteria entering a dormant phase, where their 

metabolic and replication mechanisms slow down [52].  The matrix is insoluble 

in water and takes on a slime-like appearance [53]. It is impermeable to most 

molecules unless they are actively transported through the structure, which 

proves problematic when attempting to treat a pathogenic bacterial infections 

which often form as biofilm[54]. Biofilms facilitate a protected setting for 

growth of a colony in a hostile environment. Their features include channels, 

through which nutrients can be transported throughout the structure [55], and 
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bacterial cells of the same species with different patterns of gene expression in 

different regions of the biofilm [56]. 

The complexity of biofilms has led some to use the analogy of biofilms to 

tissues of higher organisms [53]. Despite the sessile nature of the bacterial cells 

within the biofilm motile cells arise to promote dispersal. Due to the sessile 

nature of bacteria within the biofilm, such infections are slow to produce 

symptoms, which allows the biofilm to mature before any treatment is 

instigated [57]. The host immune system is also ineffective against biofilm-

dwelling bacteria even though antigens are released into the host which 

stimulate the production and release of antibodies. [58]. In fact tissues 

surrounding the biofilm may suffer damage from the immune system 

response, which leaves the biofilm intact [59]. Chronic lung infections in cystic 

fibrosis patients and periodontitis are both examples of diseases are caused 

due to biofilm formation [60, 61]. 

Biofilm formation in medical devices is a major clinical problem [62] and can 

affect devices ranging from urinary catheters to intravascular catheters and 

orthopaedic implants [63]. A report conducted by the European Centre for 

Disease prevention and Control (ECDC) in 2008 estimated that 4,100,000 

patients acquire healthcare-associated infections every year in European 

hospitals; and biofilm infections play a pivotal role in these infections [63, 64]. A 

report by Klevens et al. (2007) found that in the United States 13,088 deaths 

were reported as a result of urinary tract infections and 8,205 deaths due to 

surgical site infections in 2002 [65]; in both types of infections biofilms play a 
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pivotal role by decreasing the proportion of such infections which can be 

successfully treated  [63]. In the United Kingdom a costing statement released 

in 2008 by the NHS National Institute for Health and Clinical Excellence 

(NICE) approximated a national annual cost of £57 million of surgical site 

infections alone [66]. 

Current approaches to prevent these infections include addition of antibiotics, 

nanoparticles (e.g. copper nanoparticles, which have a significantly higher 

surface area compared to larger particles, and therefore release their 

bactericidal ions at a higher rate[67]), antimicrobial coatings and additives to 

the medical devices to prevent biofilm formation on the surface. All of these 

methods attempt to inhibit bacterial cell adhesion to the surface, interfere with 

QS signalling of bacterial cells post-adherence, or disaggregation of the 

biofilm post-formation [63]. 

Inhibition of bacterial cell adhesion may be achieved by several approaches, 

which can be characterised into two distinct groups- physical surface 

characteristics and chemical surface characteristics. 

• Physical surface characteristics: these could be modifications to the 

surface to make it more hydrophilic, such as the silver nanowire 

nanostructures developed by Liu et. al (2019), due to the hydrophobic 

nature of microbial surfaces [68, 69]. The repulsion between the two 

surfaces may be sufficient to prevent bacterial adhesion altogether. For 

example, in an effort to reduce adhesion of S. epidermidis to silicone 
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shunts and polyurethane catheters, coatings of ply-N-vinylpyrrolidone 

and hyaluronic acid, respectively, have proven useful due to their 

hydrophilic nature [70, 71].  Hydrogel coatings have also shown great 

promise, as in addition to their ability to reduce bacterial cell adhesion, 

they are also able to take up and release antibiotics as a result of their 

high water potential [72]. 

Another possible physical surface characteristic modification is the 

introduction of a negative surface charge to the device. Heparin, for 

example, reduces fibronectin deposition on vascular catheter surfaces, 

which makes the surface negatively charged. This, in addition to 

preventing thrombosis, also reduces bacterial colonisation [73]. This 

effect has been shown both in vitro and in vivo [74]. A randomised 

clinical trial conducted by Abdelkefi et al. (2007) of 246 patients who 

had either heparin-coated or uncoated central venous catheters further 

confirmed the antiadhesive property of heparin [75].  

Some research in this area also focusses on biomimetic structures 

which have been found to be effective in nature. An example of such a 

structure is a synthetic version on the surface of a dragonfly wing, 

studied and manufactured by Ivanova et al. (2013) from black Silicon. 

In effect the surface was manufactured in such a way as to produce 

nanoprotrusions 500 nm in length [76]. This surface displayed extensive 

bactericidal properties, against Gram-positive bacteria, Gram-negative 

bacteria and fungal spores, by subjecting individual cell walls to 
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stresses, which in turn lead to cell deformation and eventually bacterial 

cell death [76]. 

 

• Chemical surface characteristics: these may include coatings, surface 

chemistry manipulation or ion-implantation. There are numerous 

different types of coatings that may be used, both biodegradable 

(which degrade in the body over time) and non-biodegradable. 

Degradable coatings offer the opportunity to prevent adhesion in two 

ways; through adhesion resistance, whereby the surface degrades faster 

than bacteria can attach to it, as well as the ability to engineer this 

surface in such a way that it slowly releases molecules which actively 

kill bacteria. The former effect has been widely studied, and polymers 

such as poly(ethylene glycol)(PEG) [77, 78], polyvinylpyrrolidone (PVP) 

[79, 80] and poly(ethylene oxide) (PEO) [81] have shown promise. The 

latter method; active release of antimicrobial agents, has also been 

widely investigated, with effective agents including as antibiotics [82, 83] 

and metal ions (silver ions [84, 85], gallium ions [86, 87], copper ions [88], 

zinc ions [89]). Nonetheless, the use of antibiotics is decreasing due to 

the ever-increasing resistance to them, and the negative effect they 

often have on the human cells [90]. Apart from addition of metal ions, 

the addition of metal nanoparticles to the surface has also been 

investigated, with silver nanoparticles showing some promise [91, 92]. 

Use of quaternary ammonium compounds has also been widely 
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researched in a contact-killing surface application [93]. The addition of 

these can be achieved by covalent linking [94, 95], grafting [96], or self-

assembly [97]. The aforementioned contact-killing approach is far from 

perfect as it causes the creation of a layer of dead bacterial cells on the 

surface. This means that any subsequent bacteria that attach to the 

surface will not be in direct contact with it, ergo reducing the 

effectiveness of any bactericidal features. In addition to the 

compromised effectiveness of such a surface after a layer of dead 

bacteria has formed, the said layer could even trigger an immune 

response and inflammation in the surrounding tissue [98]. A 

combination of the aforementioned features may be employed to 

increase the effectiveness of antimicrobial properties of a surface. For 

example a study by  Mi et al. (2012) found that when using a 

switchable polymer system, employing cationic molecules as a 

contact-killing surface feature, dead bacteria were released after the 

cationic derivatives were hydrolysed to zwitterionic polymers which 

have a non-fouling property [99].  

1.1.3 Antibiotic Resistance 

Antibiotic resistance can arise in three ways in bacteria; the bacteria may be 

naturally resistant, a random mutation occurs in the bacterial DNA or genetic 

material (usually plasmids) are shared between cells. In most cases the two 

lattermost mechanisms are the reason as to why a bacterial colony has 
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developed resistance to an antibiotic; a mutation in a single cell creates the 

resistance gene, which is then passed on to nearby bacteria by plasmid 

transference [100]. This process is exacerbated if the antibiotic dose is increased 

slowly, or stopped and restarted as this creates selective pressure in the colony, 

whereby the bacteria containing the gene are at a survival advantage [101]. 

Antibiotic resistance has become a serious clinical and public health issue 

within a very short amount of time, as a result of over-prescription of 

antibiotics by doctors and patients not finishing the full course of antibiotics 

[102]. The latter occurs due to the fact that any bacteria not killed by the course 

of antibiotics will be exposed to low levels of residual antibiotic in the system- 

not high enough to kill the bacteria, but enough to exert a selection pressure 

for resistance genes [101]. 

However, during biofilm-associated bacterial infections, the bacteria seldom 

acquire innate resistance of individual bacterial cells through resistance 

pathways. Instead, they rely on the multicellular strategy of biofilm excretion 

of a protective biofilm[103].  

The biofilm allows such effective protection from antibiotics that even doses 

several thousand times the minimum inhibitory concentration of the bacteria 

measured in a suspension culture  do not eradicate the infection [104]. Anderl et 

al. (2000) revealed that a β-lactamase-negative strain of K. pneumoniae had a 

minimum inhibitory concentration of 2 μg/mL of ampicillin when present as a 

culture suspension but when assessing the same strain grown as a biofilm the 

colony displayed a 66% survival rate when subjected to a 4 hour treatment 
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with 5000 μg/mL of ampicillin; a dose which quickly eradicated free-floating 

bacteria and was 2500 times higher than the minimum inhibitory concentration 

[105]. 

1.1.4 Biomedical Materials 

Biomedical materials are not solely selected on their antibacterial properties. 

Another important factor is bioactivity; namely the positive effect the material 

has on the human cells that interact with it, aiding healing. Medical devices 

can be manufactured from, coated with, or otherwise treated with materials 

with these characteristics. For example, Ti6Al4V Titanium alloy is widely 

used to provide the bulk material to provide required mechanical properties 

[106], Hydroxyapatite coatings (HA) has been uses as a coating to encourage 

bone growth[107], and silver nanoparticles have been embedded in a polymer 

thin film to prevent surgical site infections [108]. A combination of these 

approaches can be adopted to optimise favourable characteristics of several 

materials. These materials can be metals, polymers, ceramics or composites, 

and may be naturally occurring or synthetic. 

Metals are often used in orthopaedic applications, such as total hip 

replacement devices, due to their mechanical strength. Stainless steel (316L) 

has been widely used in the past due to its corrosion resistance [109], however 

more recently there has been a shift to Ti6Al4V Titanium alloys and Co-Cr-

Mo Cobalt alloys due to their improved bioactivity. The –OH groups present 

on the surface of Ti6Al4V, present due to the surface oxide layer on the metal, 
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encourage bone to be formed up to the surface, as osteoblasts (cells which 

deposit bone) are attracted to them, which improves implant fixation in vivo 

[110]. Apart from structural strength, metals may be used as coatings to improve 

radiopacity of materials. Gold plating, for instance, greatly improves precision 

with which devices such as stents are placed within the body, by making the 

device visible in situ with aid of an x-ray machine [111]. 

Metal implants are used extensively in fixation and load-bearing applications, 

mainly due to their high strength and fracture toughness. Whereas the 

compressive strength of adult femoral cortical bone is ~193 MPa, and tensile 

strength of ~133 MPa in the longitudinal direction[112], the compressive 

strength of a cast Ti6Al4V alloy is ~847 MPa, with the tensile strength of 

~976 MPa[113]. The higher strength allows for the implantation of smaller 

devices, which results in a slightly lower cost and a smaller displacement of 

native tissue, without compromising the strength of the device.  

However, metal devices tend not be bioresorbable, with the exemption of a 

few small Mg devices, used in tissue engineering, orthopaedic and 

cardiovascular applications[114]. This means that although metal devices will 

continue to be employed in load-bearing orthopaedic applications, due to their 

high strength and fracture toughness, they have been replaced by 

bioresorbable polymers and ceramics in many fixation applications[114]. 

Metal implants also have an inherent problem, namely; their Young’s 

Modulus. The Young’s modulus of a CoCrMo, 316L Stainless Steel and 
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Ti6Al4V hip stems is 210 GPa[115], 200 GPa[116] and 110 GPa[115] respectively, 

which is significantly higher than 19 ±5 GPa of cortical femoral bone[117]. This 

difference in the Young’s modulus produces stress shielding of bone 

surrounding an implant[118], which in turn causes loss of bone density. This 

loss of bone density around the device results in eventual implant loosening, 

which requires a revision surgery to replace it[119].  

Polymers can be used in a wide variety of biomedical applications, from bio-

sensors [120], to joint replacement sockets [121] and tissue engineering scaffolds 

[122]. When used in biosensors, they provide low-weight biocompatible devices 

which allow for immobilisation of enzymes. S. Soylemez et al. (2014), for 

instance, successfully immobilised cholesterol oxidase on the surface of a 

graphene electrode by using 2-(4-fluorophenyl)-4,7-di(thiophene-2-yl)-1H-

benzo(d)imidazole as an immobilisation matrix [120]. 

In orthopaedics polymers may prove useful in two ways; they may provide 

biodegradable and bioresorbable fixation devices which degrade over time, 

allowing for bone to replace them (such as polylactic acid bone screws [123]), 

or alternatively provide non-biodegradable components with low coefficients 

of friction which may be used in applications such as the cup component of a 

total hip replacement device- an application for which Ultra High Molecular 

Weight Polyethylene (UHMWPE) is widely used [124]. 

As tissue engineering scaffolds, polymers once again provide the opportunity 

for bioresorbable devices, which are removed over time by the cells of the 
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tissue that replaces it. Such scaffolds may be synthetic, such as poly(propylene 

fumarate) scaffolds which aid bone healing and act as a bone defect filler [125], 

naturally occurring; such as chitosan [122], or naturally derived such as 

decellularised extracellular matrices [126]. Due to the nature of polymers, 

signalling molecules and larger proteins can be attached to the surface, in an 

attempt to increase the rate of healing, and such modification renders the 

scaffold biomimetic, whereby it acts as a limited extracellular matrix to the 

cells [127, 128]. 

Ceramics, such as alumina and zirconia, are often used in total joint 

replacement devices on articulating surfaces instead of polymers and metals 

due to their increased wear resistance [129, 130], high compressive strength [131] 

and low coefficient of friction [132]. They are also used as additives to 

polymeric and metal devices, due to the fact that ceramic microspheres and 

coatings can be manufactured from one of the main components of bone- a 

mineral called hydroxyapatite, which improves osteoconductivity; namely the 

ability of bone to grow up to the surface of the implant interface, even forming 

bone of the implant surface itself [133-136]. 

Bioresorbable and biomimetic ceramics, such as Hydroxyapatite (HA), can be 

used as coatings or additives to enhance the bioactivity and osteoconductivity 

of both metal and polymer devices. HA can be used as a coating on 

orthopaedic metal devices, in order to encourage bone growth up to the 

surface of the implant, aiding in its fixation in situ[137]. Coating with HA is 

also widely utilised in dental implants, for this very reason[138].  



30 Introduction 

 

Nanoparticles of HA of varying sizes can be added to polymer scaffolds to 

produce composite scaffolds with a different in vivo degradation or 

mechanical properties[139-141]. The addition of HA provides an opportunity to 

control these properties without compromising the possible bioresorbable 

nature of the initial scaffold[142]. 

1.1.5 The clinical need 

In the last two decades, several metallic devices have been developed in order 

to support biological integration and fixation of orthopaedic implants. The 

move towards cement-free fixatives, whereby the devices rely on bone 

ingrowth rather than application of bone cements, has facilitated an 

improvement in clinical outcomes of patients with these devices. The porous 

biomaterial field has continued to evolve, and first-generation ingrowth 

surfaces have given way to metallic foams and scaffolds which present an 

opportunity to advance cementless technology in all aspects of orthopaedic 

surgery[143].  

Despite the notable advances in this field, and orthopaedic device field in 

general, infections resulting from implant placement remain a major 

complication in modern orthopaedic and trauma surgery[144]. Despite best 

practice in surgical management, device placement can lead to infections 

which negatively impact the clinical outcome of patients and increase 

healthcare expenditure[145]. Although pre-operative prophylactic antibiotic 

administration is mandatory for most orthopaedic procedures, the incidence of 
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infection following elective surgery is between 0.7% and 4.2%[146-150]. This 

rises significantly in trauma cases where the infection rate ranges from c.a. 1% 

after operative fixation of low energy fractures to over 30% in complex tibia 

fracture fixation[151, 152]. Current treatment options, such as radical 

debridement, prolonged antibiotic therapy and revision surgery have a success 

rate of between 57% and 88%[153-155]. However these result in significant 

socioeconomic costs, as well as posing a risk to a life-long functional 

impairment for patients[156]. 

The most prevalent organisms responsible for orthopaedic and trauma device-

related infection (ODRI) are Staphylococci, with Staphylococcus (S.) aureus 

alone accounting for between 20% and 30% of infection cases[157-161]. 

Considering that the wound may be contaminated by up to 14 different 

bacterial species in the operating theatre alone, this share of S. aureus is very 

significant[162]. Recently efforts have also been made to study polymicrobial 

infections, which account for c.a. 10% of cases[157, 158, 161]. 

 

1.1.6 Bacterial contamination of scaffolds 

The bacterial[163] colonisation of orthopaedic scaffolds has not been studied to 

nearly the same extent as their traditional, solid implant counterparts. Data 

relating to the bacterial cell behaviour on a device surface is often extrapolated 

from experiments conducted on flat surfaces (for which studies are numerous) 
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to be representative of what would happen within a scaffold. The logic behind 

this is that as the surface chemistry of the device is unchanged, the behaviour 

of bacteria on it would likewise remain so. However what this approach fails 

to take into account is that despite the fact that on the nano-, and to some 

extent micro- geometry of these surfaces is the same, the larger macro-scale 

features are also  an important aspect in the mechanics of infection[164]. This is 

due to the 3D geometry of these devices, apart from providing attachment sites 

for cells such as osteoblasts, also vastly increase the surface area unto which 

bacterial cells may attach, as well as provide some protection from fluid flow 

and the immune system[164]. The difference in fluid dynamics within the 

scaffold as opposed to a flat surface may also affect the amount of antibiotic 

reaching bacterial cells further within the scaffold, further reducing the 

efficacy of such treatments in case of an infection.  

A quantifiable assessment of bacterial infection models within scaffolds is 

particularly challenging, as contemporary methods in microbiology usually 

focus on flat samples[165-168]. Methods such as the Japanese Film Method (JIS 

Z2801), adenosine triphosphate (ATP) bioluminescence assay, or 

LIVE/DEAD assays are widely used when assessing the bacterial behaviour 

on flat surfaces[169-171], and the agar diffusion method is useful in assessing the 

antibacterial effect of substances eluted by the sample[172, 173], however they do 

not facilitate the analysis of 3D porous structures. Imaging of green 

fluorescent protein (GFP)-tagged bacterial cells with a confocal microscope 
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allows for better analysis of larger surface structures[174], but that too does not 

produce reliable results when faced with porous scaffolds.  

A good indication of the infection mechanisms within scaffolds can be 

obtained by use of animal models, such as rabbits[175], however it is simply not 

feasible to use these models at the very early stage of sample screening.  

 

1.1.7 Selection of commercial samples from Zimmer-Biomet 

There are a number of metal scaffold orthopaedic devices currently available 

in a clinical setting, two of which are produced by Zimmer-Biomet; namely: 

Trabecular Metal and Osseo-Ti devices.  

Trabecular Metal scaffolds are produced using a chemical deposition process 

(Chemical Vapour Deposition/ Infiltration), whereby elemental Tantalum is 

deposited onto a substrate, creating a structure highly like that of cancellous 

bone. This allows the scaffold to exhibit high porosity (75%-80%), with 

highly interconnected pores of regular size[176]. These features, together with 

the scaffold’s low modulus of elasticity[177] (which is close to that of 

cancellous bone), result in the device seeing encouraging results and success 

clinically[178, 179].  

Osseo-Ti is a Titanium alloy (Ti6Al4V) scaffold manufactured by Selective 

Laser Sintering (SLS), whereby the bulk powder is sintered together to form 

the required geometry. In this case, the geometry is based directly on CT scans 
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of cancellous bone and mimics its structure. The use of the Ti6Al4V alloy is 

common within orthopaedic devices, therefore well documented[180-185]. 

However, despite the widespread use of this alloy, it is not inherently 

antibacterial[186, 187], ergo infections are common unless treatments are 

conducted on the bulk material to induce an antibacterial characteristic. Such 

treatments may include coatings, nano-topography alteration or surface-

chemistry modification[188-191]. 

As Iodine’s antibacterial effect is well documented[192-194], it provides an 

opportunity to be combined with a Titanium surface (either by mechanical 

means, or by chemical deposition) in order to lend those properties to the 

Titanium device [195, 196]. This is an approach taken by Zimmer-Biomet, 

whereby the titanium surface is first anodised and then undergoes micro-arc 

oxidation (MAO), which produces a surface with numerous micro-channels, 

upon the conclusion of which Iodine is deposited inside the resulting micro-

channels. This Iodine can then, upon placement in situ, gradually leach out 

and provide the surface with antibacterial characteristics.  

 

These samples were chosen owing to the fact that they represent traditional 

metal alloys used in orthopaedics (Ti6Al4V) as well as more recent advances 

in the materials in the shape of elemental tantalum devices. They are also 

already available in the clinic, meaning they provide a direct link to the real-

world setting. 
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1.1.8 Possible ways to measure biofilm formation in Zimmer-

Biomet scaffolds 

The use of Micro-Computed Tomography (Micro-CT) has shown promise 

when analysing scaffolds in vivo and in vitro, aiding in characterisation and 

with the possibility to analyse bone ingrowth inside these devices[197-199]. This 

may pose an opportunity to extrapolate these advances to aid in quantification 

of bacterial biofilm growth within scaffolds and allow for visualisation of the 

innermost parts of the samples. 

Laser confocal microscopy may also be useful in this assessment, as the 

computed rendering of resultant images[200-202] could be modelled in such a 

way as to account for the varied surface area by modelling. This would allow 

for standardised and relatively quick testing to be conducted within the pores 

of scaffolds.  

The predominant challenge in measuring the biofilm formation within these 

scaffolds is the fact that for the measurements to be meaningful, they have to 

be taken from within the scaffolds themselves, instead of their topmost 

surface. This has to be done without disturbing the scaffold or the biofilm 

within, meaning physical and mechanical methods, such as dividing the 

scaffold and taking measurements from its cross-section would not be 

appropriate.  
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1.1.9 Aims and Objectives  

The aim of this study is to develop and validate a new analysis method to 

provide quantifiable, accurate and reliable results for the measurement of 

bacterial biofouling on flat and three-dimensional samples alike- in this case 

metal disks of differing surface topographies and 3D metal orthopaedic 

scaffolds. Methods such as confocal laser-scanning microscopy will be 

evaluated for suitability in this case. Alternative methods, which haven’t been 

covered in any significance in literature but which may hold promise for this 

use will also be evaluated- such as micro-CT and weighing methods. This 

method is then used to measure the bacterial biofouling of samples once 

inoculated and incubated with S. aureus in a protein-rich environment similar 

to the one they would be exposed to in situ. 

The objectives of this work are as follows;  

• To evaluate currently-available approaches for quantifiable biofouling/ 

bioburden assessments and their potential use to measure biofilm 

formation within a metal scaffold. 

• If no method present in literature is transferable or suitable to the 

assessment of bacterial presence within metal scaffolds- to develop and 

validate a novel methodology for this purpose. 

• Evaluate bacterial biofilm growth within orthopaedic scaffolds 

currently available commercially, in clean media as well as an 
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environment which scaffold implants would likely be subjected to in 

situ- protein rich media. 

• To ascertain what, if any, surface treatments to the aforementioned 

samples may limit any bacterial biofilm formation. 

• To conduct a proof-of-concept evaluation of novel metal-polymer 

hybrid scaffolds against samples available in clinic in terms of 

bacterial biofilm formation. 

