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ABSTRACT 

With an increasingly aging population across the globe, there is an increased demand for 

implantable medical devices to treat long-term health conditions and injuries. Patients with 

implantable devices such as joint prosthesis, trauma fixation dental implants have a risk of 

experiencing device associated infection (DAI) which is caused by bacteria attaching to the 

associated device and forming antibiotic tolerant biofilms1. Attributable mortality rate of DAI 

across a range of devices can be as high as 25% and treatment is often costly with a much 

higher chance of reoccurring infections after the first one1. Laser surface treatment of 

commercially pure titanium (cp Ti or medical grade 2), which is a commonly used material in 

medical devices has been shown to improve response to bacteria attempting to attach to the 

surface2. The aim of this work was to investigate how laser treatment in an open-air 

environment made changes to the surface of cp Ti, the bacterial response to these changes 

and to propose a mechanism of this improved response to bacterial attachment. 

Surface characteristics to cp Ti were investigated before and after laser treatment in open air 

assisted via argon gas. Characterisation was conducted in terms of topography and 

roughness (SEM, WLI and AFM), surface chemistry (XPS and ToF-SIMS), phase composition 

(XRD), microstructure (SEM) and wettability (contact angle). The biofilm coverage of multiple 

species, S. aureus, S. epidermidis, E. coli, P. aeruginosa and P. mirabilis was measured via 

Live/Dead staining. SEM and FEG-SEM techniques were used to assess the position of 

bacteria and biofilms on the surface and FIB techniques were used to investigate the 

bacteria-material interface.  

Open-air laser surface treatment via a continuous wave laser assisted by argon gas was 

conducted on as received (AR) cp Ti at laser energy densities of 13.9 J/mm2 (LP), 19.8 J/mm2 

(MP) and 28.2 J/mm2 (HP). Laser surface treatment changed both the micro and nano-

topography of cp Ti in the form for laser tracks (micro-scale) and ripples (nano-scale). SEM 

images also revealed presence of micro sized re-solidified “droplets” of titanium on all 

surfaces as a result of laser-material interaction. Micro-roughness decreased initially from AR 

(Ra = 0.34 µm) to LP (Ra = 0.19 µm) and increased for MP (Ra = 0.41 µm) and HP (Ra = 0.63 

µm). Laser treated surfaces were considered spiky (Rku > 3) with more peaks than troughs 

(Rsk > 0). Nano-roughness increased as a result of laser treatment from AR (Ra = 46.1 nm) to 

LP (Ra = 95.9 nm), MP (Ra = 100.4 nm) and HP (Ra = 169.9 nm). All surfaces remained smooth 

(Rku < 3), with LP & HP surfaces possessing more peaks across the surface (Rsk > 0) and MP 

surface possessing a surface with more troughs (Rsk < 0).  
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Only α-phase titanium existed at the surface level after laser treatment, with changes to the 

microstructure involving a shift from HCP α-phase titanium to a mixture of acicular and 

platelet α-phase. XPS and ToF-SIMS results indicated a higher concentration of TiO2 at the 

surface with an increasing oxide thickness with increasing laser energy density. Surfaces 

remained hydrophilic after laser surface treatment, with contact angles not exceeding 59.6 

± 2.1°. 

Live/Dead staining and measurement of biofilm coverage indicated a statistically significant 

(p < 0.05) reduction in biofilm coverage for all tested species across all laser treated surfaces 

relative to the AR surface. There was no statistically significant difference in biofilm coverage 

on the laser treated surfaces themselves. SEM and FEG-SEM images depicted biofilms 

forming readily on the AR surfaces and only small micro-colonies and clusters forming around 

micro features (i.e. re-solidified droplets) on the laser treated surfaces. Bacteria were much 

more scattered across the nano-ripples on the laser treated surfaces with only a few small 

colonies forming. FIB sectioning of S. aureus on the LP surface did not possess sufficient 

magnification to identify any specific bacteria-material interactions in the nano-scale.  