The next chapter outlines and describes the samples studied, as well as 

their chemical composition and morphology. 

 

 

The thesis as a whole is divided into 6 chapters. Each chapter is structed 

in a quasi-paper format, with each containing a materials and methods 

section, results and discussion sections. This is done so that the reader can 

access chapters of interest with ease, and have at their disposal all 

relevant information relating to the studies covered within the chapter. 

Owing to the large volumes of changing methods throughout the work this 

structure is intended to bring clarity to the topics covered within each 

chapter.  

The first chapter is a literature review and an overview of the samples 

provided from a commercial sponsor. It assesses the body of literature 



38 Introduction 

 

surrounding the subjects of the work, and forms a foundation of 

subsequent chapters. 

Chapter 2 is a characterisation of the samples, in order to study their 

chemical composition and surface morphology. In addition to this, it forms 

hypotheses concerning the effect of these characteristics on bacterial 

growth. 

Chapter 3 studies the reliability of existing methods in obtaining 

quantifiable bacterial biofouling data with the specific use-case of metal 

3D scaffolds as its focus. A number of methods are analysed with a view to 

adopt any which prove effective in this application for the remainder of the 

work conducted subsequently. 

Chapter 4 describes the development of a novel SEM image analysis 

method to measure bacterial coverage. The method is validated against a 

well-established analysis method- CLSM- in an application it’s well-suited 

for- flat surfaces. It’s then used to conduct proof-of-concept studies using 

3D scaffolds. 

Chapter 5 describes studies conducted to investigate the effect of protein 

presence on bacterial coverage and growth upon flat and three-

dimensional samples. All microbiological results described herein are 

obtained using the SEM image analysis method. 
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Finally, chapter 6 contains proof-of-concept studies concerning hybrid 

scaffolds (metal-polymer) and their potential in endowing orthopaedic 

devices with antibacterial properties without compromising their long-

term bioactive or mechanical properties. It then follows with conclusions 

for the entire body of work hitherto described in previous chapters and 

recommendations for future work. 
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Chapter 2 Characterisation of 

Sample Composition and 

Morphology 

This chapter intends to inform about the composition and morphology of 

samples, as well as form hypotheses regarding the impact this may have on 

bacterial attachment. 

 

2.1 Materials and Methods 

2.1.1 Sample Selection 

Samples for this study were supplied by Zimmer-Biomet. They included 

commercially available surfaces, manufactured from Tantalum and a medical-

grade Titanium alloy (Ti6Al4V). All sample disks measured 10 x 2.5 mm 

(Figure 5). A number of surfaces manufactured from these materials allowed 

for a simultaneous assessment of surface topography and chemistry effects on 

bacterial behaviour as well as the suitability of the assessment methodology. 
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The sample types were as follows: polished disks, grit-blasted disks, 3D 

additively-manufactured scaffolds (Osseo-Ti: Ti-6Al-4V scaffold 

manufactured using Selective Laser Sintering (SLS) and Trabecular Metal: Ta 

scaffold manufactured using Chemical Vapour Deposition (CVD)).  

Some polished Ti disk samples were coated with elemental copper through 

sputtering- a Physical Vapour Deposition (PVD) process whereby a thin film 

is deposited using ejected materials from a target onto a substrate- in order to 

be used as positive control in the microbiology studies. 

The Trabecular Metal was an open cell highly porous (~80% porosity[203]) 

structure, similar in geometry to trabecular bone by being composed of struts 

ordered in dodecahedron repeats[204]. In order to achieve this, a vitreous carbon 

scaffold is used as an internal matrix upon which the Tantalum is later 

deposited[205]. The carbon scaffold is then placed in a sealed chamber and the 

CVD process proceeds using hydrogen and chlorine gases. Evaporated 

tantalum (as TaCl2) then deposits Ta molecules onto the underlying carbon 

scaffold[206]. A review of available literature suggests that this material 

exhibits high osteoconductivity, biocompatibility, vascularisation and bone-

ingrowth (as observed in in vitro, in vivo and human studies)[176, 203, 207-210]. 
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The Osseo-Ti scaffold is manufactured using SLS of Ti-6Al-4V powder, 

based directly on 3D scans of cancellous bone and exhibits ~70% porosity 

according to data supplied by Zimmer-Biomet. 

The characterisation of samples was undertaken to ascertain the chemical 

composition and physical topography of their surfaces. To this end, a number 

of non-destructive approaches and methods were employed. The chemical 

composition was analysed using Energy-Dispersive X-Ray Spectroscopy 

(EDX), X-Ray Photoelectron Spectroscopy (XPS) and X-Ray Fluorescence 

Analysis (XRF). The surface topography was evaluated using a combination 

of Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) 

and Laser Profilometry. All of these methods are widely studied and 

documented in literature for this purpose[211-218] and are summarised as 

follows. 

Figure 5: Schematic outline diagrams of sample types. A. shows Ti6Al4V and Tantalum 3D 

scaffolds (Osseo-Ti and Trabecular Bone respectively). B. shows flat samples of the following: 

polished and grit blasted Tantalum and Ti6Al4V and Tantalum disks, Copper-coated Ti6Al4V 

disks, anodised and Iodine-treated disks as well as Magnesium and Magnesium-Calcium disks. 

10 mm 

A B 

2.5 mm 
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2.1.2 Scanning Electron Microscopy (SEM) 

SEM in this instance used the detection of Secondary Electrons, whereby a 

beam of electrons is focussed on the sample surface. When this beam interacts 

with the surface, the electrons lose energy by repeated scattering and 

absorption within the interaction volume[219, 220]. The size of the interaction 

volume relies upon the atomic number of the elements within the sample, its 

density and the electron’s landing energy[220]. This energy exchange between 

the beam and the surface, among other signals, results in the emission of 

electrons from the surface’s constituent atoms. These are Secondary Electrons, 

and due to their low energy, they are only emitted from the topmost few 

nanometres of the surface. The brightness of the signal is then dependent upon 

the number of Secondary Electrons reaching the detector from a specific 

position[221, 222]. 

Surface topography was assessed using SEM imaging in the Secondary 

Electron (SE) detection setting. Micrographs were obtained using a FEI XL30 

Scanning Electron Microscope. A working distance was maintained between 

10.0 and 11.0mm utilising a beam energy of 20kV.  

2.1.3 Energy-Dispersive X-Ray Spectroscopy (EDX) 

EDX relies on the emission of characteristic X-rays from the surface of the 

sample by focussing a beam of X-Rays on said surface. An electron in the 

inner shell may be excited by this incident beam and eject itself from it 
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creating an electron hole in its place[223].  An electron from a higher-energy 

outer shell then fills the electron hole, and the difference in energy between 

the lower inner shell and higher outer shell is released in the form of an X-

Ray. These resultant X-Rays emitted from the sample surface are then 

measured using an energy-dispersive spectrometer, and as the energies of the 

X-Rays are characteristic of the difference between the higher- and lower-

energy shells and of the atomic structure of the surface, EDX allows for he 

elemental composition of the specimen to be analysed[223]. The number of the 

X-Rays of a specific energy are also indicative of the amount of particular 

element present, ergo this information is then used to ascertain the amount of 

the said element within the sample[221, 224]. 

Surface compositional analysis was conducted using an Energy-Dispersive X-

ray spectrometer (EDX) (Oxford Instruments) at a beam voltage of 20 kV, a 

working distance of 10mm and maintaining a min. X-ray count of 150,000.  

2.1.4 X-Ray Photoelectron Spectroscopy (XPS) 

Unlike EDX analysis, XPS can also be used to determine the molecular 

composition of the surface, in addition to the elemental presence and 

quantification. XPS spectra are attained by focussing an X-Ray beam onto the 

surface and concurrently measuring the kinetic energy of electrons which have 

been emitted as a result[225]. A photoelectron spectrum is then recorded by 

counting the ejected electrons with a range of kinetic energies. As an atom 

absorbs an X-Ray photon, an electron is ejected. The ejected electron’s kinetic 
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energy depends on the binding energy of the electron and the photon 

energy[225]. Measuring the emitted electrons’ kinetic energy allows for 

determination of the binding energy, and therefore the presence of elements 

and their chemical states. This is because each element in each chemical state 

has a characteristic and specific binding energy. Further to this, the binding 

energy also depends upon the orbital from which the electron is ejected, ergo 

this can also be ascertained[226-228].  

The equation allowing for XPS analysis is as follows:[225] 

𝐾𝐾𝐾𝐾 = ℎ𝑣𝑣 − 𝐵𝐵𝐵𝐵 

Where KE= Kinetic Energy, hv= Photon Energy and BE= Binding Energy. 

X-ray Photoelectron Spectroscopy (XPS) analysis was done using a 

VGESCALab Mark II X-ray photoelectron spectrometer with a 

monochromatic Al KαX-ray source incident to the sample surface at 30°. 

Survey and high-resolution scans were conducted. A measurement of 

adventitious C 1s was taken for calibration, and consequently the charge was 

corrected to 284.8 eV. The parameters during acquisition were: number of 

scans set at 5, step size of 1.0; dwell time 0.2 s (survey scans), and 0.4 s (high-

resolution scans). Binding energies were measured over a range of 0–1200 eV. 

Casa XPS was used for spectrum analysis, constraining the Full Width at Half 

Maximum to the same value for all de-convoluted spectral peaks of the same 

element. Samples were sterilised at the Zimmer-Biomet factory and 

transferred immediately from their sterile packaging to the XPS instrument, 
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taking care to not handle the surface from which measurements were to be 

taken. 

2.1.5 X-Ray Fluorescence Analysis (XRF) 

XRF is similar in principle to EDX and relies on the excitation of the sample 

surface by a primary high-energy X-Ray. X-Ray Fluorescence is emitted of 

lower energy than the incident beam, as electrons from inner shells of atoms 

are excited and emitted, and the space they leave behind is filled by electrons 

from higher-energy shells[229]. The characteristic X-Ray Fluorescence 

diffracted from the element of interest are selectively measured. The energy of 

the X-Ray Fluorescence is characteristic of each elemental atom, and the 

intensity of each energy value is proportional to the abundance of the element 

in the measured surface[230-232].  

The analysis was conducted with a PANalytical Epsilon 3-XL energy 

dispersive XRF with 6µm thick Mylar film. Using the Omnion software. It’s a 

20-50 kV system, with a 50 µm Ag target anode. 

2.1.6 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy utilises a probe at the end of a cantilever in order to 

measure the height of a surface at a given point[233]. A tapping mode was used 

in the procurement of data in this instance. In this mode, the cantilever is made 

to oscillate at its resonance frequency. As the tip’s proximity to the surface 

decreases, the amplitude of the cantilever’s oscillation changes. The tip’s 
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position is moved along the sample surface, and the resulting image is 

produced by the force of recurrent contact between the tip and the surface. 

The surface roughness of scaffold struts was measured using a Dimention 

ICON AFM (Bruker Nano Surface), working in contact mode. Measurements 

of 40 µm2 were taken on the surfaces of individual struts within the scaffold. 

2.1.7 Laser Profilometry 

Laser profilometry relies on the confocal use of two laser beams, with a 

detector[234, 235]. The beams, in order to illuminate a given point on the surface 

in the sample place need to move up or down depending on the height of the 

surface feature in question. As the amount by which the lasers are required is 

known, the physical height of the surface at that point can be ascertained[236].  

The surface roughness of flat samples was measured using an Alicona 

InfiniteFocus G5 microscope (at 10x magnification and 0.5 µm resolution). 

The area measured was 2.5 mm2. The sample was taken immediately from its 

sterile packaging in which it was provided by Zimmer-Biomet to the laser 

microscope using clean gloves to ensure no scratching or other alterations to 

the surface occurred.  

2.1.8 Water Contact Angle Measurement (WCA) 

The Water Contact Angle (WCA) is measured by placing a droplet of water 

onto the surface of the sample and the angle of the interface between the 
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droplet and the surface is measured optically with the use of a high-resolution 

camera and imaging software. The WCA can be analysed to give detailed 

information about the surface free energy, polar and dispersive component 

determination and hydrogen bond force measurement[237]. In this instance, the 

WCA was measured in order to analyse the hydrophilic/hydrophobic nature of 

the sample surfaces[238, 239]. 

The Water Contact Angle was analysed using a Krüss Picoliter Dosing System 

DSA100M, utilising a ½” CCD-camera with a 20x microscope objective at 

500fps. The samples were washed in an ultrasonic cleaner and dried under 

cover so as to eliminate risk of particles or dust settling on their surface. Once 

the samples were completely dry, they were transported to the dosing system 

under cover. At this point, samples were analysed. 3 readings were taken on 

each surface, and 3 samples were analysed for each sample type. 

 

 

2.2 Results 

Samples were comprehensively characterised in terms of their physical 

surface morphology as well as their chemical composition (both bulk and 

surface).  
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2.2.1 Scanning Electron Microscopy (SEM) 

Samples were imaged using Scanning Electron Microscopy (SEM) in order to 

evaluate the topography and morphology of their surface. Each sample type 

was measured to provide a series of comparison micrographs. Magnifications 

of x100, x200, x800 and x25,600 were taken of each surface to assess both 

macro-level geometry as well as fine surface characteristics.  

The geometry of a tantalum scaffold (Figure 6A and Figure 7A) shows a close 

resemblance to that of trabecular bone, when compared visually to 

micrographs of each other, upon which it was based [203, 240], in the low (x100 

and x200) magnification micrographs- though no study was conducted to 

confirm this similarity. Upon inspection at higher magnification (x800 and 

x25,600), the roughness of the individual struts becomes apparent.  The pores, 

although somewhat irregular in size and shape, are c.a. 300-400 µm in 

diameter, and the diameter of the lattice struts is 150µm.  

The titanium scaffold (Figure 6B and Figure 7B) has fewer, albeit much larger 

pores than the aforementioned tantalum scaffold. The pores are not of uniform 

size; however, have a diameter of over 500 µm. The diameter of individual 

struts is circa 300 µm. At x100 magnification, the size of the pores in this 

structure is clearly visible. When imaged at x200 magnification, the size of 

individual struts can be assessed, as well as the microspheres which are 

present throughout the structure become visible.  These microspheres are 

clearer still at a magnification of x800, and their vastly varied size can be 
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determined to be between around 5 µm and 45 µm. The integration of the 

microspheres can be gauged at x25,600 magnification, with some becoming 

almost entirely integrated and some remaining attached only by small amounts 

of the metal, much like in the image seen in Figure 7B. 
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Figure 6: False-colour SEM Micrographs at x100 (left) and x200 (right). Rows A and B show the 

two scaffold samples (Tantalum (Trabecular Bone) and Titanium (OsseoTi) respectively). Rows 

C and D show grit-blasted disk sample surfaces (Tantalum and Titanium respectively). Row E 

shows a Cu-coated polished Ti disk sample.   
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Figure 7: False-colour SEM Micrographs at x100 (left) and x200 (right). Rows A and B show the 

two scaffold samples (Tantalum (Trabecular Bone) and Titanium (OsseoTi) respectively). Rows 

C and D show grit-blasted disk sample surfaces (Tantalum and Titanium respectively). Row E 

shows a Cu-coated polished Ti disk sample.   
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The grit blasted tantalum and titanium samples (Figure 6C, D and Figure 7 

C,D respectively) display identical morphologies. Both have a highly rough 

surface with large features on the surface as a result of the grit blasting 

process. No contamination as a result of the processing is apparent in the 

images.  

The polished samples have the same surface morphology as that seen in Figure 

6E and Figure 7E, and as such only the copper-coated polished titanium 

images are given, as representative of themselves, polished titanium and 

polished tantalum samples. Some superficial, and isolated scratches are 

present on the surfaces, likely as a result of handling, apart from which the 

surfaces are flat with no other features.  
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2.2.2 Energy-Dispersive X-Ray Spectroscopy (EDX) and X-

Ray Photoelectron Spectroscopy (XPS) 

Energy-dispersive X-Ray spectroscopy (EDX) and X-Ray photoelectron 

spectroscopy (XPS) were used to study the elemental composition of the 

samples (Figure 8 and Figure 9). The figures show the XPS measurements as 

the topmost layer of a composition, and EDX is displayed as the inner portion 

of the graphical representation. EDX was employed to give the composition 

up to 2 µm in depth, whereas XPS was used to assess the chemical 

composition of the topmost 5 nm [241, 242]. 

Across all samples the oxygen content, indicative of an oxide layer, is greater 

in the topmost layer (XPS) than it is in the depth range of EDX. The greatest 

amount of oxygen on the surface, as measured by XPS (Figure 8) (, is seen on 

grit-blasted tantalum samples, at 10.09 wt%, followed by grit blasted titanium 

and scaffold tantalum (7.59 and 6.88 wt% respectively). Titanium samples 

have a significantly lower oxygen content on the surface, compared to their 

tantalum counterparts, when measured with EDX and XPS. Copper-coated 

titanium had an oxygen content of 2.03 wt% when assessed using XPS and 

1.48 wt% when measured with EDX.  
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Figure 8: Composition of samples, as measured by EDX (inner portion) and XPS (outer 

portion). The ‘Polished’ column (left) shows polished disk samples. The ‘Grit-Blasted’ 

column contains grit-blasted disk samples. The ‘Ta’ row shows Tantalum disk samples. 

The ‘Ti’ row contains Ti6Al4V disk samples, and the ‘Cu-Ti’ row shows the polished, 

Cu-coated Ti6Al4V samples. 
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The oxygen content, as measured with EDX, was highest on grit blasted 

tantalum (6.12 wt%); followed grit blasted titanium (5.90 wt%). Polished 

tantalum had a higher oxygen content than polished titanium (4.10 and 3.10 

wt% respectively), and the tantalum scaffold (Figure 9) had a higher oxygen 

content than that of a titanium scaffold (4.90 and 3.40 wt% respectively).  

Carbon was seen in varying quantities in all samples. The difference in carbon 

content measured using EDX and XPS is smallest in polished tantalum (0.25 

wt% difference) and polished titanium (0.32 wt% difference) however the 

content varies significantly between the XPS measurements and EDX in all 

but the aforementioned samples. The carbon content is greatest in scaffold 

tantalum (Figure 9), when measured with EDX, at 11.91 wt%, however grit 

blasted tantalum (Figure 8) shows highest carbon content when measured with 

XPS. The variation in carbon content measured may be a result of different 

manufacturing techniques employed in their production.  

In titanium samples, vanadium was detected with EDX across all sample 

types, however it was only seen in grit-blasted titanium using XPS (1.45 

wt%). Polished titanium has 3.79 wt% vanadium content, whereas scaffold 

titanium has 3.62 wt% and grit-blasted has 3.08 wt% when measured with 

EDX.  

Aluminium content in titanium samples was higher when measured with EDX 

and XPS across all sample types, with the content highest in the grit-blasted 
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sample, at 6.79 and 4.5 5wt% respectively, with little difference between 

scaffold titanium (5.56 and 1.80 wt% respectively) and polished titanium (5.61 

and 2.21 wt% respectively).  

Aluminium was detected in polished and grit-blasted tantalum samples (4.36 

and 4.83 wt% respectively) using EDX, and the presence of it is measured by 

XPS in grit-blasted tantalum (5.24 wt%). No aluminium was observed in 

scaffold tantalum. 
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Figure 9: Composition of samples, as 

measured by EDX (inner portion) and XPS 

(outer portion). All samples are 3D scaffold 

samples. The ‘Ta’ row contains the tantalum 

‘Trabecular Bone’ scaffolds. The ‘Ti’ row 

shows the Ti6Al4V scaffolds (Osseo-Ti). 
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Figure 10: XPS analysis of the protein conditioning layer (outer) compared to the 

underlying sample composition obtained by XPS (inner). A) shows a polished 

Ti6Al4V disk sample which has been conditioned with a protein layer on its 

surface by immersion in Foetal Bovine Serum (FBS). B) shows a polished 

Tantalum disk sample which has been conditioned with a protein layer on its 

surface by immersion in Foetal Bovine Serum (FBS). 
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Composition of the protein conditioning layer varied between a Titanium and 

Tantalum surface (Figure 10). The protein layer on a Titanium surface showed 

a higher content of Nitrogen, Carbon and Oxygen than the layer on Tantalum 

(13, 32 and 47 wt% on Titanium and 10, 32 and 31 wt% on Tantalum 

respectively), however it had a lower content of Sodium and Chlorine (3 and 5 

wt% on Titanium compared to 4 and 21 wt% on Tantalum, respectively).  The 

protein layer on the Tantalum surface also contained Suphur and Cobalt (both 

<1 wt%), which the layer upon a Titanium surface did not have. 

2.2.3 X-Ray Fluorescence Analysis (XRF) 

.The presence of Iodine on samples treated with it, which were obtained from 

Zimmer-Biomet, was confirmed using X-Ray Fluorescence Analysis (XRF) 

(Figure 11). As Iodine was not successfully identified using EDX or XPS 

during characterisation alongside other samples, XRF was utilised to confirm 

whether or not Iodine was present in the chemical composition of the treated 

samples Apart from the underlying bulk Ti6Al4V alloy, which constituted 

99.9% of the elements detected (78.245 wt% Ti, 4.97 3wt% Al, 1.140 wt% V, 

9.937 wt% O and 5.742 wt% C), these samples also contained 0.095 wt% 

Iodine.  
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Figure 11: Sample chemistry analysis using XRF on a Ti6Al4V sample which has been 

surface treated with Iodine by Zimmer-Biomet. Values are given as % of the total 

composition measured per element. The results confirm the presence of Iodine within the 

sample, at 0.095 wt%. The remainder of the composition is made up of Titanium (78 wt%), 

Aluminium (5 wt%), Vanadium (1 wt%), Oxygen (10 wt%) and carbon (6 wt%). 
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2.2.4 Atomic Force Microscopy (AFM) and Laser 

Profilometry 

The characterisation of the surface morphology was key in understanding 

bacterial behaviour. As such, the roughness of all samples was measured using 

two methods; atomic force microscopy (AFM) was not suitable for taking 

measurements of the scaffold samples, therefore Laser Profilometry was used 

in those cases. 

Roughness was measured using AFM and laser profilometry (Figure 12). 

AFM was employed in assessing scaffolds, and laser profilometry was used 

for all other samples. The roughness is given as Ra, namely- the arithmetic 

mean average difference between peaks and valleys on the measured surface, 

and is given in µm. The formula for Ra is as follows: 

𝑅𝑅𝑅𝑅 =
1
𝑛𝑛
�|𝑦𝑦𝑖𝑖|
𝑛𝑛

𝑖𝑖−1

 

where n is the number of equally spaced, ordered points along the trace of the 

surface, and yi is the distance (vertical) from the mean line to the ith data 

point[243].  
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The polished samples have the lowest Ra value- 0.56 ± 0.08, 0.65 ± 0.06 and 

0.64 ± 0.13 µm for copper-coated titanium, polished titanium and polished 

tantalum respectively. Scaffolds have the next highest Ra value, at 1.90 ± 0.18 

and 1.12 ± 0.24 µm for tantalum and titanium scaffolds respectively. Grit 

blasted samples have the highest roughness, with the Ra value of tantalum at 

4.19 ± 0.63 µm and titanium at 4.40 ± 0.61 µm. 
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2.2.5 Water Contact Angle Analysis (WCA) 

Surface free energy of a material can have a significant impact of bacterial cell 

adhesion, and as such this was measured during the characterisation of 

samples[244]. The water contact angle below 90° can be considered to be 

hydrophilic[245]. The anodised Ti surface (Iodine treated) had the highest water 

contact angle, at 92.4° ±1.1°, followed by copper-coated Ti disks with 88.3° 

±0.8° (see Figure 13)(p<0.01).  

Polished Ti and the Ta scaffold had water contact angles of 80.9° ±0.7° and 

76.5° ±0.8° respectively(p<0.01).  

The lowest water contact angles were observed on polished Ta and grit-blasted 

Ta surfaces, at 71.9° ±0.3° and 59.7° ±0.6° respectively (p<0.001).  

Measurement of the water contact angle on scaffolds was conducted using a 

water droplet larger than the size of the pores- the pores were on average 

0.5µm in diameter, though in the centre of the scaffold this increased to c.a. 

0.75 µm. Despite this, the pores of a Ti scaffold were too large, allowing water 

to pass through immediately, ergo no measurement was possible on these 

samples. 
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2.3 Discussion 

2.3.1 Scanning Electron Microscopy (SEM) 

Both micro- and macro-level features of a surface have been shown to affect 

bacterial cells [76, 246-249]. The surfaces of all types of samples are vastly 

different to each other. The tantalum scaffold (Figure 6A and Figure 7A), 

manufactured using Chemical Vapour Deposition (CVD), bears close 

resemblance to the geometry of trabecular bone. This may have an effect on 

the interaction between the implant and host cells, as suggested by Hacking et 

al. (2000). They conducted a study using subcutaneous implants in dogs and  

found that within 4 weeks of surgery, histologic sections showed ingrowth of 

soft tissue across the full-implant depth [250]. However, such a geometry may 

also provide a sheltered environment for the bacterial cells, due to the fact that 

vascularisation (which is associated with faster immune responses) takes time 

to become stablished inside the scaffold. In addition, individual immune cells 

also require time to penetrate the scaffold, giving bacteria time to replicate 

[251]. However, the macro-geometry of this scaffold is unlikely to have an 

effect, outside of the aforementioned sheltering, on bacterial cell behaviour. 

This may be due to the relatively small size of a bacterial cell ( circa 1 µm for 
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S. aureus [252]) compared to the pore size of 300-400 µm for tantalum scaffolds 

and over 500 µm for titanium scaffolds. On the other hand, the nature of 

micro- and nano-level features of the surface has been shown by Rajab et al. 

(2019) [253] and others [165, 254-257] to affect bacterial cell behaviour. This has led 

to engineering a surface to kill bacterial cells outright, such as the sharklet 

design [258, 259]. The images produced by SEM show a high, irregular 

roughness on the surface of the struts. Similar surfaces have been observed by 

Shimko et al. [260] when assessing the fluid flow characteristics and mechanical 

properties of tantalum scaffolds. Both shape and size of these features is 

important in engineering the desired surface characteristics. 

The pore size observed in the titanium scaffold is considerably larger than that 

of tantalum (over 500 µm and circa 350 µm respectively). The presence of 

titanium microspheres in the surface geometry would provide ample sites for 

bacterial cells to attach to. This is because the surface area provided at the 

microsphere-surface interface is larger than that of the flat surface which 

surrounds it. The microspheres are likely an artefact of the manufacturing 

process- Selective Laser Sintering. By this process, a metal powder is melted 

using a high-powered laser, layer by layer, to produce a 3D item. In this case 

some of the powder, which was not fully melted, was integrated into the 

surface by coming into contact with the molten material. Apart from the 

microspheres, the surface of these scaffold it relatively flat with small grooves 

present. The bacteria may again prefer attaching at the grooves as it provides 

more surface area for the cells to attach to.  
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The two scaffolds have vastly different geometries where the tantalum 

scaffold has no repeating pore geometry, the titanium scaffold has a highly 

ordered architecture. The titanium struts are roughly twice the diameter of 

their tantalum counterparts (ca. 300 µm versus 150 µm, respectively). The 

micro-features of the two scaffolds are also entirely different, with the 

tantalum surface displaying high roughness with low variability between the 

sizes of peaks, whereas the titanium surface is much more varied between 

areas with microspheres present and not.  

The topography of titanium and tantalum grit blasted samples is similar, 

namely a highly rough, irregular surface strewn with high peaks and troths. 

These features are the result of the grit blasting process, whereby grit is 

accelerated at high speed towards the sample surface, cleaving material at the 

impact site[261]. There was no contamination of left-over grit apparent in the 

SEM micrographs in either of the sample types. The geometry of these 

samples results in a high surface area and then abundant sites for bacterial 

cells to attach. Bollenl et al. (1997) found that rougher titanium implant 

surfaces harboured 25 times more indigenous oral microbiota [262].  

The polished samples, titanium and tantalum, showed the same surface 

morphology as expected when assessed using SEM imaging. The surfaces are 

largely smooth, with slight, isolated scratches present, which are most likely to 

be attributed to friction between samples during transport. Polished titanium 

disks which were coated with copper showed identical morphology due to the 

small thickness of the copper coating. This was to ensure any differences seen 
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in bacterial presence on their surfaces were not influenced by anything but the 

surface chemistry. Copper was selected as a negative control due to its well 

documented antibacterial properties [88, 263-265] ,and the relative ease of coating 

samples with it. Copper coating was done on polished titanium discs using 

magnetron sputtering [266]. 

2.3.2 Energy-Dispersive X-Ray Spectroscopy (EDX) and X-

Ray Photoelectron Spectroscopy (XPS) 

EDX and XPS were used to assess the chemical composition of the surfaces. 

EDX allowed for deeper (up to 2 µm) [241] penetration, giving results further 

inside the sample, whereas XPS was utilised to test the topmost 5 - 10nm [242]. 

The two methods used concurrently could give an idea about the depth of the 

oxide layer as well as the sample surface composition. All samples showed 

higher oxygen contents, and therefore oxide, presence by XPS than EDX. This 

suggests that the oxide layer did not reach the full penetration depth of the 

EDX (2 µm), see Figure 8, which is in keeping with wider literature[267, 268].  

Grit blasted tantalum and titanium showed higher oxygen contents compared 

to polished discs and scaffolds in both EDX and XPS results. This is likely 

due to the increased surface area of these grit blasted samples, exposing more 

of the surface to oxygen. XPS showed greater amounts of oxygen than EDX 

which might be ascribed to the presence of the oxide layer at the topmost of 

the samples. All samples showed a presence of small fractions of carbon.  



2.3 Discussion 71 

 

On the whole, tantalum samples showed a greater amount of oxygen on their 

surfaces than that seen on the titanium samples with both EDX and XPS. This 

could be attributed to the fact that tantalum is more readily oxidised than 

titanium [269, 270], as well as their oxides differing in composition. Titanium 

forms titanium dioxide (TiO2) [271], whereas tantalum forms tantalum 

pentoxide (Ta2O5) [272], therefore a tantalum pentoxide of equal depth to a 

titanium dioxide is expected to contain more oxygen.  

The copper coated titanium samples showed predominantly copper, with small 

amounts of oxygen and carbon present. These are likely a result of slight 

sample contamination. The sample underneath the coating is the 

aforementioned Ti6Al4V alloy, however no titanium, aluminium nor 

vanadium was detected by EDX or XPS. Therefore the copper coating is 

expected to be at least as thick as the penetration depth of EDX (2 µm) [241]. It 

is thought that copper owes this antoibacterial property to its ions that are 

leached from its surface in aqueous solution, and as such some approaches 

employ copper ion complexes in an effort to further exploit its effects [273]. 

2.3.3 Atomic Force Microscopy (AFM) and Laser 

Profilometry 

AFM, in tapping mode, was used to measure the roughness of struts of the 3D 

scaffolds, due to the difficulty of measuring the roughness of the scaffold 

using laser profilometry. Therefore, the readings from these scaffolds reflect 

the roughness of the actual material surface excluding the pores. This is 
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because individual bacterial cells will be exposed to only the surface of the 

strut as opposed to the entire pore.The surface of tantalum scaffold displays 

higher roughness than that of titanium counterpart. However, the readings of 

the titanium scaffold were taken in areas which didn’t include microspheres, 

due to their potential to skew the results. This is because the surface of the 

microspheres is smooth, and any reading taken on their surface is going to 

show very low roughness, whereas if only part of a microsphere was included 

in the reading, alongside the surface of the strut, the reading would indicate 

incredibly high roughness as a result of the microspheres’ large size relative to 

the tested area. 

Laser profilometry was used to measure the roughness of polished and grit-

blasted samples, as it allowed for a greater area of testing on the surface , 

resulting in a more reliable measurement as it minimised the effect a small 

surface scratch would have on the final Ra reading [274]. Whereas the polished 

samples showed the lowest roughness of all sample types, with no significant 

difference between them. The grit blasted samples’ surfaces were circa eight 

times rougher than the polished samples.  

Work conducted by Aykent et al. (2010) suggested that increasing Ra value 

seems to increase bacterial cell adhesion to the surface. This study showed that 

a steadily decreasing roughness of the surface (from circa 1.5 µm to 0.7 µm) 

led to decrease in viable bacteria from c.a. 1350 to 1200.  This would mean 

that the bacterial growth on the surface of grit blasted samples should be 

greater than that seen on the surface of polished samples of the same material. 
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Simply taking roughness into account, the bacterial presence on the scaffolds 

should fall somewhere between the two, however this would not take into 

account the additional sheltering effect of a 3D porous structure.  

2.3.4 X-Ray Fluorescence Analysis (XRF) 

X-Ray Fluorescence Analysis (XRF) was chosen as a method for confirmation 

of the presence of Iodine on treated samples due to their surface 

characteristics. As the Iodine was theorised by Zimmer-Biomet to have been 

present in its elemental state within the pores created during the Micro-Arc 

Oxidation (MAO) process, XPS and EDX proved to be limited in their scope 

to detect it. XPS has an average depth analysis of c.a. 5nm, meaning that it 

would not be able to detect Iodine present in the pores of the surface[275]. 

Although EDX probes a depth of 1-2µm[276], it still proved ineffective in 

analysing the presence of Iodine within the surface pores. XRF was chosen as 

it allowed for further penetration of the depth of surface, which would include 

more of the surface channels where Iodine was suspected to be present. This 

was confirmed by the fact that no Iodine was present in the EDX and XPS 

spectra but was indeed present in the XRF results. The amount of Iodine in the 

samples (0.095 wt% ±0.004) was small compared to other constituent 

elements, however its presence was detected in all Iodine-treated samples, and 

it was absent in testing of all other types of samples using XRF. The other 

constituent elements of the bulk Ti6Al4V material was similar in levels to 

those observed using EDX and XPS of other samples. Surface analysis of 
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Iodine-treated samples showed a slightly lower amount of Ti (78.245 wt% 

±0.931) compared to the untreated grit blasted Ti6Al4V surface when 

analysed using EDX (80.97 wt% ±0.569). This is most likely due to the 

anodisation process through which Iodine treated samples are put, which 

increases the oxide layer depth on the surface. This conclusion is supported by 

the increased presence of O on the surface of Iodine treated samples (9.937 

wt% ±1.002) compared to the aforementioned untreated sample with EDX 

(5.90 wt% ±0.997). 

 

The next chapter concerns microbiological assessments of scaffolds using 

methods found in literature. It assesses with reference as to the reliability of 

such methods for acquiring quantifiable data from metal scaffolds, in 

pursuance of a method appropriate for adoption for this use in later parts of 

the work. 
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Chapter 3 Microbiological 

Assessment On Scaffolds Using 

Existing Methods  

This chapter intends to study the reliability of existing methods in obtaining 

quantifiable bacterial biofouling data with the specific use-case of metal 3D 

scaffolds as its focus. A number of methods are analysed with a view to adopt 

any which prove effective in this application for the remainder of the work 

conducted subsequently. 

 

There are many well documented methodologies for the microbiological 

assessment on the surface of solid samples[277-281]. Methods which assess the 

antibacterial qualities of elutes from samples may be utilised when surfaces 

degrade to produce antibacterial agents such as some metal ions (Cu (II, I) and 

Silver (I) for instance[282-286]) or known antibiotics which are bonded to the 

surface and are released during the degradation of those bonds (such as 

gentamicin sulfate (GS))[287, 288].  
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The agar diffusion method is one such method, whereby samples are placed 

upon the surface of an inoculated agar plate, with the active surface in contact 

with the agar itself[289]. As the elutes are released from the sample surface, 

they kill the bacteria in the vicinity of the sample as well as preventing 

bacterial cells from outside this perimeter from colonising the agar within the 

diameter in which the antibacterial elutes are in sufficient concentration. This 

creates a clearly defined ‘ring’ in the culture if the surface does indeed release 

antibacterial substances, and the absence of which indicates that the sample 

either does not release these substances (at all or in sufficient concentrations 

so as to affect bacterial behaviour) or that the bactericidal elutes it would 

release are not water-soluble[290]. 

 The addition of a standardised volume of sterile liquid within which samples 

were degraded for a given amount of time into a suspension of bacterial cells, 

with their number quantified (usually through Optical Density assessment) 

before the addition and a specific time afterwards is another way to assess the 

degradation products of a sample for antibacterial properties.  However, this 

approach includes the sample as a whole as opposed to its single surface alone. 

In vitro methods for the microbiological analysis of surfaces where bacterial 

cells are grown on the samples themselves often provide a more holistic view 

of the bacterial behaviour in response to the surface. This approach enables the 

assessment of not only water-soluble agents, such as copper ions, released 

from the samples, but also the effect of the surface chemistry in general and its 

nano-, micro- and macro-geometry on bacterial cell behaviour[255, 291]. As a 
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result, methods which enable this are highly favoured in literature, where 

appropriate. For example. bacteria which have been genetically modified to 

express plasmid-borne Green Fluorescent Protein (GFP) and Chloramphenicol 

(Cm) resistance can be imaged using a confocal laser microscope[292, 293].  

The placement of the GFP gene into a plasmid with a Cm resistance gene 

allows for the preservation of the GFP gene in the bacterial colonies through 

selective pressure by the addition of Cm into the culture media. The bacterial 

strain was supplied with this GFP gene already within the plasmid by the 

microbiology laboratory within which this work was conducted. A confocal 

laser microscope is a powerful tool in such analyses as it does not require a 

fully flat surface to conduct testing. The confocal nature of this microscope 

allows it to image three-dimensional features on the surface, ergo it overcomes 

the limitations of traditional microscopy techniques.  

There is also the possibility to detect a change in mass in samples where the 

bacterial biofilm is well-established. This is due to the fact that the biofilm 

formed is more dense than water and air, as it is composed of bacterial cell, 

and an extracellular matrix composed of extracellular polymeric substances 

such as polysaccharides, proteins and lipids[294, 295]. This difference in density 

could theoretically allow for the quantification of biofilm formation by means 

of weight, both on flat samples and larger, three-dimensional scaffolds, as 

more biofilm formation would result in an increase in mass of the sample. 

Scaffolds would likely show a more pronounced mass increase, due to their 

large surface area compared to flat disks. If this was due only to surface area, 



78 Microbiological Assessment On Scaffolds Using Existing Methods 

 

we may expect a 10-fold increase in mass in the scaffold samples, however as 

there is a finite number of bacterial cells in culture, this effect may be assumed 

to be lower[296]. 

The recent advances in Micro-Computed Tomography (Micro-CT) have 

allowed the method to be used to measure features as small as 0.5µm[297, 298]. 

Micro-CT identifies the differences in density within a given volume, 

therefore it offers an opportunity to be an effective method for the analysis of 

biofilm formation and bacterial colonisation on flat disks and within scaffold 

samples. Computed Tomography works by the employment of X-Rays to 

create stacks of cross-sectional images of a physical object within a pre-

defined volume[299]. These 2D slices divide the specimen, as the edges are 

irradiated from the outside. As the X-Rays transverse through each slice, they 

are attenuated and the emergent X-Rays (now with reduced intensities) are 

captured using a detector array. X-Ray paths and the attenuation coefficients 

are calculated from these detector measurements. For each slice, a single 2D 

pixel map is created using these calculations, with each pixel being denoted by 

a threshold value (which in turn corresponds to an attenuation value measured 

from a corresponding location within the sample). Since the attenuation 

coefficient correlates to the density of material in the location, the 2D pixel 

maps reveal the density of the sample at the corresponding location[197]. These 

stacks are then combined by an algorithm in order to create a working 3D 

model. The prefix of micro- is used to convey that the pixel size within the 

cross-sectional images are in the µm range. 
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The bacterial culture and approaches adopted in this work to enable suitable 

methodological selection are detailed in the following section. 

 

3.1 Materials and Methods 

3.1.1 Bacterial culture 

All samples were sterilised by immersion in 70% ethanol for 2 hours followed 

by drying under UV light overnight in a sterile fume hood.  

Bacteria was taken from cold storage and transferred into liquid Tryptic Soy 

Broth (TSB) media, in order to obtain active bacterial cells[300]. An S. aureus 

Newman strain was used, with a green fluorescent protein (GFP) gene inserted 

into a plasmid containing a Chloramphenicol (Cm) resistance gene. To 

preserve this gene, the culture was grown on agar containing Cm (1µg/mL). In 

order to obtain the starting culture, a single colony of S. aureus was lifted from 

the agar plate and incubated in TSB media at 37°C and 200 RPM overnight. 

The overnight culture was washed twice in TSB prior to being used to 

inoculate the petri dishes. 

Sterile samples were placed into a petri-dish, in triplicate, containing 20ml of 

warm (37°C) TSB media. The optical density (OD600) of the starting culture 

was measured using a spectrophotometer (Jenway 6715 UV/Vis) and the 

suspended bacteria were placed into the petri-dishes to give a starting OD600 of 
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0.1. Cm (1µg/mL) was added to the culture media in order to ensure the 

preservation of the GFP gene for the duration of the experiment. This starting 

OD600  was chosen to ensure bacteria were not in the lag or stationary phases 

for the experiment. Three repeats of each sample type were not inoculated to 

serve as controls- they were placed in media with no bacterial inoculation. The 

samples were then incubated at 37°C and 60 RPM for a set amount of time, 

after which they were removed and washed thoroughly with deionised water 

(dH2O) by vigorous agitation three times. 

 

3.1.2 Wet weight assessment 

Sterilised samples (placed in ethanol overnight and dried in a sterile hood) 

were placed in sterile deionised water (dH2O) and were subsequently removed 

after a period of 5 minutes and placed on scales in sterile conditions, with their 

weight recorded. The balance used was a Nimbus® Analytical Balance NBL 

124e with a 0.1 mg resolution. After this, the samples were placed in culture 

media and inoculated with bacteria as per the method outlined in section 3.1.1 

and incubated for 24, 48, and 72 h in order to increase the bacterial presence 

(by attempting to take readings well within the stationary phase of the 

bacterial growth curve) to allow the mass of these bacteria to be sufficient in 

order to me measurable by weighing. Upon washing, the samples (now with 

bacteria- with the exception of controls which were sterile but washed 

nonetheless) were once again weighed using the same balance with their 
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weight recorded. Each sample was weighed twice, with the average taken, and 

each sample type was tested in triplicate. Control samples underwent the same 

procedure, including placing in culture medium for the length of the 

experiment, less the inoculation with bacteria. 

 

3.1.3 Dry weight assessment 

All samples were sterilised as per the protocol outlined in section 3.1.1, and 

weighed under sterile conditions using a Nimbus® Analytical Balance NBL 

124e with a 0.1mg resolution, with their individual weights recorded. Once 

again, the samples underwent the bacterial culture protocol from section 3.1.1 

(with incubation times at 24, 48 and 72 h), upon the completion of which all 

samples were placed in a freeze-dryer (Scanvac CoolSafe Pro 4L) running at -

80°C overnight. Once the samples were dried, they were weighed again, with 

their weight recorded. All samples were weighed twice, with an average taken 

(to ensure any effect surface dust may play in the reading was minimised), and 

each sample type was tested in triplicate. Control samples underwent the same 

procedure, including placing in culture medium for the length of the 

experiment, less the inoculation with bacteria. 
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3.1.4 Micro-CT assessment 

Titanium and Tantalum scaffold samples were sterilised and had half of their 

volume filled with a 20 wt% Agarose hydrogel in order to simulate the density 

of a biofilm. They were then transferred to a Micro-CT scanner (Shaw 

Inspection Systems Venlo H350/225 using a Tungsten Hairpin target, a 

IEEESVGA Firewire Camera with a 768 x 582 pixel area, a focal spot of 5 nm 

and a resolution of 22 µm, running at 225 kV). 

 

3.1.5 Confocal Laser Scanning Microscopy (CLSM) 

All samples were incubated and washed as per protocol described in Section 

3.1.1 and incubated for 96 h to allow for the bacterial colonisation of the entire 

sample surface, after which they were imaged on a Carl Zeiss L700 Confocal 

Laser Scanning Microscope. The biomass burden was analysed using the 

COMSTAT 2 plugin to ImageJ on the resulting image stacks[301]. The scanned 

area was 1.2 mm2. 

Image stacks were combined and rendered into three-dimensional images 

using the ZEISS ZEN microscope software[302]. 
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3.1.6 Sample Selection 

The samples described in this chapter are identical to those described in 

Chapter 2, Section 1.1.8:  

“Samples for this study were supplied by Zimmer-Biomet. They included 

commercially available surfaces, manufactured from Tantalum and a medical-

grade Titanium alloy (Ti-6Al-4V). All sample disks measured 10 x 2.5mm. A 

number of surfaces manufactured from these materials allowed for a 

simultaneous assessment of surface topography and chemistry effects on 

bacterial behaviour as well as the suitability of the assessment methodology. 

The sample types were as follows: polished disks, grit-blasted disks, 3D 

additively-manufactured scaffolds (Osseo-Ti: Ti-6Al-4V scaffold 

manufactured using Selective Laser Sintering (SLS) and Trabecular Metal: Ta 

scaffold manufactured using Chemical Vapour Deposition (CVD)).  

Some polished Ti disk samples were coated with elemental copper through 

sputtering- a Physical Vapour Deposition (PVD) process whereby a thin film 

is deposited using ejected materials from a target onto a substrate- in order to 

be used as positive control in the microbiology studies. 

The Trabecular Metal is an open cell highly porous (~80% porosity[203]) 

structure, similar in geometry to trabecular bone by being composed of struts 

ordered in dodecahedron repeats[204]. In order to achieve this, a vitreous carbon 

scaffold is used as an internal matrix upon which the Tantalum is later 

deposited[205]. The carbon scaffold is then placed in a sealed chamber and the 
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CVD process proceeds using hydrogen and chlorine gases. Evaporated 

tantalum (as TaCl2) then deposits Ta molecules onto the underlying carbon 

scaffold[206]. A review of available literature suggests that this material 

exhibits high osteoconductivity, biocompatibility, vascularisation and bone-

ingrowth (as observed in in vitro, in vivo and human studies)[176, 203, 207-210]. 

The Osseo-Ti scaffold is manufactured using SLS of Ti-6Al-4V powder, 

based directly on 3D scans of cancellous bone and exhibits ~70% porosity 

according to data supplied by Zimmer-Biomet.” 

 

3.2 Results 

3.2.1 Wet weight assessment 

Wet weight assessments were chosen in order to ensure that any weight gain 

as a result of bacterial growth on/within samples was significant enough to be 

reliably measured by conventional laboratory weighing scales. The hypothesis 

was that the greater the bacterial bioburden on the sample, the higher its 

weight change would be as compared to the sterile control. 