In conclusion a combination of hierarchical micro and nano topographies on laser treated 

surfaces with an increased thickness in the oxide layer reduced the biofilm coverage of 

multiple species of bacteria associated with DAI on cp Ti. 
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INTRODUCTION  

With an increasing aging population across the globe, there is an increased demand for 

implantable devices such as hip and knee implants which improve the quality of life of people 

suffering from chronic degenerative diseases. Whilst such devices have proved to be 

excellent in longevity and performance, they present many engineering and medical 

challenges due to the complex nature of the body and how it interacts with long term in-

dwelling devices present within it. Issues such as implant wear, fracture, aseptic loosening 

and infection are long-term problems encountered by patients after receiving total joint 

replacement surgery in the UK 3. Intense research has been conducted across the fields of 

surgery, biology, engineering and manufacturing to provide solutions to these issues.  

The infection of an in-dwelling device, also known as device associated infection (DAI) is a 

particularly complex and difficult issue which presents a high risk to patients who suffer from 

it. A patient receiving total joint replacement surgery has approximately a 1-2% chance to 

contract DAI 1,4 and this can occur due to bacteria entering the body during or shortly after 

implantation or surgery and through other infections sites within the body or on the skin. 

Bacterial species commonly associated with DAI across a variety of medical devices include 

Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, Pseudomonas 

aeruginosa and Proteus mirabilis 1,5. Infection via DAI is notable in the fact that bacteria 

attach to a surface and alter their behaviour as they form what is known as a biofilm. A 

bacterial biofilm has altered metabolism and a matrix of extra polymeric substances (EPS) 

among other features that cause it to become tolerant to typical anti-microbial methods. DAI 

is treated accordingly depending on the severity and occurrence after implantation, but 

typically consists of removal of the infected implant and infected tissue and a sustained 

course of antibiotic treatment before a new device is implanted 4. Even after revision surgery, 

the chance of someone who has previously suffered from DAI increases from approximately 

2% to 29% 6. Attributable mortality of DAI across a range of devices can range from low – 

moderate at 5-25% mortality rate 1. 

Due to the nature of biofilm formation and the tolerance to anti-microbial therapy, strategies 

to combat this problem have focused on the prevention of bacterial attachment and biofilm 

formation in the first place. Bacterial attachment to the surface of an in-dwelling implant is 

a complex process affected by many interlinking factors. Among these factors, surface 

properties can affect the bacteria via physical means such as topography and roughness, 

surface chemistry and wettability of the surface 7. Whilst there is sometimes conflicting 
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information in how certain surface properties affect bacterial attachment and what is the 

“ideal” surface for minimising bacterial attachment, modification of the surface of titanium 

and its alloys (which are commonly used in orthopaedic implants) has been conducted using 

a variety of techniques.  

Much of the studies conducted focus on materials such as Ti and its alloys, mainly in the form 

of grade 2 commercially pure Ti (cpTi) and grade 5 Ti (Ti-6Al-4V) with some work being 

conducted on the newer beta Ti alloys such as TNZT (Ti-35Nb-7Zr-6Ta). CpTi and Ti-6Al-4V 

are employed across dental, orthopaedic and trauma applications for their desirable 

mechanical properties, corrosion resistance and biocompatibility8. Modification of these 

materials to enhance anti-bacterial properties include strategies which coat the surface with 

additional materials or modifying the existing surface. Adding materials such as silver 

nanoparticles, or additional layers via physical/chemical vapour deposition (PVD and CVD 

respectively), plasma sputtering or ion-beam evaporation present issues with cytotoxicity 

and additional layers of material have the threat of delamination within the body. As a result, 

other studies have sought to alter the surface of the implant material via methods such as 

chemical etching, anodisation, grit blasting and other mechanical methods. These methods 

have shown mixed performance in reducing bacterial attachment and come with their own 

disadvantages of cost and repeatability.  

Recent research investigating open-air laser surface treatment of titanium and its alloys has 

shown promise a means to reduce bacterial attachment (among other means such as 

improving hardness, wear resistance, corrosion resistance and osseointegration). Conducting 

laser treatment in open air has the advantage of offering greater flexibility to treat complex-

shaped surfaces which cannot be achieved using an environmental chamber. Whilst several 

studies have investigated laser surface treatment via the use of high frequency femto-second 

or pico-second pulsed laser systems, some studies have investigated the use of CW fibre laser 

treatment as a less expensive alternative. Instead of ablating the outer surface via pulsed 

laser treatment, (CW) laser surface treatment re-melts the surface layer to alter the 