When flat, 2D samples were tested for the mass change (Figure 14), there was 

no statistically significant difference between data points up to 48 h when 

compared to the control (0 h). All sterile control samples showed no 

statistically significant mass (p>0.8) change in the duration of the experiment. 
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After a 24 h inoculation and incubation, polished Ti, grit-blasted Ti and 

Iodine-treated disks had no significant mass increase (0.0002 ± 0.0014 g, 

0.0005 ± 0.0008 g and 0.0005 ± 0.0062 g respectively) compared to the 

control samples. At the 48 h timepoint, polished Ti showed a statistically 

significant (p=0.048), albeit slight, mass increase of 0.002 ± 0.0005 g, 

however there was no significant change in grit-blasted Ti and Iodine-treated 

Ti when compared to control samples (0.0006 ± 0.0005 g and 0.0014 ±0.0009 

g respectively).  

At the 72 h timepoint, all samples showed a small, statistically significant 

increase in mass when compared to control samples. There was no significant 

difference between any samples at this timepoint. Polished Ti samples showed 

an increase of 0.0026  ± 0.0004 g, followed by grit-blasted Ti and Iodine-

treated Ti disks (0.0020  ± 0.0003 g and 0.0018 ± 0.0005 g). 
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When a three-dimensional Ti scaffold was tested using the same protocol (see 

Figure 15), it showed a clear upward trend in mass increase from the 24 to the 

72 h timepoint. The scaffold showed the highest mass increase of all samples 

at all timepoints. At 0 h (the sterile control cohort), the mass of the scaffold 

increased by 0.016 ± 0.004 g. At 24 h there was no statistically significant 

(P=0.0862) difference to the control samples, with the weight increase at 

Figure 15: Weight change over time for wet scaffold samples (Ti-6Al-4V Osseo-Ti scaffolds) which were incubated 

in TSB and inoculated with S. aureus. Samples at 0 h were incubated TSB, with no inoculation with bacterial 

culture. 
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0.017 ± 0.004 g. However, at 48 h the increase in weight was 0.035 ± 0.003 g, 

which was significantly higher than that observed in the preceding 0 and 24 h 

timepoints (P=0.009). At 72 h the increase was the largest seen in this study, at 

0.052 ± 0.012 g, which was statistically significantly higher than at the 48 h 

timepoint (P=0.0371). 

3.2.2 Dry weight assessment 

When freeze-dried, none of the flat samples at any time point up to and 

including 72 h showed any statistically significant increase in mass when 

compared to the control cohort (Figure 16). The polished Ti samples at 0 h 

showed a very slight, yet statistically significant decrease in weight of 0.0002 

± 0.0001 g. No other type of sample showed a statistically significant decrease 

of mass of any magnitude at any timepoint in this experiment.  

The 3D Ti scaffold, on the other hand, showed a statistically significant mass 

increase at every time point compared to the control cohort. The control, 0 h 

timepoint showed an increase of 0.0006 ± 0.0003 g compared to their weight 

before the incubation in media and freeze-drying. At 24 h this increase in mass 

was 0.0011 ± 0.0002 g, with a subsequent increase of 0.0023 ± 0.0003 g at 48 

h. At 72 h, however, there was no statistically significant difference between 

this timepoint (mass increase of 0.0024 ± 0.0002 g) and the mass increase 

observed at 48 h. 
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3.2.3 Micro-CT assessment 

The micro-CT method were unable to produce viable data from either the Ta 

or the Ti scaffolds. Although the X-Rays were able to penetrate the structure, 

they were not able to do so at the required resolution (see Figure 17). The X-

Rays were better able to penetrate the Ti structure, compared to the Ta 

scaffold, illustrated by the difference in sharpness in the two cross-sections in 

Figure 17: Micro-CT cross sectional scans of two metal scaffolds 2mm from the top surface (a hydrogel 

was cast in what would be the bottom half of these cross-sections, though this is not visible in the scans) ; 

A- Trabesular Bone scaffold (Ta), B- Osseo-Ti scaffold (Ti-6Al-4V). Typically, in CT scans, dark areas are 

areas of high density, lighter areas are areas of low density, with white denoting voids. 

A B 
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Figure 17. 

 

 

3.2.4 Confocal Laser Scanning Microscopy (CLSM) 

Polished Ti and Ta disks were used as a control for the ascertainment of 

suitability of the CLSM method in bacterial biofilm assessment in three-

dimensional scaffolds (see Figure 18). Once inoculated, incubated and washed 

as per the protocol outlined in section 3.1.1, the samples were imaged and the 

resulting images analysed by combining the resulting z-stack images. After 96 

h, the polished disks contained a biomass (the volume of bacteria/biofilm per 

unit area) of 16.2 ± 7.1 µm3/µm2 and 5.9 ± 3.5 µm3/µm2 on the Ta and Ti 

disks respectively. For the sterile cohort there was no biomass detected for 

either Ta or Ti disks. 

Sterile scaffolds had a biomass reading of 0.1 ± 0.1 µm3/µm2 and 3.0 ± 2.9 

µm3/µm2 for Ta and Ti respectively. Scaffolds inoculated with bacteria had a 

biomass presence of 92.8 ± 27.5 µm3/µm2 and 166.8 ± 26.1 µm3/µm2 for Ta 

and Ti scaffolds respectively.  

Image stacks resulting from the CLSM testing were also combined to create 

three-dimensional visual renderings of the overall scanned areas, both on flat 

samples and on scaffolds (see Figure 19). The gradient in colour shown in Fig. 

6 (from red on the lower part of the scan, through yellow and green in the 
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middle, to blue on the uppermost areas of the scanned area) represents the 

height at which the GFP signal was measured, relative to the overall scanned 

area. Although all scans scanned an area of 1.2 mm2, the true surface area 

scanned was significantly larger on scaffold samples compared to flat disks 

(see Figure 19D-F) Using a simple graphic overlay model based on the 

resulting 3D rendered images, the difference between a flat scanned area and a 

3D area (Figure 19A and F respectively) showed that the surface area was c.a. 

6 times greater in the case of the latter (360 mm2 versus 2160 mm2 

respectively). 

Flat disk samples show an even, uniform distribution of bacterial cells on the 

scanned surfaces (Figure 19A-C), with a structure resembling mature biofilm 

in Figure 19C. However, it is unclear if the bacterial cell distribution is even 

and uniform on the surface of scaffold struts, due to the irregular nature of the 

scanned features. Although bacterial cells entirely cover the surface of the 

scanned scaffold, signified by the lack of black areas on scans where no 

fluorescence was detected, it is unclear whether or not there were areas of 

greater-than-average growth as such areas would be indistinguishable from the 

effects of underlying surface geometry. Sharp peaks and troughs in the 

scaffold scans show the geometry of the underlying Ti and Ta scaffold struts 

and correspond to the pore structure present within the scanned area. 
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3.3 Discussion 

3.3.1 Wet weight assessment 

Since bacterial biofilm has a relatively high density (1.14 g/cm3), as outlined 

by the work conducted by Hermanowicz et al. (1983), it may be possible to 

quantifiably assess bacterial growth given a large enough coverage[303]. 

However the density of the biofilm changes through time, with the density 

approaching that of water (1.0 g/cm3) in the largest, most mature biofilm[304]. 

This means that successive studies would need to take this into account and 

normalise any mass increases against the likely biofilm maturity stage based 

on the time of incubation. 

The two-dimensional nature of samples results in a limited amount of surface 

area on which bacterial cells can proliferate and establish biofilm, relative to a 

three-dimensional scaffold. This means that any increase in mass resulting 

from bacterial presence on the surface will be smaller, and therefore require a 

suitably sensitive balance. However, as illustrated in Figure 14, no samples 

showed any statistically significant mass increase until the 72 h timepoint 

when compared to the control samples (with the exception of a slight increase 

on the polished Ti disk at 48 h). These large error bars present in this study, 

most pronounced at the 24 h timepoint, are indicative of the susceptibility of 

this method to variation resulting from random differences in the amount of 

water left on the sample rather than limitations of balance accuracy. Although 
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the samples were briefly dried, it proved difficult to ensure completely 

uniform removal of water from the samples when working at scales of less 

than 5 mg.  

The largest standard error was seen in the 24 h Iodine-treated Ti cohort, where 

the error was 0.006 g. This may be due to the fact that water molecules had 

entered some surface pores on the disks resulting from the Micro-Arc 

Oxidation (MAO) process, but this infiltration of molecules varied in different 

samples. The water within the pores would most likely take a longer time to 

evaporate and would, therefore, still be present at the weighing stage 

considering all samples were initially dried for an equal amount of time. As a 

result, the drying times were increased at subsequent timepoints to account for 

this. However, despite these measures, the Iodine-treated Ti samples showed 

the highest standard error of all flat disk samples at all timepoints.  

At 72 h, all samples showed a small, statistically significant increase in 

weight, relative to the control cohort. At this time, the bacterial growth seems 

to have reached a uniform, mature presence on the surface of all samples (as 

seen by the uniformity of the coverage visible with the naked eye), with the 

smallest standard error values of each sample type (excluding sterile controls). 

All sample types’ control cohorts showed a small, statistically significant 

increase in mass as compared to their weight before the commencement of the 

experiment. This is most likely due to the small residual amount of water 
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present on their surface after incubation, coupled with the adherence of 

proteins and salts from the culture media to the sample surface. 

The increase in mass observed on a three-dimensional Ti scaffold (see Figure 

15) is markedly more pronounced and therefore clearer to see than on flat disk 

samples. Although no significant increase was observed at 24 h compared to 

the control, there was a significant upward trend between 24 and 48 h, which 

was also evident at 72 h. The increase between 24 and 48 h in mass (0.018 g) 

is the largest increase seen in this study and is indicative of rapid biofilm 

formation once the bacteria have had time to attach to the surface in the first 

24 h of incubation. Due to the high standard error present in the 72 h dataset, it 

is unclear whether the rate of weight increase between 48 - 72 h was higher, 

the same or lower than that seen between 24 - 48h, though the mass increase is 

still statistically significantly higher than at 48 h, indicating the increase didn’t 

cease entirely. The large standard error observed in the scaffold cohort relative 

to flat samples is likely due to the difficulty in drying three-dimensional 

scaffolds sufficiently to remove effect of residual water within the structure 

while simultaneously ensuring that the biofilm does not dry to excess so as to 

preserve its weight. 

3.3.2 Dry weight assessment 

In order to completely remove any effects on data resulting from residual 

water on tested surfaces, all samples were freeze-dried by placement in a -

20°C freezer overnight and subsequent transfer to a Modulyo benchtop -55°C 
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freeze dryer for 36 h. However, as the dry density of biofilm is markedly 

lower than the density of wet biofilm (between 0.0115 and  0.027 g/cm3), as 

outlined by the work of Timmermans et al. (1984), Hoehn et al. (1973) and 

Boaventura et al. (1988), meaning any mass increases would be significantly 

less pronounced[305-307]. 

However, it became apparent that on flat, two-dimensional surfaces the dry 

weight of bacterial biofilm resulting purely from the dry polysaccharides, 

proteins and lipids is not sufficient to be measured by this method, up to 72 h 

(see Figure 16). While no flat samples showed a mass increase at any point 

during the study, compared to the control cohort, the sterile polished Ti disks 

did show a slight weight decrease of 0.0006 ± 0.0003 g. This may be due to 

the fact that the samples were not freeze-dried prior to the commencement of 

the experiment, and that some surface moisture may have been present in the 

first weighing. As no moisture would remain after the freeze-drying process, 

this would explain the slight weight decrease.  

There was, however, a notable increase in the weight of the three-dimensional 

Ti scaffold at all time points. The statistically significant increase in the 

weight of the control cohort can be attributed to an adherence of salts and 

proteins to the scaffold surfaces. The increased surface area of the scaffolds 

compared to the two-dimensional surfaces of disks, mean that this effect 

would be more pronounced. Though this difference was estimated to be ca. six 

fold in the case of CLSM, it will likely be significantly greater when the whole 

structure is taken into account as opposed to a small 600 x 600 µm surface 
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scan example. However, the increase in the control dataset was ca. a third that 

of the increase in weight observed in sterile wet scaffolds (see Figure 15) 

(0.0006 ± 0.0001 g compared to 0.016 ± 0.004 g for dry and wet 3D Ti weight 

increase respectively) which is consistent with the fact that there was removed 

water weight. 

Unlike in the trend seen during wet weighing, there was a mass increase in 3D 

Ti scaffolds between the control cohort and the inoculated samples at 24h 

(0.0006  ± 0.0002 g and 0.0011  ± 0.0002 g respectively). This can be 

attributed to some bacterial biofilm growth, though the fastest rate of mass 

increase was seen between 24 and 48 h with the increase doubling from 

0.0011 g to 0.0023 g. This is consistent with the trend seen during wet 

weighing, where 3D Ti scaffolds showed a doubled increase in weight from 

0.017 to 0.035 g between 24 and 48 h. Unlike the trend between 48 and 72 h in 

wet weight increase, where the increase was greater at 72 h than at 48 h, in the 

dry weight assessment there was no statistically significant difference in the 

mass increase of inoculated scaffolds between those timepoints. 

Overall this method proved to be requiring too sensitive an apparatus, and 

inherently including too many sensitive variables with numerous handling 

steps to be a viable method for the quantification of bacterial burden on flat, 

polished samples. However, considering its ability to quantify mass increase in 

a scaffold starting from 24 h in a statistically significant manner, this method 

may prove useful in studies assessing scaffold samples alone. No example of 

this use was evident in literature. 
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3.3.3 Micro-CT assessment  

The density of air is ca. 0.0012 g/cm3 at atmospheric pressure and room 

temperature, as described in the work conducted by El-Said et al. (2017); the 

density of wet biofilm is ca. 1.14 g/cm3 as studied by Hermanowicz et al. 

(1983); and the density of Ta and the Ti alloy (Ti6Al4V) is 16.6 g/cm3 and 

4.30 g/cm3 respectively as shown in the work conducted by Briant et al.  

(2016) and Song et al. (2012)[303, 308-310]. These differences in densities would 

allow for differentiation of these materials within a cross-sectional image 

obtained using micro-CT. Micro-CT has also been used in the study and 

characterisation of scaffolds, for example in work conducted by Ho et al. 

(2006) where characterisation of scaffolds was done using this technique, 

though only in the case of polymeric scaffolds, with a footnote describing the 

difficulty of using this approach for metal scaffolds due to image artefacts 

resulting from attenuation of X-rays by these metals[197]. However, a more 

recent study by Liu et al. (2018) successfully characterised a 3D Ti-6Al-4V 

metal scaffold using micro-CT, albeit without attempting an introduction of a 

lower-density polymer within it[311]. This resulted in an easily identifiable and 

visible strut structure which was rendered in 3D as a rendered image. 

No viable results were produced using the micro-CT method. The difference 

in the density of the hydrogel (simulating biofilm) and the metal scaffolds was 

too large, as the required energy to image through the metal scaffold meant 

that it would not be able to distinguish between areas of air and hydrogel, and 



3.3 Discussion 101 

 

conversely energies low enough to facilitate such differentiation were too low 

to produce cross-section images through the samples. Due to the increased 

density of elemental Ta as compared to the Ti6Al4V alloy (16.6g/cm3 and 

4.30g/cm3 respectively), the cross-section images of the latter were superior 

than the former (see Figure 17) as a result of less pronounced attenuation of X-

rays by the less-dense metal. 

This approach may be better suited for investigating biofilm formation within 

polymeric scaffolds, where the difference between the density of the scaffold 

material and the biofilm is not as large. Natural and synthetic polymers have 

been extensively studied in literature for tissue engineering applications. 

Materials such as collagen mixtures studied by Huang et al. (2011), Deng et 

al. (2010) and Wang et al. (2012), or chitosan mixtures, such as that studied 

by Grant et al. (2008)[84, 312-314]. For instance, scaffolds like those developed by 

Felfel et al. (2019), made from chitosan and agarose would be well suited to 

such an assessment[315]. This approach also showed the efficacy of micro-CT 

as  a method of characterising scaffolds composed of two different materials, 

however the discrepancy between their density was significantly less 

significant than in the case of a metal and a hydrogel.  

3.3.4 Confocal Laser Scanning Microscopy (CLSM) 

The CLSM method is the most well-established method undertaken in this 

study[316-322]. It is extensively used in the microbiological assessment of flat 

samples, due to its potential for direct quantitative analysis of biomass and 
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relative ease of use[323-325]. GFP-expressing bacteria were imaged for the 

assessment of antibacterial properties of surfaces in studies such as those 

conducted by Rekha et al. (2018) and Ho et al. (2014) using CLSM [326, 327]. 

In this study, designed to assess its suitability biomass measurement on metal 

scaffolds, a long incubation time of 96 h was chosen in order to ensure full 

bacterial coverage of the scanned surface- approaching the stationary phase of 

the growth curve. Typically, studies such as those conducted by Kim et al. 

(2018) or Abudula et al. (2020) focus on elution tests of scaffold and the 

assumption that these elutes will have the desired effect on bacteria as it would 

if those bacteria were simply to encounter them in solution[328, 329]. However, 

these studies don’t provide any data as to what occurs on the bacteria-surface 

interface. This, in turn, allowed for the evaluation of the biomass while fully 

considering the effects of sample geometry. If bacterial cells did not cover the 

full extent of the surface, the underlying surface geometry could not be fully 

considered, as such an eventuality would result in an absence of fluorescence 

in areas with no bacterial cells.  

Flat disks were tested alongside three-dimensional scaffolds. Flat samples 

were used as part of the control cohort in order to validate results of the 

scaffold analysis. After 96 h, the polished tantalum disks had a larger biomass 

burden on their surface than polished titanium disks (16.2 ± 7.1 µm3/µm2 and 

5.9 ± 3.5 µm3/µm2 respectively) which will be the result of surface chemistry 

affecting bacterial cell behaviour due to the fact that both surfaces had 

identical surface geometries. This is a measure of the volume of cells per unit 
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area, and the mass can be obtained by multiplying the volume by the density 

of the bacterial cells (1.1g/cm3) by the volume given[330]. These results 

served as benchmarks against which the scaffolds would be compared to. 

Sterile disks were also imaged using the confocal laser microscope in order to 

ensure no auto-fluorescence occurred. This would occur if the surface 

produced a signal when imaged with the laser without the presence of GFP. It 

could be a result of the surface chemistry or, more likely, any proteins or salts 

adhered to the surface from the culture media. However, no such 

autofluorescence was observed on any disk samples. 

Biomass values obtained from scaffold sample analysis seemingly 

demonstrate an over five-fold increase in biomass on the Ta scaffold 

compared to its polished counterpart (scaffold biomass of 92.8 µm3/µm2), and 

an almost thirty-fold increase of biomass on the Ti scaffold (scaffold biomass 

of 166.8 µm3/µm2). In this instance, the trend is reversed relative to the flat 

disks, namely: the Ti scaffold has a significantly greater biomass burden 

compared to Ta. This suggests the overall geometry of the structure has a 

stronger influence.  

Once again sterile control samples were incubated for the full duration of the 

experiment in culture media but were not inoculated with bacteria. Once 

imaged, there was no biomass burden on the Ta scaffold, however there was a 

slight, yet statistically significant, biomass reading on the Ti scaffold (3.0 ± 

2.9 µm3/µm2). This may be the result of sample contamination, either during 
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the duration of the experiment or, more likely considering the small biomass 

value, a contamination during sample handling for imaging purposes. 

Owing to the large increase in biomass burden between two- and three-

dimensional samples, the image stacks resulting from the CLSM study were 

compiled into a 3D-rendering of the scan (see Figure 19). It was hoped that 

this would explain the magnitude of the discrepancy. Upon examination of 

rendered images, it became clear that the scanned surface areas of scaffold 

samples were significantly greater (~6 times greater) than the scanned surface 

areas of the flat disks.  

As seen in Figure 19A-C, the imaged disk surfaces are predictably flat, with 

the bacteria spread uniformly. No large peaks or troughs are observed, with 

the maximum imaged height (distance from underlying metal surface) of 40 

µm. This is the result of the underlying geometry. Likewise, the presence of 

what visually appears to be a mature biofilm (as seen in Figure 19C) shows a 

similar order in terms of the scanned maximum height.  

This, however, is not the case when the rendered images of scaffolds are 

analysed (Figure 19D-F). In this instance, there is considerable variation in the 

topography of the scanned surface, with areas of peaks reaching heights of up 

to 600 µm higher than the areas of troughs (Figure 19E). Due to the 

underlying tomography of sample surfaces, the actual scanned surface area 

varies greatly. As the bacterial cells will attach to and cover this surface, this 
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increased surface area gives an impression of a significant biomass burden 

increase, when in real terms this is not the case.  

It would, theoretically, be possible to negate this effect by modelling the 

underlying sample geometry and normalising the results against the true 

surface area. This approach, however, would require a considerable effort for 

each data point, with each timepoint and each sample type (in triplicate) being 

imaged in three positions. The modelling effort in this case would not be 

viable for a reliable study of any size over two data points, and more data 

points would be required to make the data more meaningful.  

3.4 Conclusion 

Considering the limitations of some of the aforementioned analysis methods, 

which would render them ineffective in the study of bioburden in a way which 

would allow for a quantitative comparison between 3D structures against flat 

samples, the need for a new approach became apparent. This new approach is 

detailed in the following chapter. 

The scaffold samples proved too dense for analysis using micro-CT which 

would otherwise be able to penetrate the depth of the sample and yield results 

as to the volume of any structure within. The weight-difference methods were 

only sensitive enough to measure the most extreme bacterial growth, but not 

growth at earlier stages/ on samples such as flat samples where the volume of 

bacterial bioburden wasn’t as great in terms simple volume.  
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CLSM, despite being widely used for biomass assessment on the surfaces of 

flat samples proved to be unreliable in assessment of scaffold samples due to 

the large scan area capturing large variation in sample topography and its 

inability to target singular struts during measurements.  

The following chapter describes the development of a novel analysis method 

for quantifiable analysis of bacterial biofouling using SEM imaging in the 

wake of the lack of appropriate existing methods in the context of metal 

scaffolds. 
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Chapter 4 Scanning Electron 

Microscopy (SEM) Biofilm 

Formation Analysis Method 

Development 

This chapter intends to describe the development of a novel SEM image 

analysis method to measure bacterial coverage. The method is validated 

against a well-established analysis method- CLSM- in an application it’s well-

suited for- flat surfaces. It’s then used to conduct proof-of-concept studies 

using 3D scaffolds. 

 

In light of the limitations of the analysis methods considered in Chapter 2, a 

method utilising Scanning Electron Microscopy (SEM) was developed for the 

quantification of bacterial burden on sample surfaces. The imaging of bacterial 

cells using SEM is well studied and explored in literature[331, 332]. The method 

allows for imaging at a resolution suitable for identifying individual bacterial 

cells and is comparable to cell counting in tissue culture samples. 
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Cell counting provides a process to acquire quantifiable data from an optical 

source, i.e. an image, and although manual counting is rare (for bacterial 

cells), similar methods ascertaining Colony-Forming Units (CFU) of bacteria 

are still undertaken. This can be done, for instance, using a protocol like that 

outlined in standard ASTM D5465 which relies on the growth of bacteria on 

agar plates from spreads of a suspension, though other methods for CFU 

counting are documented[333, 334]. However, a significant drawback of cell 

counting is that it is prone to human error, as it relies entirely upon the 

operator to not miscount the cells present in the optical medium. 