topography, chemistry and wettability of the surface. CW fibre laser treatment has been 

conducted on cp Ti, Ti-6Al-4V and TNZT under the assistance of N2 gas, to create a laser 

nitrided layer which improves corrosion resistance, hardness and wear resistance on top of 

reducing bacterial attachment 9. Laser surface treatment under Ar assistance has been 

investigated on beta alloys (specifically, TNZT) as a means to reduce bacterial attachment 

and subsequent biofilm coverage. Whilst TNZT has distinct advantages in lower modulus 

closer to human bone and containing non-toxic elements it has not seen as wide use in 
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medical practice as cp Ti and Ti-6Al-4V. These studies have been limited to one species of 

bacteria; S. aureus, which, whilst it is the one of the most prominent species, other types of 

bacteria such as S. epidermidis or P. aeruginosa have been shown to selectively attach on 

materials with the same surface properties. The mechanism by which the bacterial 

attachment is reduced on these surfaces has been alluded to within these studies, i.e. 

alterations in topography, chemistry and wettability, but bacterial testing in these studies 

was largely limited to fluorescence microscopy, making it difficult to ascertain the exact 

method by which the surface reduced bacterial attachment.  

Thus, within this thesis, the novelty lies in both the application of open-air CW fibre laser 

treatment under an Ar environment upon cp Ti in relation to bacterial attachment and biofilm 

coverage which to the authors knowledge at the time of writing has not been investigated 

before; and the testing of multiple species of bacteria associated with device associated 

infection which have been shown to have selective attachment to treated surfaces. 
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CHAPTER 1 – LITERATURE REVIEW 

1.1 - Device associated infection 

1.1.1 - The need for implantable devices 

As of 2016, more than 566 million people are aged 65 or over and it is estimated that this will 

grow to 1.5 billion by 2050 10. Dwelling and prosthetic medical devices are used to repair, 

replace or support hard and soft tissue or organs that may have been damaged or removed 

as a result of a disease or injury. These devices may be made from a variety of materials such 

as metals, ceramics, polymers, composite materials or even naturally occurring materials 11. 

In 2014, the global market value for implantable devices has been valued at almost $80 billion 

and is expected to increase to over 160 billion by 2025 12. Dwelling devices also have different 

intended life-spans as not all of them are designed to be used over a given patients life span5.  

Implanted prosthetic heart valves are used to replace natural heart valves which are not 

working correctly due to coronary heart disease (more specifically, valvular heart disease) 

and can made from metallic and/or polymeric materials for mechanical variants and tissue 

for bioprosthetic variants. Prosthetic tissue heart valves are designed to dwell within a 

patient for upwards of 20 years and mechanical heart valves can remain in a patient for their 

remaining lifetime 13. Urinary catheters, stents and other urologic associated devices are 

common use in hospital environments to drain urine or to prevent blockages in the urinary 

tract are typically made from plastics such as rubber or silicone. Urinary catheters and stents 

typically stay in a patient for short periods of time during hospital stays between from weeks 

to months at most 14. Orthopaedic implants, including prosthetic joints and fixation devices 

are made from a variety of materials depending on application. Load bearing devices such as 

hip and knee prosthesis are typically made from metals such as titanium and its alloys with 

moving surfaces made from polymers or ceramics and can last in the majority of patients for 

at least 25 years 15,16. Fixation devices used to treat trauma can also be made from titanium 

and its alloys, with some bioresorbable variants being made from polymers. Certain screws 

may need to be removed once bones have healed, but many types of screws can remain in 

patients indefinitely 17. Dental implants use similar materials in titanium and its alloys for the 

fixation and ceramics and porcelain for the crown. These implants can last over 25 years 

depending on the type of implant, as some dental implants are cemented, whilst some may 

be attached via screw-retention, allowing for easier removal 18.  
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It should be noted that these implants aren’t without their problems and the expected 

lifespans listed above would be assuming no problems arising from failure, damage or 

induced injuries/ diseases the indwelling implants. Myriad failure modes exist for implantable 

medical devices after they have been implanted and significant research is undertaken to 

mitigate or overcome these issues. Prosthetic heart valves experience problems such as 

thrombosis of valves and calcification on the surface of the valve. The use of anti-

mineralisation techniques are used to prevent calcification and anticoagulant therapy can be 