To overcome this problem, each SEM micrograph was converted into a binary 

image, containing pixels of only 2 values: 1 and 0. Values of 1 corresponded 

to areas on the original micrograph where a bacterial cell was present, and 

values of 0 where areas with no bacterial cell coverage.  

This approach allowed for the quantification of bacterial cell coverage via 

pixel area coverage, using SEM images. Due to the fact that in order to 

complete the conversion, each image has to be studied at high magnification, 

manually selecting each bacterial cell, which in itself takes some time, the 

likelihood of operator error is significantly reduced. 

As this method is novel, with no precedence in literature, it had to be 

evaluated against a known and tested analysis method. As the microbiological 

assessment of flat samples is well documented, and the confocal laser 

scanning microscopy (CLSM) method widely used, it was chosen as a 
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benchmark against which the SEM method would be compared[171, 292, 293, 316, 

318-321, 323, 325, 335]. 

Only once there was sufficient evidence that the trends observed using CLSM 

correlated closely to those obtained using SEM image analysis, could the 

subsequent study of samples begin. 

 

4.1 Materials and Methods 

4.1.1 Sample Selection 

Samples for this study were supplied by Zimmer-Biomet. They included 

commercially available surfaces, manufactured from Tantalum and a medical-

grade Titanium alloy (Ti-6Al-4V). All sample disks measured 10 x 2.5mm. A 

number of surfaces manufactured from these materials allowed for a 

simultaneous assessment of surface topography and chemistry effects on 

bacterial behaviour as well as the suitability of the assessment methodology. 

The sample types were as follows: polished disks, grit-blasted disks, 3D 

additively-manufactured scaffolds (Osseo-Ti: Ti-6Al-4V scaffold 

manufactured using Selective Laser Sintering (SLS) and Trabecular Metal: Ta 

scaffold manufactured using Chemical Vapour Deposition (CVD)).  

Some polished Ti disk samples were coated with elemental copper through 

sputtering- a Physical Vapour Deposition (PVD) process whereby a thin film 
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is deposited using ejected materials from a target onto a substrate- in order to 

be used as positive control in the microbiology studies. 

The Trabecular Metal is an open cell highly porous (~80% porosity[203]) 

structure, similar in geometry to trabecular bone by being composed of struts 

ordered in dodecahedron repeats[204]. In order to achieve this, a vitreous carbon 

scaffold is used as an internal matrix upon which the Tantalum is later 

deposited[205]. The carbon scaffold is then placed in a sealed chamber and the 

CVD process proceeds using hydrogen and chlorine gases. Evaporated 

tantalum (as TaCl2) then deposits Ta molecules onto the underlying carbon 

scaffold[206]. A review of available literature suggests that this material 

exhibits high osteoconductivity, biocompatibility, vascularisation and bone-

ingrowth (as observed in in vitro, in vivo and human studies)[176, 203, 207-210]. 

The Osseo-Ti scaffold is manufactured using SLS of Ti-6Al-4V powder, 

based directly on 3D scans of cancellous bone and exhibits ~70% porosity 

according to data supplied by Zimmer-Biomet. 

 

4.1.2 Bacterial seeding and incubation 

All samples were sterilised by immersion in 70% ethanol for 2 hours followed 

by drying under UV light overnight in a sterile fume hood.  

Bacteria was taken from cold storage and transferred into Tryptic Soy Broth 

(TSB) media, in order to obtain active bacterial cells.  The S. aureus Newman 
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strain containing a plasmid conferring Chloramphenicol (Cm) resistance and 

expressing green fluorescent protein (GFP) [336, 337] and was grown in Cm 

(1µg/ml) to apply sufficient selective pressure to ensure that the plasmid was 

stably maintained in the population. In order to obtain the starting culture, a 

single colony of S. aureus was lifted from the agar plate and used to inoculate 

20 ml TSB media which was incubated overnight at 37°C (200 RPM). The 

overnight culture was washed twice in TSB and the optical density (OD600) 

measured using a spectrophotometer (Jenway 6715 UV/Vis). The bacteria 

were then added to the petri-dishes containing the sterile disks immersed in 20 

ml of warm (37°C) TSB media to give a starting OD600 of 0.1. Samples were 

prepared in triplicate with uninoculated samples as negative controls. The 

samples were then incubated at 37°C and 60 RPM for the appropriate time, 

after which they were removed and washed with deionised water (dH2O) three 

times.60 RPM was suggested as the standard by the microbiology lab within 

which the work was conducted. 

There were three different methods of introducing protein in the experiment: 

the samples were either incubated in pure TSB media (denoted as ‘TSB’ in 

results) with no protein present[338]; were incubated in TSB media with added 

Foetal Bovine Serum (FBS) to produce circa 2.5 g/dL of protein in solution 

(levels similar to those seen in wound fluid) [339, 340] (denoted as ‘FBS’ in 

results). The concentration was created by obtaining the particular FBS batch 

protein content provided by the manufacturer (ThermoFischer). 
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Some samples were left in pure FBS for 2h in order to produce a protein 

conditioning film on their surface- these are shown as ‘PRE’ in results. 

 

4.1.3 SEM bacterial growth analysis 

Samples were incubated and washed as per protocol outlined in Section 4.1.2, 

and fixation for SEM was done following a modified human cell fixing 

protocol using 3% Glutaraldehyde to result in longer dehydration times using 

ethanol. In this protocol, the samples were placed sequentially in 10%, 20%, 

30%, 40%, 50%, 60%, 70%, 90% and 100% ethanol for 20 minutes at a 

time[341]. Micrographs were obtained using a FEI XL30 Scanning Electron 

Microscope, in the Secondary Electron (SE) detection setting. A working 

distance was maintained between 10.0 and 11.0mm, utilising a beam energy of 

20kV and magnification of x2500. Three images were taken from the surface 

of each triplicate sample. 

 False colouring and conversion to binary images was done using a modified 

version of open source software GIMP 2.8.14[342, 343]. The modified version 

inserted a line of code in the software to enable more accurate masking over 

bacterial cells. Due to their geometries, any sudden change in brightness was 

assumed by the code to be the edge of a cell and would therefore not mask 

over the edge of this threshold. This could be overridden if the user decided 

that this assumption was not correct in any case. 
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This method involved taking SEM images at fixed magnification and working 

distance, and through a series of steps converting them into binary images, 

showing bacterial cells white in a black background. The white pixels were 

then counted, and a percentage area was calculated to quantify the bacterial 

cell coverage in a given image.   

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝑎𝑎

𝑎𝑎 + 𝑏𝑏
 

Where a = number of white pixels, and b = number of black pixels. 

4.1.4 Confocal Laser Scanning Microscopy (CLSM) 

The method used for CLSM is identical to that employed during the work in 

Chapter 3. 

Samples were incubated and washed as per protocol described in Section 3.1.1 

and incubated for 96h to allow for the bacterial colonisation of the entire 

sample surface, after which they were imaged on a Carl Zeiss L700 Confocal 

Laser Scanning Microscope. The biomass burden was analysed using the 

COMSTAT 2 plugin to ImageJ on the resulting image stacks[301]. The scanned 

area was 1.2mm2. 
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4.2 Results 

4.2.1 Image Processing 

Once the surfaces were imaged using SEM, in triplicate, the resultant 

micrographs were saved as TIFF images (in order to preserve the quality of 

the image and not risk compression degradation) and transferred into the 

GIMP software for the masking and measurement process. The original image 

(Figure 20A) had its brightness reduced in order to ensure no original pixels 

are at their maximum value (255), but instead a maximum of 225 (i.e. no 

pixels of value 255 remained in the image). A value of 255 is then applied to 

pixels corresponding to individual bacterial cells (Figure 20B) through image 

masking, after which thresholding can be applied to select only pixels with the 

value of 255, with all others being reduced to 0. This is done to ensure that no 

areas of the original image are converted automatically into ‘bacterial cell’ 

areas, and that such areas can only be designated manually. This process 

converts the image to a binary format (Figure 20C), and the number of pixels 

of each value can be ascertained. No features from the original image are 

present in the final binary images, as seen in Figure 20.  

Although the bacterial cell areas require manual selection, the remaining 

process can be, and was, automated. This includes steps such as the initial 

pixel devaluation, thresholding and pixel counting. All of these steps were 

automated successfully, hastening an otherwise time-consuming process. This 
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was done by a custom automated program which selected the desired image, 

entered the editing functionality of the GIMP software, devalued pixels to 

remove extremes, applied a binary threshold as described above and produced 

a pixel count. All of these are core functionalities of the GIMP software. 

During the masking process images were edited at high magnifications so as to 

ensure that all bacterial cells were accounted for. The images were taken at 

magnifications of 2500x at a Working Distance of 10.5mm, meaning the 

magnification was still great enough to facilitate easy identification of 

individual bacterial cells in resulting micrographs. 
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4.2.2 Method validation 

4.2.2.1 24 hour Confocal Laser Scanning Microscopy 

(CLSM) and Scanning Electron Microscope (SEM) 

comparison 

In order to establish whether or not binary image area coverage analysis was a 

viable alternative to CLSM, a study was undertaken on polished titanium 

samples (Figure 21) over a period of 24h. The same samples were first imaged 

using CLSM, and then prepared and imaged in SEM.  

The CLSM results show no statistically significant (P=0.372) increase in 

biomass between the initial 3 and 6h (0.33±0.13 and 0.75±0.40µm3/µm2 

respectively), then rapidly rising from 6h, through 9h (P=0.0404) and to 12h 

(P=0.0127) (1.88±0.48 and 3.17 ±0.33 µm3/µm2 respectively), and beginning 

to plateau from 12h to 24h (4.46 ±0.65 µm3/µm2)(P=0.1101). This growth 

pattern is similar to that observed during work by Ceri et al. (1999), which 

studied the growth curves of bacterial strains, including S. aureus. The results 

showed a little growth in the initial 4 hours of testing, with a rapid growth 

phase between 4h and 10h, and either a markedly lower growth rate between 

10h and 25h, or a plateau between those time points[104]. 

The SEM analysis results show how a similar growth pattern, with no 

statistically significant increase in pixel area coverage from the initial 3 to 6h 

(P=0.345) (0.14 ± 0.06 and 0.31 ± 0.16% respectively), followed by a steady 
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increase from 6h, through 9h (0.0377) and to 12h (P=0.0188) (0.66 ± 0.14% 

and 1.24 ± 0.20% respectively). However, unlike in the CLSM assessment, 

there is no statistically significant (p>0.05) difference between the pixel area 

coverage between 12h and 24h (1.51 ± 0.23%). 
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The results from the two methods were then normalised (Figure 21, graph C), 

by dividing each value in a dataset by the maximum value in the cohort. At 3h 

the SEM and CLSM results show 6.2 ±2.2% and 7.8 ±1.8% of the highest 

cohort value respectively, resulting in an adjusted P value of 0.9959. At 6h the 

SEM and CLSM values represent 16.5 ±8.1% and 14.0 ±4.9% of the 

maximum cohort value respectively, with an adjusted P value of 0.9634. At 9h 

the SEM and CLSM values were 36.3 ±7.4% and 35.0 ±8.3% of the maximum 

corresponding values, with the adjusted P value of 0.9992.  The two methods 

showed greatest discrepancies in data at the 12h timepoint, where the SEM 

method yielded values of 68.3 ±10.6% of the maximum, and the CLSM’s 

values were 59.1 ±6.8%, however those differences were still not statistically 

significantly different from one another, with an adjusted P value of 0.1174. 

At 24h, the means of results from SEM and CLSM analysis were 83.3 ±12.1% 

and 82.9 ±11.9% of the maximum value, with an adjusted P value of p 

>0.9999. 

There was no statistically significant difference between the normalised values 

of CLSM and SEM analysis results at any timepoint (P≥.0.1174 in all cases). 
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4.2.2.2 3 hour Bioburden Protein Study 

In an attempt to further validate the SEM image analysis method against 

CLSM results, a study was conducted over 3h, which also aimed to 

concurrently assess bacterial cell attachment to orthopaedic surfaces in the 

presence of protein (Figure 23). 3h was chosen to ensure the bacteria were 

before the log phase, and therefore bacterial cells on the surface were likely 

present due to attachment rather than any replication. The protein was 

introduced either to the media in the form of Foetal Bovine Serum (FBS) 

which was added to TSB to result in 2.5g/dL of protein in the media (an 

amount of protein akin to that seen in wound fluid [339, 340]), or as a protein 

conditioning layer, which was introduced to the sample surfaces by exposing 

the surface to FBS for 3h prior to inoculation with bacteria. Pure TSB media 

acted as a control, and copper-coated titanium disks acted as negative sample 

controls due to the well-established antibacterial properties of copper [88, 263-

265].  
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Table 2: Bacterial presence on the surface of flat samples as measured by Scanning Electron Microscopy 

(SEM) micrograph coverage analysis. CuTi is a Copper-coated, polished Ti6Al4V disk, PTa and PTi are 

polished Tantalum and Ti6Al4V disks respectively, and GTa and GTi are grit-blased Tantalum and 

Ti6Al4V disks respectively. FBS is a cohort of samples incubated in media with added Foetal-Bovine 

Serum, and inoculated with S. aureus. TSB samples were incubated in Tryptic Soy Borth media, and PRE 

samples were left in pure Foetal Bovine Serum prior to transfer into Tryptic Soy Broth media for 

inoculation and incubation. 

Table 1: Bacterial presence on the surface of flat samples as measured by Confocal Laser Scanning 

Miroscopy (CLSM). CuTi is a Copper-coated, polished Ti6Al4V disk, PTa and PTi are polished Tantalum 

and Ti6Al4V disks respectively, and GTa and GTi are grit-blased Tantalum and Ti6Al4V disks respectively. 

FBS is a cohort of samples incubated in media with added Foetal-Bovine Serum, and inoculated with S. 

aureus. TSB samples were incubated in Tryptic Soy Borth media, and PRE samples were left in pure Foetal 

Bovine Serum prior to transfer into Tryptic Soy Broth media for inoculation and incubation 
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There was no statistically significant difference between the pure TSB and 

FBS+TSB media cohorts in either the CLSM (Table 1) or the SEM analysis 

(Table 2) results (lowest p value is p>0.5); however the protein conditioning 

film cohort had higher values than those seen in either of the aforementioned 

data sets across all sample types. In both CLSM and SEM analysis results the 

copper-coated titanium disks showed the lowest values (Table 1and Table 2), 

followed by polished titanium and tantalum, which were all significantly 

lower than the grit blasted samples.  

Both methods (SEM analysis and CLSM assessment) showed the greatest 

standard error values in the grit-blasted Ti and Ta datasets.  

There is no statistically significant difference between pre-conditioned copper-

coated titanium disks and polished tantalum and titanium disks incubated in 

TSB+FBS media. 

The results were normalised much like in the 24h study- namely by the 

division by the maximum value, and the normalised results were then 

compared between each analysis methods for each data set.  
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 disks respectively, and G

Ta and G
Ti are grit-blased Tantalum

 and Ti6A
l4V

 disks 

respectively. FB
S is a cohort of sam

ples incubated in m
edia w

ith added Foetal-B
ovine Serum

, and inoculated w
ith S. aureus. TSB

 sam
ples w

ere incubated 

in Tryptic Soy B
orth m

edia, and PR
E sam

ples w
ere left in pure Foetal B

ovine Serum
 prior to transfer into Tryptic Soy B

roth m
edia for inoculation and 

incubation. 
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There was a statistically significant difference between the analysis methods in 

the pure TSB-incubated, grit blasted titanium (P=0.0008) and polished 

titanium disks (P=0.0180), however there was no statistically significant 

difference between the two methods in the remaining 13 data sets.  
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Figure 22: V
alidation of the SEM

 m
ethod against confocal laser scanning m

icroscopy (CLSM
) on polished Ti6A

l4V
 disks. S. aureus w

as used to inoculate the m
edia, and the 

sam
ples w

ere incubated for 3h in different m
edia. Sam

ples in the FB
S cohort w

ere incubated in TSB
 m

edia w
ith added FB

S. Sam
ples in the TSB

 cohort w
ere incubated in pure 

TSB
 m

edia. Sam
ples in the PR

E cohort w
ere left in FB

S m
edia to obtain a protein conditioning film

, then incubated in TSB
 m

edia. C
uTi w

ere copper-coated Ti disks, PTa and PTi 

w
ere polished Tantalum

 and Titanium
 disks respectively. G

Ta and G
Ti w

ere grit-blasted Tantalum
 and Titanium

 disks respectively G
raph A

 show
s the biom

ass as m
easured by 

C
LSM

 at 3h. G
raph B

 show
s pixel counts as m

easured by the SEM
 m

ethod. G
raph C

 show
s how

 the norm
alised values from

 both m
ethods (values w

ere divided by the m
axim

um
 

seen in the cohort) com
pared at each tim

e point. N
o statistically significant difference is seen betw

een different m
ethods in graph C

 at any tim
e point (p>0.005) apart from

 PTi 

TSB
 cohorts and G

Ti FB
S cohorts. 

 

A
 

B
 

C
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4.2.3  Qualitative Scanning Electron Microscope (SEM) 

micrograph analysis 

In order to clearly illustrate the limitations of the SEM image analysis method, 

seen in Figure 21 at the 24h time point, micrographs were obtained of samples 

which have been incubated for 48h (Figure 24). Whereas the CLSM method 

allows for quantification of biomass as volume per unit area, the SEM method 

is a simple coverage area analysis method. As a result, it does not account for 

multiple layers of bacterial cells; a feature of advanced bacterial growth on the 

surface, as those would increase in volume without necessarily increasing the 

area of the sample surface which they occupy. In Figure 24, micrographs A, B 

and C show what visually appear to be biofilms on the surface of the samples, 

which boast several layers of bacterial cells, without occupying the whole 

surface in a uniform manner. In these cases, SEM image analysis of the pixel 

area coverage would not be reliable. However, Figure 24D, in which the 

micrograph shows a location where single layers of bacterial cells spread 

across the surface are visible, could be reliably analysed using this method.  
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A
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C
 

D
 

Figure 23: False-coloured SEM
 im

ages of m
ulti-layered colonies and single-layered S. aureus colonies on surfaces of sam

ples. A
 is a colony w

hich w
as incubated 

for 24h on a polished Ti6A
l4V

 disk surface. The area in blue is the sam
ple surface, and the area in green is the bacterial colony at a m

agnification of x2584. Im
age 

C
 is the sam

e colony at a m
agnification of  x1292. C is an im

age of a surface inside a 3D
 Ti6A

l4V
 scaffold (O

sseo-Ti) at a m
agnification of x3200. The blue area 

is the sam
ple surface and the bacterial cells are coloured in green. D

 show
s a surface of a strut inside a 3D

 Tantalum
 scaffold (Trabecular M

etal) at a 

m
agnification of x6400. The surface is coloured in purple, and the S. aureus cells are coloured in yellow

. 
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4.3 Discussion 

4.3.1 Image processing 

A novel image analysis of SEM micrographs (not seen in literature) was 

utilised to measure bacterial cell coverage on the surface of samples.  

Despite the fact that this process is relatively labour-intensive, in that each 

bacterial cell has to be manually masked over using a highly magnified image, 

the steps preceding and following the masking are easily automated, and 

require no manual input.  

The initial manual masking exposes the process to the risk of human error, as 

any bacterial cell that isn’t masked will not be counted in later steps, affecting 

the results. However, conducting this vital step at high zoom of the original 

micrograph minimises this risk, as individual cells are obvious and difficult to 

miss. Care also needs to be taken to mask only the cell within its boundaries, 

as masking outside these will increase the number of pixels corresponding to 

bacterial cells and, again, affect the end result. The process, however, doesn’t 

differentiate between live and dead cells. 

Following the masking step, the images are converted to a binary version of 

themselves through thresholding, whereby anything below a certain pixel 

value is reduced to 0, leaving only the pixel value used during the masking 

process. The resulting image can be analysed using any image processing tool 
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to give the total number of pixels of each value, and a percentage can be 

obtained from these numbers.  

As illustrated in Figure 24, assessment of samples containing extensive, 

mature bacterial biofilm growth may prove problematic. As the SEM image 

analysis method is suited to bacterial cell coverage, it converts each image into 

a two-dimensional map unto which the positions of cells are plotted. Since 

biofilms are inherently three-dimensional structures, such a method of 

assessment would likely result in an under-estimation of bacterial burden 

present upon the tested surface in reality.  

This limitation could be overcome in two ways, depending on the parameters 

of a given study. If the study was concerned about the biofilm fouling 

exclusively, with no focus on individual bacterial cells, the biofilm areas could 

be masked over by the operator while treating individual cells as though they 

were the underlying surface. This approach could then be used to ascertain the 

number, average size and distribution of biofilm on the surface in question. 

However, as this approach would intrinsically disregard the individual cell 

presence, which is of equal importance to biofilm presence in most 

microbiological assessments of biomaterials, this method would be suitable to 

only a few scenarios.  

Alternatively, an approach yielding results similar to that of CLSM analysis 

could be undertaken. As the magnification and scale are known variables, as 

are the dimensions of commonplace features of the imaged surface (size of the 
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struts/ pores in scaffolds, or the size of an average bacterial cell from a strain 

studied), the dimensions of the biofilm structure could be estimated. The 

height could be calculated by using known reference points in the image, such 

as struts. This estimate would allow for the calculation of a volume, and as the 

volume of individual cells could also be ascertained, the overall volume of 

bacterial burden present in an image could be established. This would allow 

for results to be given in biomass per image and would take into account 

individual cells as well as mature biofilm. This approach, however, would be 

the considerably time consuming, as the biofilm in each image would require 

measuring individually by the operator. An average volume could be given to 

each bacterial cell, and those counted to give an estimate volume of individual 

cells on the surface, however despite this the labour-intensive nature of this 

method would likely result in its limited viability in general microbiological 

studies of biomaterials. The increased risk of operator error in this method 

would act to further limit the efficacy of this approach. 

Another notable limitation of the SEM image analysis method is the fact that it 

is unable to distinguish between live and dead bacterial cells. Although dead 

bacterial cells which have not reached the irreversible stage of attachment 

would be removed during the washing phase of the analysis process, any cells 

which had undergone this attachment and were subsequently killed (by the 

surface or otherwise) would be indistinguishable from live cells in an SEM 

micrograph.  
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This may be overcome by the study of the samples using a LIVE/DEAD assay 

in order to ascertain the average (mean) ratio of alive and dead bacterial cells 

upon the tested surface, upon the conclusion of which the sample would 

undergo preparation for SEM imaging[344, 345]. As this assay is well 

documented in the analysis of bacterial cell viability, such an approach could 

prove effective, however care would have to be taken to limit the time the 

samples are out of incubation before preparation for SEM imaging, as this 

could affect results[346-348]. 

 

 

4.3.2 Method Validation 

4.3.2.1 24 Hour Bioburden SEM and CLSM comparison 

study 

A study was conducted over a 24h period, with 5 time points (3, 6, 9, 12, 24h), 

using only one flat sample type (polished titanium disks) in order to ascertain 

whether the SEM image analysis method could be validated against a standard 

common analysis method, CLSM. The same samples were used for both 

analysis methods, meaning samples were removed from media at each time 

point, imaged under the confocal microscope and then fixed for SEM imaging. 

This removed any potential for variation caused by external factors during 
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inoculation and incubation between the two methods. The confocal imaging 

showed that there was a slow increase in bacterial presence on the surface of 

the samples between 3 and 6h, with a steady increase from 6 to 24h. The 

subsequent SEM imaging of these samples showed a similar slow increase 

between 3 and 6h, with a steady increase between 6 and 12h, and a slight 

slowdown from 12 to 24h.  

Due to the fact that the role of the culture medium and the protein conditioning 

film are often overlooked in the microbiological assessment of biomaterial 

surfaces, this study aimed to be a preliminary assessment of these effects 

within the parameters of this work[349]. The research conducted by Lorite at al. 

(2011) indicated that the presence of phosphate groups upon the substrate 

(present on the protein conditioning film) was more relevant in the facilitation 

of bacterial cell adhesion than surface roughness or hydrophobic surface 

properties[349]. These findings are consistent with the work conducted by 

Monds et al. (2009) and Wolfe et al. (2003) which investigated the role of 

phosphate groups as a regulator during the secretion of surface proteins by 

bacterial cells, which are essential for adhesion and biofilm formation[350, 351]. 

It is also possible to utilise proteins bound to a surface to induce an 

antibacterial effect. This can be done through the utilisation of a network of 

sensory transduction proteins, such as in the case studied by Ruiz at al. (2019). 

In this work, proteins discovered to be involved in the control of the bacterial 

transition from an unattached into a sessile state, were utilised to control the 

bacterial attachment decision. A potent developmental inhibitor (HfiA) of a 



134 Scanning Electron Microscopy (SEM) Biofilm Formation Analysis 
Method Development 

 

secreted adhesin which enables permanent bacterial cell attachment to surfaces 

was successfully utilised to limit this attachment upon a substrate[352]. 

Another approach to use of proteins to elicit antibacterial properties on a 

substrate surface was studied by Solanki et al. (2013), where enzymes 

(Listeria bacteriophage endolysin Ply500) immobilised on a surface of silica 

nanoparticles. These surfaces, upon subsequent investigation, were found to be 

effective in killing of bacterial cells[353]. Further work by Li et al. (2019) 

confirms the possible efficacy of such an approach in biomaterials[354]. 

The generated results from both tests were normalised (see Figure 21C) and no 

statistically significant difference between CLSM and SEM image analysis at 

any time point was seen. This proved the validity of SEM approach for 

quantifying the bacterial growth on flat surfaces. However, at the SEM 

approach has a limitation in that once bacterial cells begin to multiply, and 

form colonies that are more than one cell deep, this method begins to 

undervalue the bacterial coverage. This is because it analyses the coverage in a 

2D manner, not accounting for 3D structures on the surface.  

The bacterial growth curve is extensively studied [104]. The growth begins 

slowly in the initial stages, followed by relatively fast growth as the bacteria 

begin to replicate followed by a plateau as the incubation time progressed. In 

this study, the stationary phase of the growth curve was reached to avoid the 

limitation of the SEM approach. The results seen in this study, by both 

methods of analysis, fit this pattern of general bacterial colony growth[355].  
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Importantly, this study provided the first confirmation that SEM image 

analysis could indeed be used in the bacterial burden analysis of flat surfaces. 

Further to this, it provided initial data to which any subsequent results could 

be referred to in order to verify the method’s results’ reproducibility since 

polished Ti samples will be included in all consequent studies. 

The positive growth trend in bacterial presence on polished Ti samples 

between 3h and 24h confirms that studies up to 24 hours will give relevant 

results, and that judging by the slow growth between 0h and 3h, that studies 

under 3h may not hold much value in this case.  

The difference in patterns seen between the two methods at the 12-24h 

timepoints (in that the SEM method showed no statistically significant 

increase between these two datapoints, whereas the CLSM assessment did 

indeed show such increase) is most likely due to the fact that biofilm was 

forming on the surfaces between the two timepoints. The SEM method was 

not able to account for this, whereas the CLSM analysis was able to measure 

this more accurately. For this reason, future assessments using SEM image 

analysis do not go beyond 12h. After this time, in the tested set-up of the SEM 

method, CLSM may prove to be a more reliable method of bioburden 

quantification, until such time that the SEM method is modified so as to 

account for the 3D nature of biofilms or multi-layer bacterial colonies.. 
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4.3.2.2 3 Hour Bioburden SEM and CLSM comparison 

study 

The SEM image analysis method was further validated by conducting a 3h 

study into the bacterial cell attachment to treated surfaces in three different 

incubation media (FBS, TSB and protein pre-conditioned samples in TSB). 

This study was conducted at a single time point (3h) on polished and grit 

blasted tantalum and titanium discs, and copper coated titanium discs was used 

as a control group.   

This experiment was performed, in addition for the need of further validation 

of the SEM image analysis method, due to the fact that biomaterials, and 

bacteria therein, are likely to encounter levels of protein in their environment 

upon implantation in a patient, and thereafter [340].  

Across all sample types, when measured with both analysis methods, there 

was no statistically significant difference between the FBS and TSB media. 

The “PRE” cohort, on the other hand, allows for assessment of the bacterial 

presence once a protein layer is already present of the sample. 

Both methods of analysis showed increased bacterial presence on surfaces of 

all sample types in the preconditioned cohort (PRE), compared to both “FBS” 

and “TSB” media. This effect was also seen in the negative control sample- 

copper coated titanium disks, most likely due to the fact that the antibacterial 

effect of copper is due to its release of copper ions [273]. The deposited protein 
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layer would be anticipated to create a physical barrier between the copper 

surface, its environment and bacterial cells. It was hypothesised that this 

protein layer may affect the antibacterial effects of copper in four ways; 

firstly, the film may act as a simple barrier preventing direct contact between 

bacterial cells and the antibacterial surface and allowing them to attach 

unhindered. Secondly, the protein may provide bacterial cells with 

recognisable attachment sites, allowing for faster attachment to a familiar 

“biological” surface. Thirdly, the protein film may prevent the aqueous media 

from coming into contact with the copper surface, thus preventing the 

production and subsequent leaching of copper ions from it. Lastly, the film 

may act as a diffusion barrier, slowing the rate of copper ion release from the 

surface into the surrounding environment. A combination of the 

aforementioned factors is likely to responsible for the significant increase in 

the preconditioned copper coated samples.  

All other sample types have also shown a marked increase in the pre-

conditioned cohort, compared to their “FBS” and “TSB” counterparts. This 

trend suggests that the familiarity of the protein film on the surface plays an 

important role in bacterial cell attachment on these surfaces, as none of these 

sample types release bactericidal ions [356].  

Overall, the trends seen in this study, with use of both analysis methods, show 

that the copper-coated titanium disks have the lowest bacterial presence on 

their surface after 3h, followed by polished tantalum, then polished titanium, 

which in turn is succeeded by grit blasted tantalum, with grit blasted titanium 
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showing the highest presence, in both “FBS” and “TSB” media. All 

differences are statistically significant (P < 0.0152). However, in the “PRE” 

cohort, while the trend between surface treatments (Cu-coating, polishing and 

grit-blasting) remain, there is no statistically significant difference between 

titanium and tantalum counterparts from each surface type. There is one 

exception to this, namely- polished tantalum disks and copper coated titanium 

showing no statistically significant difference between them in the “TSB” 

cohort when analysed using SEM image analysis. However, the error of the 

polished tantalum data set in this instance is significant (p<0.5), therefore no 

conclusions shall be drawn from this. 

The trends observed in the pre-conditioned data, with both analysis methods, 

set show that copper coated titanium still has the lowest bacterial presence on 

its surface from all sample types in this cohort, followed by both polished 

tantalum and titanium, with grit blasted tantalum and titanium showing the 

highest presence. In this cohort, there is no statistically significant difference 

between respective tantalum and titanium samples. 

The difference in bacterial burden on the surfaces of polished and grit-blasted 

disks (Ti and Ta alike) is likely due to the combination of increased surface of 

grit-blasted samples, as well as the fact that a rough surface provides more 

secure attachment sites for bacteria. The former variable (increased surface 

area) simply increases the amount of surface on to which a bacterial cell may 
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attach, and the amount of surface imaged. These would inherently increase the 

results from these samples in both the SEM and CLSM analyses. 

The latter variable would become more prominent in a dynamic fluid culture 

medium scenario, such as the one present in this study, where bacterial cells 

are subjected to fluid turbulence of their environment due to the movement of 

the culture medium during incubation. Rough areas provide more surface on to 

which a single cell can attach, such as a crevice or an angled surface, therefore 

preventing itself from being detached by the fluid turbulence during the initial 

attachment to the surface- similar to the effect of turbulence on bacterial 

adhesion described by Mikkelsen et al. (2001)[357]. 

The SEM image analysis method was again validated against the CLSM 

method, see Figure 23. The results show that out of 15 data sets, only two 

were statistically significantly different between the two methods. Namely; the 

grit blasted titanium samples incubated in “TSB” media and imaged by CLSM 

show lower bacterial presence on their surface than when analysed using 

SEM. Polished titanium disks incubated in “TSB” media also show a slightly 

lower bacterial presence when imaged using CLSM, as opposed to SEM 

image analysis.  

There was no statistically significant difference between the normalised values 

resulting from CLSM and SEM image analysis methods. This, alongside the 

24h study, confirmed that SEM image analysis would be a viable alternative to 
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CLSM when assessing bacterial cell presence on the surface of flat samples at 

short time points (up to 12h). 

The next chapter builds on the SEM image analysis method, and concerns 

studies of the effect of a protein conditioning film on bacterial coverage, both 

on flat and scaffold samples. 
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Chapter 5 Effect Of A Protein 

Conditioning Film Upon 

Substrate Surface On Bacterial 

Cell Presence  

This chapter describes studies conducted to investigate the effect of protein 

presence on bacterial coverage and growth upon flat and three-dimensional 

samples. All microbiological results described herein are obtained using the 

SEM image analysis method.  

 

There has been work conducted to investigate the effect of protein on bacterial 

behaviour[358-361]. Despite this, the sheer number of different proteins and 

species of bacteria, mean there are inevitable gaps in our understanding of this 

effect. Molecule dynamics dictate that upon in vivo placement of devices, they 

are exposed to considerable concentrations of protein[362, 363], these are 

assessed in this study. As is the effect this conditioning film would have on the 

efficacy of proven antibacterial agents upon the sample surface. 
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Copper has widely documented antibacterial and bactericidal properties, as 

does iodine[264, 364-368]. The former works by the release of copper (II) ions in 

solution, and the latter works by a similar mechanism of releasing Iodine ions 

[369-371]. 

Magnesium has shown some initial promise in numerous biomedical 

application studies[372-375], due to its low corrosion resistance and the fact that 

it occurs naturally in bone[376-378]. An in vivo investigation conducted by Witte 

et al. (2005) showed that, when compared with a biodegradable polymer (self-

reinforced poly-96L/4D-lactide), magnesium alloy devices showed greater 

osseointegration with an increased bone mass surrounding the devices [379]. As 

magnesium provides an opportunity for a bioresorbable metallic device, and 

its mixture with calcium has also shown potential in osseoconductivity, as 

reported by Stroganov (1972), both a pure Mg coating, and an MgCa coating 

are assessed in this study[380]. 

Samples for the following studies have been chosen to result in a cross-

sectional investigation of surface chemistries and topographies which are used 

as metallic orthopaedic devices, and how adsorption of proteins to them may 

affect bacterial cell presence. A protein-rich media was used for the process of 

protein conditioning, in order to ensure the surfaces would be subjected to a 

variety of proteins, of differing sizes, as an analogue for the nature of an 

environment the devices would encounter in vivo. Many of the sample types in 

both studies are identical to the ones used in Chapter 4, in order to provide a 
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continuous evaluation of the repeatability of results obtained by use of the 

SEM image analysis method.  

Work such as that conducted by Yu et al. (2019), Wang et al. (2019) and 

Wang et al. (2015) describes the considerable efficacy of using copper (both 

as substate or coating) in a clinical, orthopaedic application[381-383]. The 

lattermost study, for instance, showed an increase in antibacterial properties of 

a surface at c.a. 70% after coating with copper. 

Studies undertaken by Inoue et al. (2019) and Wu et al. (2019) show that the 

Iodine presence upon tested samples did indeed significantly limit the bacterial 

cell attachment to the devices tested[384, 385]. In these cases, the Iodine existed 

as a coating. 

Ti6Al4V and Tantalum were investigated by Shi et al. (2017), Das et al. 

(2020) and Olmos et al. (2020) and were found to have no inherent 

antibacterial properties[386-388]. 

5.1 Materials and Methods 

The samples used in this study include the disks studied in previous chapters, 

as well as disks coated with Magnesium, PPS Iodine and Magnesium with 

Calcium additive (Figure 25). These were made by coating Ti6Al4V disks. 

These disk samples were coated with elemental copper through sputtering- a 

Physical Vapour Deposition (PVD) process whereby a thin film is deposited 
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using ejected materials from a target onto a substrate. They were supplied by 

Dr. Reda Felfel, a supervisor to this work, and were selected due to the 

potential antibacterial properties of magnesium[389-391]. Calcium was added to 

the fact that it encourages bone formation, and as such it would be likely to be 

present in a clinical setting if magnesium was present as a coating[392-394]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Schematic outline diagrams of sample types. A. shows Ti6Al4V and Tantalum 3D 

scaffolds (Osseo-Ti and Trabecular Bone respectively). B. shows polished Tantalum and Ti6Al4V 

disks. C shows Ti6Al4V disks coated with Magnesium and Magnesium-Calcium. D shows grit-

blasted Tantalum and Ti6Al4V disks. E shows anodised and Iodine-treated Ti6Al4V disks. F 

shows copper-coated Ti6Al4V disks. 
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5.1.1 Characterisation 

5.1.1.1 SEM surface topography assessment 

SEM imaging of sterile samples was conducted using an identical protocol to 

that outlined in Chapter 2: 

“Surface topography was assessed using SEM imaging in the Secondary 

Electron (SE) detection setting. Micrographs were obtained using a FEI XL30 

Scanning Electron Microscope. A working distance was maintained between 

10.0 and 11.0mm utilising a beam energy of 20kV.”  

 

5.1.1.2 XPS surface analysis 

XPS analysis was conducted on polished samples (copper-coated Ti, Ti and Ta 

disks) which had been left in FBS media for 2h, in order to allow ample time 

for protein adsorption, and subsequently washed in deionised water to remove 

any remaining liquid media. The testing was done in triplicate. The XPS 

analysis protocol is identical to that utilised in Chapter 2: 

“X-ray Photoelectron Spectroscopy (XPS) analysis was done using a 

VGESCALab Mark II X-ray photoelectron spectrometer with a 

monochromatic Al KαX-ray source incident to the sample surface at 30°. 

Survey and high-resolution scans were conducted. A measurement of 

adventitious C 1s was taken for calibration, and consequently the charge was 
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corrected to 284.8 eV. The parameters during acquisition were: number of 

scans set at 5, step size of 1.0; dwell time 0.2 s (survey scans), and 0.4 s (high-

resolution scans). Binding energies were measured over a range of 0–1200 eV. 

Casa XPS was used for spectrum analysis, constraining the Full Width at Half 

Maximum to the same value for all de-convoluted spectral peaks of the same 

element.” 

 

5.1.2 Protein conditioning film establishment 

The protein conditioning film was established on the surface of samples prior 

to inoculation with bacteria, but after sterilisation. Samples were placed in 

pure Foetal Bovine Serum for 2 hours, after which they were transferred into 

their respective petri dishes ready for inoculation and incubation. It was a 

working assumption of this work that the film was established, though the 

presence of protein was confirmed using XPS on the surface of protein-

conditioned samples. 

 

5.1.3 Bacterial seeding and incubation 

The bacterial seeding and incubation process followed the same protocol as 

outlined in Chapter 3: 



5.1 Materials and Methods 147 

 

All samples were sterilised by immersion in 70% ethanol for 2 hours followed 

by drying under UV light overnight in a sterile fume hood.  

Bacteria was taken from cold storage and transferred into liquid Tryptic Soy 

Broth (TSB) media, in order to obtain active bacterial cells. An S. aureus 

Newman strain was used, with a green fluorescent protein (GFP) gene inserted 

into a plasmid containing a Chloramphenicol (Cm) resistance gene. To 

preserve this gene, the culture was grown on agar containing Cm. In order to 

obtain the starting culture, a single colony of S. aureus was lifted from the 

agar plate and incubated in TSB media at 37°C and 200 RPM overnight. The 

overnight culture was washed twice in TSB prior to being used to inoculate 

the petri dishes. 

Sterile samples were placed into a petri-dish, in triplicate, containing 20 ml of 

warm (37°C) TSB media. The optical density (OD600) of the starting culture 

was measured using a spectrophotometer (Jenway 6715 UV/Vis) and the 

suspended bacteria were placed into the petri-dishes to give a starting OD600 of 

0.1. 1 µg/mL of Cm was added to the culture media in order to ensure the 

preservation of the GFP gene for the duration of the experiment. Three repeats 

of each sample type were not inoculated to serve as controls. The samples 

were then incubated at 37°C and 60 RPM for a set amount of time, after which 

they were removed and washed thoroughly with deionised water (dH2O) by 

vigorous agitation three times.” 
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5.1.4 SEM microbiological assessment 

The SEM bacterial presence analysis procedure was the same as that used in 

Chapter 4: 

Samples were incubated and washed as per protocol outlined in Section 4.1.2, 

and fixed for SEM using a modified human cell fixation protocol using 3% 

Glutaraldehyde to result in longer dehydration times using ethanol. 

Micrographs were obtained using a FEI XL30 Scanning Electron Microscope, 

in the Secondary Electron (SE) detection setting. A working distance was 

maintained between 10.0 and 11.0 mm, utilising a beam energy of 20 kV and 

magnification of x2500. Three measurements were taken from the surface of 

each triplicate sample. 

 False colouring and conversion to binary images was done using a modified 

version of open source software GIMP 2.8.14. 

This method involved taking SEM images at fixed magnification and working 

distance, and through a series of steps which created a pixel map over the 

location of bacterial cells, converting them into binary images, as white 

bacterial cells in a black background. The white pixels were then counted, and 

a percentage area was calculated to quantify the bacterial cell coverage in a 

given image.   
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𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝑎𝑎

𝑎𝑎 + 𝑏𝑏
 

Where a = number of white pixels, and b = number of black pixels.” 

 

5.2 Results 

5.2.1 XPS analysis 

The presence of nitrogen, which was used as the indicator of protein surface 

adsorption, was detected on all three tested samples (Figure 26). The nitrogen 

composition values ranged from 10.25wt% on Ta, to circa 13.0wt% on CuTi 

and Ti samples. The two most abundant elements in the conditioning film 

composition were carbon and oxygen; on CuTi the values were 35.4wt% and 

33.8wt% respectively, on Ta they were 31.6wt% and 31.1wt% respectively 

and Ti had 32.1wt% and 46.8wt% respectively.  

Chlorine was also detected on all samples, with 6.1wt%, 30.0wt% and 5.1wt% 

on CuTi, Ta and Ti disks respectively, as was sodium (3.7wt%, 4.4wt% and 

3.0wt% respectively) (Figure 26). Sulphur was present in on the surfaces of 

CuTi and Ta (1.1wt% and 0.8wt% respectively), though it was not present on 

Ti. The surface composition of the film upon a Ta substrate contained 0.9wt% 

Co; and 6.6wt% of copper was detected on the CuTi surface. 
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Figure 25: Chemical composition as measured by XPS and taken 

from the surface of disk samples which have been conditioned with 

protein by immersion in Foetal Bovine Serum. ‘Cu’ is a polished, 

Cu-coated Ti6Al4V disk. ‘Ta’ is a polished tantalum disk sample. 

‘Ti’ is a polished Ti6Al4V disk. 
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5.2.2 12 hour Bioburden SEM Study 

Once the SEM image analysis method had been validated, a 12h-long study 

was conducted to compare the effect of a protein conditioning film on 3D 

scaffolds against flat disks, the results of which were obtained using SEM. 

Readings were taken at 3h, 9h and 12h (Figure 27). 12h was chosen to attempt 

to conclude the experiment in the log phase of the bacterial growth curve. The 

time points of 3h, 9h, and 12h were chosen to attempt to take readings at the 

lag phase, the beginning of the log phase and further in the log phase 

respectively. 

Although the copper-coated titanium disks showed the lowest bacterial cell 

coverage at every time point (Table 4), this effect was markedly more 

significant in the samples which were not pre-conditioned with protein. The 

pre-conditioned copper coated samples, although still displaying lower 

bacterial cell presence on their surface when compared to other pre 

conditioned samples, had a reading similar to those observed on non-pre-

conditioned polished tantalum. 
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Table 4: B
acterial presence on the surface of flat sam

ples as m
easured by Scanning Electron M

icroscopy (SEM
) m

icrograph 

coverage analysis. C
uTi is a Copper-coated, polished Ti6A

l4V
 disk, PTa and PTi are polished Tantalum

 and Ti6A
l4V

 disks 

respectively, and G
Ta and G

Ti are grit-blased Tantalum
 and Ti6A

l4V
 disks respectively. 3D

Ta and 3D
Ti are Trabecular M

etal 

(Tantalum
 scaffold) and O

sseoTi (Ti6A
l4V

 scaffold) respectively. TSB
 sam

ples w
ere incubated in Tryptic Soy B

orth m
edia, and 

inoculated w
ith S. aureus; and PR

E sam
ples w

ere left in pure Foetal B
ovine Serum

 prior to transfer into Tryptic Soy Broth m
edia 

for inoculation and incubation. 
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The polished samples showed the lowest pixel area coverage, followed by grit-

blasted samples, with scaffolds showing the highest values in both pure TSB 

and pre-treated cohorts (Table 4), however there was no statistically 

significant difference between the titanium and tantalum samples in 

corresponding surface topography and treatment data sets.  

The pre-treated cohort showed statistically significantly higher values at every 

time point and sample type, compared to pure TSB, except in the cases of 

polished titanium at 9h and 12h, and polished tantalum at 12h. 

At the 3h timepoint, all samples with a protein conditioning layer (PRE group) 

had statistically significantly higher pixel area coverage values compared to 

the equivalent TSB samples. 

This trend continued in the 9h timepoint, with the exception of polished Ti 

disks samples, where no statistically significant difference was present 

between the PRE and TSB cohorts. 

At 12h 2 groups of samples (polished Ta and polished Ti) showed no 

significant difference between their PRE and TSB groups, however all other 

sample types did. 
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Figure 26: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 3, 9 and 12h tim
epoints. ‘TSB

’ show
s the cohort of sam

ples w
hich w

as incubated 

in pure TSB m
edia after inoculation w

ith S. aureus. ‘PR
E’ is a cohort of sam

ples w
hich has been pre-conditioned w

ith protein by im
m

ersion in Foetal B
ovine 

Serum
 prior to inoculation. ‘Cu-Ti’ are polished, Cu-coated Ti6A

l4V
 disks, ‘PTa’ and ‘PTi’ are polished tantalum

 and Ti6A
l4V

 disks respectively. ‘G
Ta’ and 

‘G
Ti’ are grit-blasted tantalum

 and Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ is a 3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 3D
 tantalum

 scaffold 

(Trabecular Bone).  The topm
ost graphs show

 segm
entation by incubation m

ethod. The bottom
 graphs show

 the bacterial coverage by tim
epoint. 
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5.2.3  Iodine Bioburden SEM Study 

The effect of a protein conditioning film on bacterial adhesion to the samples, 

including those with those potential antibacterial properties, was investigated 

with a 12h-long study. Timepoints were taken at 3h, 6h, 9h and 12h (Figure 

28). These were selected to provide readings at the lag phase, and the progress 

into the log phase respectively. 