used to prevent thrombosis of the valves 19. In metallic/ load bearing implants including 

orthopaedics, dental screws and fixation devices, a variety of problems occur. Stress-

shielding occurs in hip, knee and other implants that are interfaced with bone tissue in a load 

bearing manner and results in weakening of the surrounding bone. Bones are reactive to the 

amount of load the experience in that the bone will become less dense as a result of the 

implant bearing most of the stress. Research to date has investigated modelling of the stress 

within an implant/bone interface and alternative prosthesis design with improved load 

pathing 20–22. Wear and resulting corrosion of certain implants can cause debris to form within 

the host triggering a host immune response. This can have negative effects such as 

inflammation at best and toxicity to the host at worst 23–25. Studies have investigated a 

multitude of surface coating/ treatment techniques such as heat treatment and chemical 

etching to improve wear resistance of appropriate materials 23,26,27. Another severe failure 

mode is total fracture of an implant due to mechanical failure. Low fatigue strength in 

materials or gaps between dental implants and abutments or orthopaedic components can 

cause micro-movements which result in accelerated/ exaggerated load cycles resulting in the 

fracture 28,29. Improved implant and material designs have reduced the likelihood of implant 

fracture across multiple medical devices 30,31. Another common failure mode that affects the 

aforementioned implantable dwelling devices is Device Associated Infection (DAI) 32 which is 

discussed further in the next section.  

1.1.2 Infection in dwelling devices & Occurrence of DAI 

Infection in general constitutes approximately a third of mortality rates in people aged 65 or 

over 10. Of the nearly 2 million healthcare-associated infections reported by the Centres for 

Disease Control, 50–70% can be attributed to indwelling medical devices 33. Infections in 

indwelling/ implantable devices is particularly notable due to its difficulty in detection due to 

a lack of suitable biomarkers, its expenses associated with treatment method hospital time 

etc. and its potential tolerance to antibiotic therapy by persisting after a full course of 

treatment 4,34. In short, the infection is caused by the aggregation of bacteria attaching to the 
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surface of an implant and becoming a biofilm – this will be expanded upon in the next section. 

Infection of implantable devices can occur during or after surgery with bacteria being present 

on the skin, in the blood, on surgical equipment 35–37. Implantable devices required a 

significantly lower bacterial load (approximately x 10,000 less) to colonize and infect an 

implantable device in comparison to the native host tissue 5,38.  

Orthopaedic infection rates for hip and knee prosthesis lies between approximately 1-2%, 

elbows at a higher 5% and shoulders at around 1%  4,33,39. Clinical studies on extracted 

orthopaedic prosthesis reveal that common bacterial species associated with these 

infections include  Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas 

aeruginosa and Escherichia coli and more 40,41. It is noted that bacteria are present on 

multiple static components of the prosthesis (where there is more than one component), but 

no bacteria is observed on bearing or articulating surfaces such as the acetabular cup or tibial 

bearing surface 40,41. PJI has death rates between 2.7 – 18%, although, as with all infection, is 

skewed towards elderly patients 42. Infection of heart valves and the associated 

complications with  prosthetic valve endocarditis have infection rates  rate of up to 3.1% 

within 12 months of valve replacement and up to 5.7% within 5 years of valve replacement 

33,43,44 and bacteria typically colonise at the interface between the valve and the damaged 

native tissue 45. Species of bacteria associated with this type of infection typically include S. 

epidermidis, S. aureus and others 45,46. Overall hospital mortality of infective prosthetic valve 

endocarditis is 35% 47. Infections resulting from urinary catheters and similar devices occurs 

at a rate of approximately 7%  33,48. S. epidermidis, E. coli, P. aeruginosa, Klebsiella 

pnuemoniae and others are primarily associated with the infection of urinary catheters/ 

stents and colonise on the catheter surfaces interfacing with the urethra and bladder 49. 