The full results from this study, in the TSB and PRE cohorts can be seen in 

Tables 1 and 2 respectively. The pixel area coverage increased with time in all 

sample types.  

In the TSB cohort (Table 5), at 3h, there was no statistically significant 

difference in the pixel area coverage values of copper-coated Ti disks and grit-

blasted Iodine-treated Ti samples (Figure 31)(p>0.7). These disks did, 

however, have significantly lower coverage values than MgCa and Mg 

samples (p<0.3), as well as polished Ta and Ti (p<0.1). There was no 

difference between the coverage on the lattermost two aforementioned 

samples and PPS Iodine disks (p>0.7). Grit-blasted Ta had a higher bacterial 

presence than PPS (p<0.2), but lower than grit-blasted Ti disks (p<0.05). 

Apart from these samples, no other sample type had a significant difference 

between the Ta and Ti samples. Three-dimensional Ta and Ti scaffolds had 

higher coverage values than any other sample type at this timepoint (p<0.005) 

(Figure 31).  
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At 6h, there was no difference between the CuTi and grit-blasted Iodine disks 

(p>0.05) (Figure 31). These did, however, had lower coverage values than 

MgCa and Mg (p<0.1), between which there was also no statistically 

significant difference (p>0.6). Polished Ta samples had a higher coverage than 

the aforementioned surfaces (p<0.05), but significantly lower than that 

observed on polished Ti (p<0.01). There was no difference between grit-

blasted samples (p>0.5); and those were higher than PPS Iodine samples 

(p<0.01) and higher than lower than 3D scaffolds (p<0.01) (Figure 31).  

CuTi samples at 9h had significantly lower pixel area coverage than grit-

blasted Iodine samples (p<0.2) (Figure 32). There was no difference between 

the latter disks and MgCa and Mg samples (p<0.6), while the polished Ta and 

Ti had higher coverage values than these disks (p<0.05). Grit-blasted Ta 

surfaces had values higher than PPS Iodine samples (p<0.005), though there 

was no difference between them and grit-blasted Ti (p>0.5) (Figure 32).  

At 12h, CuTi had the lowest coverage value (p<0.1), with grit-blasted Iodine 

having significantly higher values than Mg, MgCa and polished Ti and Ta 

(p<0.2) (Figure 32). There was no difference between PPS Iodine samples and 

grit-blasted Ta and Ti. 

In the PRE cohort (Table 6), at 3h, there was no statistically significant 

difference between copper-coated Ti disks and grit-blasted iodine-treated Ti 

disks (p>0.5) (Figure 29), though these two samples had significantly lower 

coverage than polished Ti, Ta, Mg and MgCa disks (p<0.05). PPS Iodine disks 
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had significantly higher coverage than polished samples (p<0.02), though 

lower values than grit-blasted Ti and Ta disks (p<0.01). There was no 

statistically significant difference between Ti and Ta of a given surface type at 

this time point (p>0.6) (Figure 29). 

At 6h there was no difference between the coverage on CuTi, GB I, MgCa and 

Mg disks (p>0.8), though these had values statistically significantly lower than 

those of polished Ta and Ti (p<0.4) (Figure 29). PPS I disks had a higher 

value than polished samples (p<0.2), but lower than grit blasted Ti and Ta 

(p<0.3). There was no difference between Ta and Ti samples of the same type 

at this timepoint (p>0.6). 

At the 9h timepoint there was no difference in the coverage on CuTi and GB I 

surfaces (p>0.7), and these samples had statistically significantly lower values 

than polished Ti, Ta, Mg and MgCa samples (highest p value was: p<0.3) 

(Figure 30). PPS I samples had a lower bacterial presence than grit-blasted Ta 

and Ti (p<0.05), but higher than polished samples (p<0.05). Once again, there 

was no difference between Ta and Ti samples of the same surface type 

(p>0.7). 

There was no statistically significant difference between the pixel area 

coverage at 12h on CuTi, GB I, MgCa, Mg, PTa and PTi samples (p>0.7). 

There was also no significant difference in the values of PPS I, GTa and GTa 

(p>0.6), though these were lower than the coverage on three-dimensional Ta 
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and Ti scaffolds (p<0.1). There was no difference between Ta and Ti samples 

of a given surface type at this timepoint.  

At 3h, all samples had a statistically significantly higher pixel area coverage in 

the PRE cohort compared to corresponding sample type in the TSB group 

(highest p value: p<0.3) (Figure 28). This trend held true at the 6h timepoint, 

where all samples showed an increased coverage in the PRE dataset (highest p 

value: p<0.3), with the exception of polished Ti disks, where there was so 

statistically significant difference between the two groups (p=0.7815). At 9h, 

only one sample type had no increase between TSB and PRE cohorts- polished 

Ti disks (P=0.7044), other types had a highest p value of p<0.1. Two sample 

types at 12 hours showed no significant difference between the TSB and PRE 

cohorts (grit-blasted Iodine treated Ti disks (P>0.9999) and polished Ta disks 

(P=0.6398), with all other sample types showing an increased pixel area 

coverage in the PRE group (highest p value: p<0.3). 
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Figure 27: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 3, 6, 9 and 12h tim
epoints. ‘TSB

’ show
s the cohort of sam

ples w
hich w

as incubated in 

pure TSB
 m

edia after inoculation w
ith S. aureus. ‘PR

E’ is a cohort of sam
ples w

hich has been pre-conditioned w
ith protein by im

m
ersion in Foetal Bovine Serum

 prior 

to inoculation. ‘C
u-Ti’ are polished, C

u-coated Ti6A
l4V

 disks, ‘PTa’ and ‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B Iodine’ are grit-blasted disks 

w
hich have been treated w

ith Iodine. ‘M
gC

a’ and ‘M
g’ sam

ples are Ti6A
l4V

 sam
ples coated w

ith a m
agnesium

-calcium
 com

pound and m
agnesium

 only, respectively. 

‘PPS Iodine’ are disks w
hich have  undergone PPS treatm

ent w
ith iodine. ‘G

Ta’ and ‘G
Ti’ are grit-blasted tantalum

 and Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ is a 

3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 3D
 tantalum

 scaffold (Trabecular B
one).  The topm

ost graphs show
 segm

entation by incubation m
ethod. The 

bottom
 graphs show

 the bacterial coverage by tim
epoint. 
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Figure 28: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 3 and 6h tim
epoints. ‘PR

E’ is a cohort of sam
ples w

hich has been 

pre-conditioned w
ith protein by im

m
ersion in Foetal B

ovine Serum
 prior to inoculation. ‘C

u-Ti’ are polished, Cu-coated Ti6A
l4V

 disks, ‘PTa’ and 

‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B Iodine’ are grit-blasted disks w
hich have been treated w

ith Iodine. ‘M
gC

a’ and ‘M
g’ 

sam
ples are Ti6A

l4V
 sam

ples coated w
ith a m

agnesium
-calcium

 com
pound and m

agnesium
 only, respectively. ‘PPS Iodine’ are disks w

hich have  

undergone PPS treatm
ent w

ith iodine. ‘G
Ta’ and ‘G

Ti’ are grit-blasted tantalum
 and Ti6A

l4V
 disk sam

ples respectively. ‘3D
Ti’ is a 3D

 Ti6A
l4V

 

scaffold sam
ple (O

sseo-Ti). ‘3D
Ta’ is a 3D

 tantalum
 scaffold (Trabecular B

one).   
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Figure 29: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 9 and 12h tim
epoints. ‘PRE’ is a cohort of sam

ples 

w
hich has been pre-conditioned w

ith protein by im
m

ersion in Foetal B
ovine Serum

 prior to inoculation. ‘C
u-Ti’ are polished, C

u-coated 

Ti6A
l4V

 disks, ‘PTa’ and ‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B
 Iodine’ are grit-blasted disks w

hich have 

been treated w
ith Iodine. ‘M

gC
a’ and ‘M

g’ sam
ples are Ti6A

l4V
 sam

ples coated w
ith a m

agnesium
-calcium

 com
pound and m

agnesium
 

only, respectively. ‘PPS Iodine’ are disks w
hich have  undergone PPS treatm

ent w
ith iodine. ‘G

Ta’ and ‘G
Ti’ are grit-blasted tantalum

 

and Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ is a 3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 3D
 tantalum

 scaffold 

(Trabecular Bone).   
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Figure 30: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 3 and 6h tim
epoints. ‘TSB

’ is a cohort of sam
ples w

hich 

has not been pre-conditioned w
ith protein, instead being inoculated w

ith bacteria in pure TSB
 m

edia. ‘C
u-Ti’ are polished, Cu-coated 

Ti6A
l4V

 disks, ‘PTa’ and ‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B
 Iodine’ are grit-blasted disks w

hich have been 

treated w
ith Iodine. ‘M

gC
a’ and ‘M

g’ sam
ples are Ti6A

l4V
 sam

ples coated w
ith a m

agnesium
-calcium

 com
pound and m

agnesium
 only, 

respectively. ‘PPS Iodine’ are disks w
hich have  undergone PPS treatm

ent w
ith iodine. ‘G

Ta’ and ‘G
Ti’ are grit-blasted tantalum

 and 

Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ is a 3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 3D
 tantalum

 scaffold (Trabecular 

B
one).   
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Figure 31: B
acterial surface coverage as m

easured by the SEM
 analysis m

ethod at 9 and 12h tim
epoints. ‘TSB

’ is a cohort of sam
ples w

hich has 

not been pre-conditioned w
ith protein, instead being inoculated w

ith bacteria in pure TSB
 m

edia. ‘C
u-Ti’ are polished, Cu-coated Ti6A

l4V
 disks, 

‘PTa’ and ‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B
 Iodine’ are grit-blasted disks w

hich have been treated w
ith Iodine. 

‘M
gC

a’ and ‘M
g’ sam

ples are Ti6A
l4V

 sam
ples coated w

ith a m
agnesium

-calcium
 com

pound and m
agnesium

 only, respectively. ‘PPS Iodine’ are 

disks w
hich have  undergone PPS treatm

ent w
ith iodine. ‘G

Ta’ and ‘G
Ti’ are grit-blasted tantalum

 and Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ 

is a 3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 3D
 tantalum

 scaffold (Trabecular B
one).   
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Table 5: Table of bacterial surface coverage as m
easured by the SEM

 analysis m
ethod at 3, 6, 9 and 12h tim

epoints. ‘TSB
’ is a cohort of sam

ples w
hich has not 

been pre-conditioned w
ith protein, instead being inoculated w

ith bacteria in pure TSB
 m

edia. ‘C
u-Ti’ are polished, Cu-coated Ti6A

l4V
 disks, ‘PTa’ and ‘PTi’ are 

polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B
 Iodine’ are grit-blasted disks w

hich have been treated w
ith Iodine. ‘M

gC
a’ and ‘M

g’ sam
ples are 

Ti6A
l4V

 sam
ples coated w

ith a m
agnesium

-calcium
 com

pound and m
agnesium

 only, respectively. ‘PPS Iodine’ are disks w
hich have  undergone PPS treatm

ent 

w
ith iodine. ‘G

Ta’ and ‘G
Ti’ are grit-blasted tantalum

 and Ti6A
l4V

 disk sam
ples respectively. ‘3D

Ti’ is a 3D
 Ti6A

l4V
 scaffold sam

ple (O
sseo-Ti). ‘3D

Ta’ is a 

3D
 tantalum

 scaffold (Trabecular Bone).   

TSB
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Table 6: Table of bacterial surface coverage as m
easured by the SEM

 analysis m
ethod at 3, 6, 9 and 12h tim

epoints. ‘PR
E’ is a cohort of sam

ples w
hich has 

been pre-conditioned w
ith protein by im

m
ersion in Foetal Bovine Serum

 prior to inoculation. ‘Cu-Ti’ are polished, Cu-coated Ti6A
l4V

 disks, ‘PTa’ and 

‘PTi’ are polished tantalum
 and Ti6A

l4V
 disks respectively. ‘G

B Iodine’ are grit-blasted disks w
hich have been treated w

ith Iodine. ‘M
gC

a’ and ‘M
g’ 

sam
ples are Ti6A

l4V
 sam

ples coated w
ith a m

agnesium
-calcium

 com
pound and m

agnesium
 only, respectively. ‘PPS Iodine’ are disks w

hich have  

undergone PPS treatm
ent w

ith iodine. ‘G
Ta’ and ‘G

Ti’ are grit-blasted tantalum
 and Ti6A

l4V
 disk sam

ples respectively. ‘3D
Ti’ is a 3D

 Ti6A
l4V

 scaffold 

sam
ple (O

sseo-Ti). ‘3D
Ta’ is a 3D

 tantalum
 scaffold (Trabecular Bone).   

 

PR
E 
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5.3 Discussion 

5.3.1 XPS analysis 

The XPS analysis of these samples was conducted chiefly in order to confirm 

the presence of protein on the substrate surfaces. To this end, since all detected 

elements are found in various proteins, this was achieved. The absence of 

detection of elements present in the substrate chemistry (as ascertained in 

Chapter 2) on Ta and Ti disks suggests that the thickness of the protein 

conditioning film is greater than the depth resolution of XPS, and that this film 

is continuous since 3 measurements were taken on each surface.  

The presence of copper on the CuTi sample, and considering it was present in 

all three scans, means that the protein film thickness on these samples was 

thinner, or not entirely continuous as it was on the aforementioned samples’ 

surfaces. This will likely be due to the surface chemistry. 

5.3.2 12 hour Bioburden SEM Study 

Since the validity of SEM approach for the purposes of investigation bacterial 

presence upon surfaces was established, a 12h study was conducted on 2D flat 

and 3D scaffold samples. The effect a protein conditioning film on bacterial 

presence on the surfaces was also investigated. This is a subject present in 

literature, finding that surfaces pre-treated with protein did indeed display 

higher bacterial growth rates than those without[395-398]. 
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Bacterial cell coverage on the pre-conditioned samples with protein showed a 

significant increase when compared to the non-treated samples (the smallest 

increase was seen in CuTi samples between PRE and TSB cohorts at the 3 

hour time point- 160% increase (0.046% to 0.120%, p<0.2), with all other 

samples showing higher differences). This suggests that the greatest impact of 

the protein conditioning film was in the initial bacterial cell attachment, with 

diminished (yet still significant) with time effects. This suggests that this 

effect is most pronounced in initial bacterial attachment.  

Similar to the 3h study, the copper coated titanium disks showed the lowest 

bacterial cell presence across all time points on the samples with no protein 

conditioning film, however this trend was not apparent in the preconditioned 

samples (in the PRE cohort, the coverage increased from 0.120±0.021% at 3h 

to 0.272±0.0048%, 0.450± 0.39% and 1.407±0.042% at 6h, 9h and 12h 

respectively, whereas the Polished Ti6Al4V disks had a coverage of 

0.233±0.059%. 0.362±0.079%, 0.674±0.074% and 1.514±0.257% at those 

time points).  

At all time points, the 3D scaffold samples displayed the greatest bacterial cell 

presence, compared to the disk samples (the coverage increase from the next 

highest sample type is an average (mean) of 87.2% in the TSB cohort and 

35.9% in the PRE cohort). Considering the fact that grit blasted samples 

displayed the highest roughness, and thus surface area, the scaffold samples’ 

increased bacterial presence may be due to the sheltering effect their structure 

provide [251]. The area of the scaffold where two or more struts meet also 
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provide the bacteria with an increased surface area to which they can attach, 

meaning they may find it easier to attach to.  

Polished samples had the lowest bacterial cell presence on their surfaces, 

followed by grit blasted samples, in both the pre conditioned and pure FBS 

cohorts (Table 5 and Table 6), suggesting that the topography of the surface 

plays an important role as expected [399].  

This study suggests that the roughness of the sample directly impacts the 

bacterial presence observed using the SEM image analysis method, and a 

similar relationship was documented by both Lu et al. (2020) and Chen et al. 

(2020), whereby the samples with higher roughness values contained more 

bacteria after inoculation and incubation[400, 401]. The reason for this could be 

due to two possibilities, though is likely a combination of both working 

concurrently. Firstly, the surface area imaged upon analysis of grit blasted 

samples is inherently greater than that of polished samples. This is one of the 

limitations of this method outlined in Chapter 4. Secomndly, the rough surface 

may be creating areas will reduced fluid turbulence which could aid in initial 

bacterial cell attachment. 

At all cohorts the copper-coated Ti disks had the lowest bacterial presence on 

them, with the exception of the 12h PRE group, where the results were not 

statistically significantly different to those of polished Ta and Ta disks 

(1.407%± 0.042, 1.311%± 0.138 and 1.514%± 0.257 respectively) (p>0.8). 

This suggests that the antibacterial effect owing to copper ions is indeed 
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pronounced in these samples, apart from scenarios where bacterial cells have 

had time to establish themselves on the protein conditioning film.  

The protein adsorption resulted in significantly higher bacterial cell presence 

at every time point and sample type, with the exception of 3 (polished Ti at 9h, 

and polished Ta and Ti at 12h) (Table 5 and Table 6). This suggests that the 

bacteria do indeed find this conditioning film beneficial for either attachment 

or proliferation, with the former hypothesis being more likely since this effect 

is seen as early as in the initial 3h (coverage in PRE at 0.120%± 0.021, and in 

TSB at 0.046%± 0.011). This is supported by the literature[395]. 

Scaffold samples have the highest coverage values of all samples, which may 

be due to the fact that the 3D structure provides ample attachment sites and 

protection from shear forces resulting from fluid media movement. 

There was no difference between Ti and Ta samples of any type at any 

timepoint in this study (lowest p value of p>0.6), insinuating that there is no 

inherent antibacterial effect in either of these substrate chemistries. 

 

5.3.3 Iodine Bioburden SEM Study  

A large cohort of samples was chosen for this study in order to observe any 

effect on surface chemistries with documented antibacterial properties. These 

samples include Iodine-treated samples, polished Ti samples coated with 
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copper, magnesium and a magnesium-calcium mixture. Iodine has well 

documented antibacterial properties[384, 402, 403]. 

Likewise, copper has been widely observed to display antibacterial 

properties[264, 364-368].  

The results in this study which have also been reported in the aforementioned 

12h investigation followed the same trends, in that in the TSB cohort CuTi 

samples had the lowest bacterial coverage at all timepoints when compared to 

polished, grit-blasted and tree-dimensional samples, with that trend continuing 

in the PRE cohort up to and including the 9h timepoint (highest p value: 

p<0.3). At the 12h timepoint, much like in the previous study, the pixel area 

coverage values are not statistically significantly different between CuTi and 

polished Ti and Ta (p>0.6). 

Work conducted by Mauerer et al. (2017) supports these findings, as they 

reported a reduction in infected devices from 88% to circa 35% (total of 36 

rabbits) when the device was coated with copper (statistically significant 

difference)[404]. All of the devices in this study were inoculated with S. aureus 

prior to implantation. 

Grit blasted Iodine samples, despite having a roughness comparable to the Ta 

and Ti grit-blasted samples, had a bacterial area coverage that was lower than 

polished samples’ (up to and including 9h in the TSB group and 9h in the PRE 

group) (highest p value: p<0.3). Their bacterial cell coverage was also equal to 
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that to the coverage observed on CuTi surfaces at all timepoints in the PRE 

cohort and up to and including 9h in the TSB cohort (lowest p value: p>0.6). 

In the TSB group at 9h, the GB Iodine samples had a higher coverage value 

than CuTi (p<0.3), but at 12h its bacterial coverage was significantly higher 

than all polished samples (p<0.1), and approaching the values seen on grit-

blasted Ta and Ti.  

The results of GB Iodine could be due to the rate of dissolution of Iodine from 

the samples’ surfaces. The initial antibacterial properties of Iodine were most 

pronounced in the first half of the experiment in the TSB group, as the iodine 

was released from the sample in solution. However, as the amount of Iodine 

on these samples is finite, and confined to the inside of small pores, this effect 

showed signs of exhaustion at the 12h timepoint in this cohort. However, even 

after 12h, these samples had a significantly lower bacterial cell presence 

(p<0.2) than that observed on samples with comparable surface roughness 

(grit-blasted Ti and Ta). Over time it would be expected that although the 

initial effect is noted, viable bacteria still on the surface, albeit in lower 

numbers, would eventually proliferate (once the Iodine presence is exhausted) 

to the same levels as seen on other samples given enough time. As such, this 

may simply be a delaying characteristic. 

The effect of Iodine in the GB-I samples is also apparent in the PRE cohort, 

where there is no statistically significant difference between CuTi and GB-I at 

any timepoint (p>0.6), which is noteworthy as the former has a lower surface 
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roughness. However, the relative release rates weren’t measured, so no 

conclusions can be taken based on this fact alone. 

A similar outcome of iodine treatment was evident in the PPS iodine samples. 

At 3h and 6h in the TSB group, these samples had the same bacterial cell 

coverage as polished Ti (p>0.6) (PPS Iodine at 0.146%±0.010 and 0.276%± 

0.046 at 3h and 6h respectively, whereas PTi was at 0.168%± 0.064 and 

0.310%±0.040), which is significant as PPS iodine samples had a surface 

roughness higher than grit-blasted samples. At 9h these had equal coverage to 

grit-blasted Ti (p<0.8), and slightly lower than grit-blasted Ta (p<0.4), and at 

12h there was no statistically significant difference between PPS iodine and 

grit blasted Ti and Ta samples (p>0.7).  

In the PRE cohort, PPS iodine samples higher coverage values than polished 

samples, but lower than grit blasted Ti and Ta, at 3h, 6h and 9h timepoints. At 

12h, however, there was no statistically significant difference between the PPS 

iodine samples and grit-blasted Ta and Ti. 

The fact that the iodine samples (both grit-blasted and PPS) have lower pixel 

area coverage than samples of equivalent surface roughness, signifies that this 

treatment does indeed exhibit some antibacterial properties. This effect is less 

pronounced but prolonged when tested with a protein conditioning layer. The 

limited aspect of it could be as a result of the reduced release rate due to the 

presence of protein providing a physical barrier to diffusion. However, this 

same protein film is likely responsible for the prolonged presence of this 



5.3 Discussion 173 

 

effect, as it likely decreases the release of iodine into solution, ergo spreading 

this release over a longer period of time. An elution study to measure the 

Iodine release rates would be required to confirm this hypothesis. In both 

cases, with and without protein conditioning, this effect seems to reduce 

bacterial presence before 12h, after which the bacterial coverage increases 

rapidly. 

 

Work conducted by Shirai et al. (2014) concluded that iodine treatment of 

devices reduced the Periprosthetic Joint Infection (PJI) incidence from 11.4%-

14.8% to 0%-5% in a clinical setting [405]. This is a significant reduction of 

infections. These findings were supported by results reported by Kabata et al. 

(2015), who found no incidence of infection in 30 patients with iodine-treated 

devices in the short term[406].  Though they too concluded that the Iodine did 

likely provide most protection in the early stages of the device lifecycle[406]. 

Since these were in vivo studies, meaning the samples would be subjected to 

protein adsorption, it is likely that the antibacterial properties of these devices 

was prolonged, based on the results seen in Section 5.2.3. 