Mortality rates are relatively low for unirnary catheters at under 5%1. Postoperative infection 

in dental implants can affect between 4-10% of patients 1,50–54 Streptococcus mutans, 

Streptococcus salivarius, Pophyromonas gingivalis, Treponema denticola and others have 

been linked to infection in dental implants 55 and death rates associated with this type of 

infection are comparatively low at < 5% 1. It is important to note that the infection rates for 

all aforementioned applications are typically associated with first time infection. Once an 

infected implant is removed and replaced after antibiotic therapy, the chance of becoming 

infected increases significantly from the first time 1,56. For example, the typical 1-2% infection 

rate for prosthetic joint replacement increases to ~29% for those who have experienced a 

previous prosthetic joint infection 6.  
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1.1.3 - Biofilm formation in dwelling devices 

According to the US National Institutes of Health (NIH), biofilms account for approximately 

80% of the total number of infections in human beings, with device associated infection 

included within this 5,57.  Device associated infection occurs due to the preference of bacteria 

to exist in sessile, surface-attached communities, known as biofilms, which can form on the 

infected implant. When planktonic bacteria (free-moving, single-cellular bacteria) attach to 

a surface (becoming sessile bacteria) in aggregation, a biofilm is formed. This attachment 

consists of an initial reversible adhesion and a secondary irreversible attachment. Complete 

understanding for both of these mechanisms has not been yet achieved, but theories and 

models have been created in an attempt to explain these phenomena. It is generally accepted 

that initial reversible attachment consists of the physicochemical, chemical and physical 

interactions between a substrate and bacterial cells 58,59.  

Once attached and in the sessile state on either a biotic or abiotic surface, genes that regulate 

Extracellular Polymeric Substance (EPS) production are activated. This creates an extra-

cellular matrix composed of polysaccharides, DNA and proteins, that create a protective 

outer “shield” around the bacterial community, with channels interspersed throughout the 

matrix to allow for nutrient transport (Figure 1).  Once in this state, the sessile bacteria are 

around 500-5000x more tolerant to anti-microbial therapy than their planktonic 

counterparts 60,61. This is due to an O gradient around the outer parts of the biofilm, where 

the bacteria at the extremities of a biofilm consume the surrounding O, and bacteria more 

towards the centre of the biofilm experience a depletion of O. This depletion results in a 

much slower metabolism, which dramatically diminishes the effects of anti-microbials, which 

typically target metabolic processes of bacteria 62. Biofilms can also mediate cell lysis/ death 

within the biofilm itself to produce EPS scaffolds that help the development of a biofilm, and 

also act as a barrier to antibiotic permeation 63–65. 

 

Figure 1: The components of a bacterial biofilm attached to an abiotic surface. 
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Biofilms are typically tolerant to antibiotics as a result of these changes and it is important to 

note that antibiotic tolerance is not equivalent to antibiotic resistance. Tolerance is a 

dynamic and adaptive process which occurs when high amounts of bacterial cells accumulate 

in a particular area and the bacteria is unable to proliferate, but still persist during anti-

bacterial treatment. Resistance on the other hand is considered intrinsic to the bacteria, as 

the resistance typically develops from genetic mutations and is passed on as such and it is 

still able to proliferate and persist under the same treatment. The tolerance of a biofilm is 

reversible which is the key differentiator for that of resistance and is a separate area of 

research entirely 5,60.  

Some of the most common species of bacteria present in biofilms across various medical 

devices are S. aureus, S. epidermidis, Viridians streptococci, K. pneumoniae, E. coli, 

Entrococcus faecalis, Proteus mirabilis and P. aeruginosa 60,66. Biofilms can be either 

monomicrobial or polymicrobial and there is evidence of monomicrobial biofilms with sub-

populations with differing phenotypic/ genotypic behaviours, even though they are the same 

organism. Certain species may have different responses to specific antimicrobial agents or 

immune responses, making them even more challenging to detect and treat 4,67. There is also 

currently no known biomarker that specifically identifies biofilms and their resulting infection 

on dwelling medical devices 4,5,34. 

Previous studies investigating which components and materials that these biofilms form on, 

show that they can attach to almost any surface that does not articulate41. However, this 

does not mean they cannot attach to the component at all as some parts of these articulating 

components are not constantly in contact with another as they articulate. For hip 

components, multiple species including S. epidermidis and S. aureus have had bacteria 

extracted from the stem and shell/cup (typically made from titanium alloys) and also the liner 

(typically polymer based) and femoral head (CoCr). 4041 For knee components, bacteria has 

mainly been extracted from the tibial tray/ plate components, normally made from titanium, 

steel or CoCr 41,68 and polyethylene inlays 68. It should be noted that these studies extract 

bacteria via sonication of the entire component, rather than specific sites and surfaces on 

the components themselves. 