Magnesium-coated disks (both Mg and MgCa) with a protein conditioning 

film (PRE) had the same bacterial coverage as polished Ti and Ta disks at all 

timepoints (p>0.6 in all cases). This suggests that these surfaces don’t provide 

any innate antibacterial properties with adsorbed surface proteins. 
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In the TSB cohort, the magnesium-coated disks had a lower pixel area 

coverage than polished Ti and Ta samples up to and including the 9h 

timepoint (highest p value: p<0.3), though statistically significantly higher 

than the grit-blasted Iodine-treated samples and copper-coated disks (highest p 

value: p<0.3). At 12h, however, the bacterial cell coverage on the surface of 

these samples was the same as the values observed on the polished Ti and Ta 

disks (p>0.8). This suggests that the magnesium-coated samples may indeed 

either prevent bacterial cell attachment or slow their proliferation on the 

surface, but that any such effect is limited to low bacterial growth and 

becomes negligible when the bacterial presence becomes well established. 

In keeping with the results of the 12h study, all samples which were pre-

conditioned with protein at the 3h timepoint had significantly higher bacterial 

coverage than they did without the protein film (highest p value: p<0.3). In the 

case of CuTi, magnesium-coated Ti (Mg and MgCa) and grit-blasted Ta, the 

PRE cohort had more than double the TSB coverage values(the PRE cohort 

had coverages of 0.237%± 0.057, 0.243%± 0.063 and 0.538% ±0.035, for Mg, 

MgCa and GTa respectively, whereas the TSB cohort had coverages of 

0.076%± 0.017, 0.078%± 0.009 and 0.240%± 0.035 respectively).  

At 6h and 9h, all samples with the exception of polished Ti disks, had 

statistically significantly greater bacterial coverage in the PRE group than in 

the TSB cohort (highest p value: p<0.3), and at 12h grit-blasted Iodine 
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samples and polished Ta disks showed no difference between these two 

groups (p>0.6). 

This suggests that the positive effect of adsorbed protein on bacterial 

behaviour is most pronounced at the initial stages of a bacterial growth curve, 

with the effect diminishing (though still present) at later timepoints, hinting at 

a mechanism of enhancing bacterial cell coverage through facilitating a more 

beneficial surface for bacterial cell attachment.  

The following chapter describes novel hybrid-scaffolds and their potential in 

the pursuance of obtaining antimicrobial characteristics within orthopaedic 

three-dimensional scaffolds without compromising the original scaffold’s 

mechanical or bioactive properties. It then progresses to conclusions for the 

whole body of work, as well as the future work suggestions to follow. 
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Chapter 6 Metal-Polymer Hybrid 

Scaffolds 

This chapter contains proof-of-concept studies concerning hybrid scaffolds 

(metal-polymer) and their potential in endowing orthopaedic devices with 

antibacterial properties without compromising their long-term bioactive or 

mechanical properties. 

 

The interlinked porosity of metallic orthopaedic scaffolds used in this study 

presents an opportunity to utilise synergies originating in the use of such 

scaffold in conjunction with weaker, more bioactive or antibacterial polymer 

scaffolds. A device resulting from such an approach would benefit from the 

mechanical properties of an underlying metal “skeleton” scaffold, while taking 

advantage of properties lent to it by the polymer scaffold. Such a polymer 

scaffold could be modified to provide bioactivity (for example by addition of 

growth factors or substances such as hydroxyapatite to aid bone formation[407, 

408]) or antibacterial properties (by addition of Cu or Ag ion complexes, or 

antibiotics), while the resorbable nature of materials like chitosan or poly-l-



5.3 Discussion 177 

 

lactic acid (PLLA) would ensure that the device in vivo after a period of time 

wouldn’t have any larger a footprint than the original metal scaffold. 

A proof of concept, therefore, was undertaken using commercially available Ti 

and Ta scaffolds which were tested throughout this piece of work. Chitosan 

was selected due to numerous studies reporting on its antibacterial properties 

and the relative ease with which it is formed into a scaffold[409-413]. In addition 

to these studies, chitosan was found by Aksel et al. (2020) to be a viable 

platform to host antibiotics without losing their antibacterial properties[335]. 

This approach would be able to enhance any inherent antibacterial properties 

of chitosan itself.  

This study was conducted in order to determine if casting a chitosan scaffold 

within a metal scaffold is feasible and identify any limiting factors of such an 

approach. The effect of the metal scaffolds’ pore size on the internal chitosan 

scaffold casting, as well as the interface of the two materials (where 

delamination was a possibility) were investigated. The study also aimed to 

investigate the effect of an added nanoparticle with known antibacterial 

properties into the chitosan scaffold would have on the synthesis of the hybrid 

scaffold. 

Therefore, a chitosan scaffold was cast within each of the two commercially 

available metal scaffolds (Trabecular metal (tantalum) and Osseo-Ti 

(Ti6Al4V)), and the resulting sample investigated using SEM imaging to 
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ascertain the topography and the physical interface between the two 

constituent materials.  

 

6.1 Materials and methods 

6.1.1 Sample preparation 

Samples were prepared by casting of chitosan scaffolds within the metallic 

scaffolds. Ti and Ta scaffolds were sonically cleaned in deionised water in 

order to remove any contaminants, after which they were placed in a chitosan 

solution and subjected to a vacuum within a syringe with manual force in 

order to remove any air from the sample and ensure full penetration of the 

solution.  

The chitosan solution was prepared using a chitosan powder (Mw of 471 kDa) 

of 84% deacetylation (Weifeng Kenai Ltd, China), and glacial acetic acid from 

Sigma Aldrich (United Kingdom). A 2wt% chitosan solution was produced by 

dissolving 1.0g of chitosan powder in 50ml deionised water containing 1.25ml 

of acetic acid (at room temperature, with vigorous stirring of 500 RPM) for 

15min. The solution containing 1wt% Ag nanoparticles was prepared using 

the same aforementioned process, with the addition of 1wt% Ag nanoparticles 

during the stirring phase. The resulting solution was covered with cling film 
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and left overnight in order to allow for the escape of any air bubbles trapped 

within during the dissolution process[315].  

Ti and Ta scaffolds placed in the solution and subjected to a vacuum, after 

which they were placed in a PTFE mould (10mm height, 10mm diameter) and 

topped up with the chitosan solution to result in full submersion of a metal 

scaffold, and subsequently transferred to a freezer (-20°C) and left overnight.  

Once frozen, the samples were removed from the PTFE moulds and freeze-

dried for 48h at -55°C using a Modulyo benchtop freeze dryer. 

6.1.2 SEM imaging 

The samples were imaged as per the protocol outlined in Chapter 2. The 

surface topography was assessed using SEM imaging in the Secondary 

Electron (SE) detection setting. Micrographs were obtained using a FEI XL30 

Scanning Electron Microscope. A working distance was maintained between 

10.0 and 11.0mm utilising a beam energy of 20kV.  

6.2 Results 

Both pure chitosan and chitosan-Ag scaffolds were successfully cast within 

both Ta and Ti scaffolds (see Figure 33 and Figure 34). The pure chitosan 

polymer scaffold was colourised purple, and the underlying metal scaffold is 

denoted by the colour blue. Chitosan-Ag polymer scaffolds were colourised 
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golden, with the underlying metal scaffolds represented by green, in order to 

support in the distinction between polymer and metal components. 

There was uniform distribution of the polymer scaffold, with no areas visible 

without its presence. The polymer scaffolds had large, interconnected pores 

within the metal scaffolds, though this was not the case when the polymer 

scaffolds were cast by themselves (Figure 33A and Figure 34A). Polymer 

scaffolds not cast within metal constructs showed a distinctly layered 

geometry, with few constructs which could be labelled as pores. The scaffolds 

with added Ag nanoparticles displayed this trait more overtly than those with 

no nanoparticle addition (Figure 33 and Figure 34).  

The interface between two materials, such as that between the metal scaffold 

and the polymer within these hybrid scaffolds. Poor integration can affect 

mechanical and degradation properties[414-416]. In SEM micrographs at higher 

magnifications (Figure 33 (C-G) and Figure 34(C-G)) it is clear that there is 

little or no distance between the polymer and metal surfaces at their interface, 

with the polymer matrix seemingly becoming well integrated within the metal 

structure. Further studies to confirm this would be required.    

Figure 35 shows both scaffolds at high magnifications, with no visible 

delamination between the substrate metal scaffold and the polymer scaffold. 
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Figure 32: False-colour SEM micrographs of chitosan scaffolds which were created within metal scaffolds. Chitosan is 

coloured in purple and the metal is blue. A is a chitosan scaffold with no metal scaffold. B, C and D are images of 

chitosan cast within a tantalum scaffold (Trabecular Metal), at 87x, 174x and 695x magnifications respectively. E, F and 

G are images of chitosan scaffolds within Ti6Al4V scaffolds (Osseo-Ti) at 87x, 174x and 695x magnifications 

respectively. 

A 

B E 

C F 

D G 
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Figure 33: False-colour SEM micrographs of chitosan scaffolds with Ag nanoparticles which were cast within metal 

scaffolds. Ag- Chitosan is coloured in yellow and the metal is blue. A is an Ag-chitosan scaffold with no metal 

scaffold. B, C and D are images of Ag-chitosan cast within a tantalum scaffold (Trabecular Metal), at 92x, 184x and 

735x magnifications respectively. E, F and G are images of Ag-chitosan scaffolds within Ti6Al4V scaffolds (Osseo-Ti) 

at 182x and 365x magnifications respectively. 
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Figure 34: High magnification false-colour SEM images of the chitosan-metal scaffold material interface. 

Chitosan is purple, Ag-Chitosan is coloured in yellow and the metal is blue. A is a Chitosan-Tantalum material 

interface at a magnification of 11128x. B and C are Ag-Chitosan-Ti6Al4V material interface at magnifications 

of 1458x and 2743x respectively. 

A 

B 
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6.3 Discussion 

The proof of concept of combining a polymeric scaffold within a metal 

‘skeleton’ scaffold, creating a hybrid device, was substantiated by this work, 

as shown in Figure 33, Figure 34 and Figure 35 

Chitosan scaffolds, with and without Ag nanoparticle additions, had a 

morphology more resembling a layered structure rather than a porous scaffold 

required for biomedical applications[417-421]. The confinement of the Chitosan 

scaffolds within a metal scaffold resulted in significantly more pronounced 

porosity of the Chitosan scaffold, with pores being created within the metal 

scaffolds’ pores. These pores increase the surface area of the chitosan, 

compared to solid chitosan, exposing it and its antibacterial properties to any 

bacterial cells, or being expected to result in increasing its degradation and 

subsequent release of any chemical agents (antibiotics or compounds which 

promote human cell growth) to induce characteristics to the scaffold which 

would either promote healing or reduce the chance of bacterial infection. 

 The polymer-metal interface showed good integration with no visible 

delamination between the two materials. This can be seen in Figure 33 and 

Figure 35. This good interface means that any bacterial cells will have less of 

the metal surface to attach to, instead being faced with the antibacterial 

chitosan surface chemistry. If delamination was present, this would expose 

more of the metal scaffolds’ surface to the environment. 
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Such devices were foreseen by researchers such as Tomsia et al. (2005), who 

in their review of devices available at the time mused about the potential of 

“hybrid” devices, which would take advantage of the bioactive potential of 

polymers and the high strength of metals or ceramics to result in implants 

which would change over time, with the polymer portion becoming resorbed 

by the surrounding tissue and the metal/ceramic providing the required 

mechanical strength[422]. Later on, Zhao et al. (2011) described such hybrid 

constructs as one of the areas with the most potential in orthopaedic devices 

[423]. 

Hybrid scaffolds have been recently assessed for their benefits, where a 

combination of a metal and polymer is used. Those prepared by Tsai et al. 

(2019) studied both Chitosan and Magnesium-Calcium polymers cast within a 

3D printed Ti6Al4V scaffold. They found the bioactivity of such constructs, in 

the case of both polymer-hybrids, significantly increased[424]. While the 

proliferation rate of osteoblast cells cultured on these samples was almost 

double the rate observed on metal scaffolds without the polymer at the 7-day 

culture timepoint (0.81 and 0.45 absorbance values respectively), the Alkaline 

phosphatase (ALP) expression was circa 4 times greater in the polymer-hybrid 

cohort when compared to metal only scaffolds (0.17 and 0.59 ALP activity 

respectively). ALP expression is used as a mark of cell differentiation[424].  

Similarly, a study conducted by Yang et al. (2018) investigated the potential 

of such hybrid scaffolds in imparting antibacterial properties upon metal 

scaffolds in vivo. Using a composite chitosan (HACC)-grafted polylactideco-
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glycolide (PLGA)/hydroxyapatite (HA) resulted in a bacterial burden (of S. 

aureus) of these devices being c.a. 1.0x104 lower than the control scaffold 

after 8 weeks[425]. 

The relative ease with which substances such as nanoparticles, chemical 

signalling molecules, growth factors, antibiotics or metal-ion complexes can 

be added to an internal chitosan structure, coupled with its biodegradable 

characteristic, makes this substance an appealing candidate when assessing 

methods for increasing metal scaffold bioactivity while providing bacterial 

resistance to the structure.  

As chitosan is prepared in aqueous solution, water-soluble antibiotics or other 

substances may be added during the preparation phase with relative ease, thus 

endowing the resultant scaffold with desired properties[426]. Work conducted 

by Raftery et al. (2016) showed that addition of chitosan into collagen 

scaffolds increased their mechanical and biological functionality[426]. Xia et al. 

(2018) showed that addition of calcium phosphate and oxide nanoparticles 

increased osteogenesis by a factor of 3[427]. Perli et al. (2017) showed that Ag 

nanoparticles were well integrated within chitosan scaffolds, with uniform 

distribution, and that their addition significantly increased the antibacterial 

properties of the structure[428]. Doty et al. (2015) showed that two antibiotics 

(amikacin and vancomycin) can be incorporated within a calcium sulfate and 

chitosan hybrid scaffold and that these antibiotics can be eluted from the 

structure in an aqueous solution during the degradation of the polymer[429]. 
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Casting such a polymer scaffold within an orthopaedic Ti or Ta device allows 

for the exploitation of characteristics introduced by the polymer matrix, while 

simultaneously benefiting from the metals’ mechanical properties, pore 

geometries, and surface chemistries[430-433]. For example, polymers such as 

chitosan are flexibly biodegradable (parameters can be altered to provide 

shorter or longer degradation times[434, 435]) allowing the overall polymeric 

structure to degrade over time in vivo in one phase, while leaving the metal 

device in place provide strength and mechanical strength to the hybrid. 

Such scaffolds have significant potential to advance the field of orthopaedic 

devices, however their microbiological studies need to be appropriate to the 

nature of these samples so as to provide sufficiently reliable data in vitro prior 

to in vivo performance analysis. Currently studies focus on the measurement 

of elutes from these scaffolds when any antimicrobial characteristics are 

required, operating with the assumption that these will have the same effect on 

bacterial cells as they would in a solution However, this approach doesn’t 

account for the complexities of 3D structures and the formation of biofilms, 

nor does it provide insight into the bacteria-substrate interaction- either for the 

initial attachment or subsequent growth. It’s this that this work aims to 

address, and forms a basis for subsequent work for this use. 
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Chapter 7 Conclusions, and 

Future Work 

This chapter contains the conclusions for the entire body of work hitherto 

described in previous chapters and recommendations for future work. 

7.1 Conclusions 

The aim of this study is to develop and validate a new analysis method to 

provide quantifiable, accurate and reliable results for the measurement of 

bacterial biofouling on flat and three-dimensional porous samples alike. 

The objectives of this work were to evaluate currently-available approaches 

for quantifiable biofouling/ bioburden assessments and their potential use to 

measure biofilm formation within a metal scaffold and if no such method was 

transferable to the assessment of metal scaffolds- to develop and validate a 

novel methodology for this purpose. Further, the objectives were to evaluate 

bacterial biofilm growth within orthopaedic scaffolds currently present in 

clinic in clean media as well as an environment such scaffolds would likely be 

subjected to in situ- protein rich media; to ascertain what, if any, surface 
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treatments to the aforementioned samples may limit any bacterial biofilm 

formation and to conduct a proof-of-concept evaluation of novel metal-

polymer hybrid scaffolds against samples available in clinic in terms of 

bacterial biofilm formation. 

 

Two existing analysis methods for the quantitative analysis of bacterial growth 

on orthopaedic devices proved effective and viable in the testing of only a 

subset of sample types: 

1. CLSM for flat sample testing 

2. Micro-CT for analysis of polymeric three-dimensional scaffolds  

Neither of these two methods allow for the assessment of bacterial growth 

throughout the full spectrum of surface features and macro-geometries.  

 

The CLSM method proved inaccurate when measuring biofouling in 3D 

scaffold samples, and the 3D image rendering showed this to be due to the fact 

that the scanned surface area was too inconsistent. Micro-CT analysis failed to 

provide results for metal samples due to the shielding effect of metal and the 

X-Rays’ inability to penetrate the structure with low enough energy to also 

map biofilm. 
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However, SEM micrograph coverage analysis proved effective in facilitating 

full-spectrum analysis, delivering results comparable to those obtained by 

conventional testing on appropriate sample types, and repeatable across a 

number of studies and timepoints. SEM micrograph coverage analysis also 

allows for data to be comparable between different surface geometries, 

crucially including three-dimensional metallic scaffold samples, as long as it 

doesn’t attempt to measure biofilm structures in its current form. 

 

Once the initial polymer selection had taken place, the hybrid scaffolds could 

then be assessed using the SEM image analysis method to study the bacterial 

presence across both the polymer-metal interfaces and exposed metal surfaces.  

In order to limit any effect of variation of bacterial presence upon the surface 

of a sample, with some areas exhibiting higher coverage than others, a set of 3 

standardised location coordinates was taken at every sample, and each sample 

type was tested in triplicate. This resulted in 9 data-points at each timepoint, 

preventing any high- or low-outlier’s ability to significantly affect the results. 

The SEM method was assessed against the standard of CLSM on flat samples 

to ensure that it returned accurate and reliable data. The comparison returned a 

mean p-value of p>0.05 which means that there was no statistically significant 

difference between the results of these two methods as they were similar. 
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SEM micrograph analysis method was then further utilised to assess the effect 

of a protein conditioning film upon the surface of samples - an aspect often 

overlooked in in vitro analysis of orthopaedic devices. The presence of protein 

on the substrate surface increased the bacterial presence on the samples in all 

cases, diminishing and minimising the effect of any antibacterial surface 

chemistries. This effect was most pronounced at the early timepoints, 

suggesting that the bacterial cells find it somewhat easier to attach themselves 

to a substrate covered in protein, and that any bactericidal effects of the 

sample surface may be limited by the proteins atop.  

This effect was observed on samples of all geometries tested, however it is 

recognised that the number of surface topographies (3) is not a large sample 

size, therefore the conclusions taken from this are limited. 

 

It must be noted that SEM micrograph coverage analysis has three significant 

drawbacks:  

1. It relies heavily on operator input during the conversion of images into 

a binary format rendering it susceptible to human error  

2. Results are liable to skewing by variations in surface area scanned in 

each image 

3. The technique is not reliable once bacterial cells begin to establish 

more mature biofilms due to its focus on simple coverage values 

(biofilms are three-dimensional features upon the surface) 
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These can be mitigated as follows: 

 

1. High magnifications required during image editing serve to limit 

human error as the bacterial cells are easily identifiable. 

2.  Although a surface area limitation is inherent to a method such as this, 

the best mitigating factor is high magnification which limits the 

likelihood of imaging a whole strut. Images are seen by the operator, 

and as such if the resulting micrograph only captures a part of a strut, 

the sample can be slightly repositioned to mitigate this. The ability of 

the operator to image each surface at the correct Working 

Distance/magnification values so as to ensure comparable images is 

also of paramount importance to the successful application of this 

method.  

3. This limitation can be overcome by the superimposition of each image 

onto a three-dimensional model of the imaged surface and 

normalisation against the actual surface area in each micrograph. In 

addition, a quantification of real volume of bacterial cells/ biofilm in 

each image would allow for the analysis of samples with a bacterial 

biofilm burden. This could be within the scope of future work. 

 

On balance the SEM image analysis method presents a new tool, which has 

previously not been used for this purpose in literature, to investigate bacterial 
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bioburden within 3D scaffold samples. Limitations of existing analysis 

methods, such as CLSM’s inability to reliably calculate biomass in 3D 

structures, are addressed and complemented by the SEM method. With this 

method, the bacteria-substrate interface can begin to be studied within the 

highly-complex environment of a 3D scaffold, which can provide an as-yet-

overlooked aspect of in vitro testing of these samples within a microbiological 

context. However, its high reliance on the operator mean that is significantly 

less time-efficient and more prone to human error than the highly-automated 

process of CLSM analysis. For this reason, though it has proved useful for 3D 

samples, it’s unlikely to be appropriate for use on flat samples where 

alternatives are available. Further development of this method could achieve 

higher time efficiency and lower the probability of human error through 

increased automation. 

 

7.2 Future Work 

The analysis method described above requires further refinement and 

validation through repeat studies.  

Subsequent analysis of the effect of a protein conditioning film on bacterial 

behaviour upon orthopaedic substrate surfaces is required, as well as study of 

any variation in the effects based upon the specific characteristics of such a 

film (such as roughness, hydrophilic properties or the particular chemical 
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profile). Investigations into the nature of protein conditioning films on 

surfaces with different chemistries and surface topographies could be 

conducted to ascertain how particular devices would present their surface 

chemistries to bacterial cells in vivo upon implantation. This could be done by 

by quantitative methods such as time-of-flight secondary ion mass 

spectrometry or Liquid Chromatography Coupled with Mass Spectrometry[436-

438].  

Further investigation into the effect of a protein conditioning film on a wider 

number of surface topographies would also allow for increasing the 

understanding of how best to combine surface topography and chemistry in 

order to limit bacterial adhesion/ presence, in a similar effort to that seen in 

platelet adhesion to heart valve implant devices [439-441]. 

The synthesis of hybrid scaffolds, utilising different materials’ properties to 

their full effect while mitigating their limiting factors should be studied 

further. This field of prospective orthopaedic devices presents a significant 

potential for improvement of device performance in a clinical setting, possibly 

contributing to significant reduction of patient suffering and cost associated 

with treatment.  

The utilisation of 3D printing, together with the ability to cast highly porous 

polymer scaffolds, allows for exploitation of substances which rely on release 

into solution for their effects, while not compromising the structural integrity 

of the overall device.  
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It is imperative that methods are developed and advanced for the assessment 

of bacterial growth within three-dimensional structures composed of materials 

with wide-ranging densities as such devices become more widely researched 

and implemented. Bacterial cell behaviour, survival and biofilm formation, 

and the effects of the device upon these characteristics need to be fully 

understood and studied within such structures, in order to fully exploit 

desirable material attributes, while simultaneously working to eliminate 

undesirable device effects.  

It should be noted that three-dimensional constructs will behave differently to 

flat substrate surfaces of the same chemistry - increasing surface area would 

cause effects such as: providing more attachment sites for bacteria, creating an 

opportunity for faster antibacterial substance release, providing shelter for 

bacterial from environmental mechanical forces created by turbulence, and 

increasing the time an immune response would be initiated against any 

bacterial cells deeper within the structure. Because of this, testing of flat 

constructs cannot be used as a substitute for testing of three-dimensional 

substrates, simply on the basis of a similar chemical profile.  
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