Currently, the standard treatment for device associated infection is the removal of the 

indwelling implant, debridement of infected tissue and a prolonged period of antibiotic 

therapy before the implantation of a new device 4,32,69. This obviously has varying difficulty, 

cost and health consequences depending on the removed device. With the threat of both 
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antimicrobial resistance, the emergence of multi-drug resistant bacteria (“super-bugs”) and 

the general antimicrobial tolerance observed in device associated infection, it is crucial to 

understand how an implanted device becomes infected and to prevent the problem with 

reduced dependency on antibiotics 70. In an absence of new antibiotics and strategies to 

eradicate of biofilm infection, the perturbation of bacterial surface attachment, and 

transformation to sessile biofilms, is a promising strategy to prevent device associated 

infection. 

1.2 - Mechanism of bacterial attachment  

To date, the exact mechanism of bacterial attachment is not fully understood as it is an 

extremely complex process with many components interacting at once.  It is generally 

accepted that bacteria first undergo an initial reversible attachment before a more mature 

attachment is formed and irreversible attachment has occurred. For any bacteria attaching 

to a surface, the liquid medium, the surface and the bacteria itself are all interacting together 

as bacteria attaches and all must be considered when attempting to gain an overall 

understanding of the process 7. 

1.2.1 - The bacterial cell 

Bacterial cells exist in morphologies depending on their species, such as bacilli, which are rod 

shaped bacteria and cocci, which are spherical in shape. Bacteria are generally around 1 

micron in size (Cocci bacteria are about 1 um in diameter and bacilli are typically 1um x 2um 

long), substantially smaller in comparison to host cells such as macrophages (~20 um 

diameter) and osteocytes (range from 5-20 um in diameter). Regardless of species, bacteria 

have general structures and features common across all species, and some species will 

possess a variety of “virulence factors” that confer pathogenicity to the microorganism, 

allowing it to establish an infection within the host. Virulence factors may include those 

involved in surface attachment and the ability to form a biofilm. On the exterior of this may 

include a capsule, or other structures responsible for attachment. Some bacterial species will 

exhibit flagella, which allows a bacterial cell to swim within a liquid medium as well as act as 

an anchoring tool by reaching areas the normal cell envelope cannot reach 71. Most of the 

surrounding appendages are called fimbriae, or pili and are the means by which bacteria can 

attach to other bacteria, eukaryotic cells or abiotic surfaces (such as prosthesis). Fimbriae/ 

pili can exist on the tips of the cell (particularly on rod shaped bacilli) or spread evenly around 

the cell 72. These have been shown to adapt dynamically depending on their proximity to a 

surface, extending or contracting when necessary 73. 
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Figure 2: Bacterial Cell envelopes of typical Gram-positive cocci cells and Gram-negative bacilli cells, with 
magnified sections of the membrane and cell walls. 

The aforementioned organelles typically have an outer layer of proteins called adhesins, 

which allow them to bind with molecules of other surfaces 74. Different species of bacteria 

possess different variations of organelles and adhesins, resulting in specificity towards 

different surfaces. For example, S. mutans typically adheres to teeth, but not the tongue and 

S. salivarius adheres to the tongue but not to teeth 75. Whilst surfaces may prove to resist 

initial attachment of bacteria, conditioning films of proteins can be secreted by the bacteria 

to enable attachment 76,77. P. aeruginosa cells have been observed to deposit a layer of 

exopolysaccharide when encountering a new surface, creating  favourable adhesion points 

for other cells 78. Cells within the same species can exhibit different cell envelopes, with 

varying amounts and lengths of pili or flagellum, allowing for certain bacteria with 

appropriate organelles within a given population to more readily adhere to a surface 79.  

Another key feature is the composition of the outer layers of a bacterial cell’s membrane, 

which is mostly divided into two groups – Gram positive and Gram negative. Gram positive 

species (such as S. aureus and S. epidermidis)  possess a cell wall that consists of a thick (up 

to 80nm) multi-layered outer wall made of peptidoglycan and Gram negative species (such 

as P. aeruginosa and E. coli) possess cells with a thinner (up to 15nm) single layered wall 

which also contains peptidoglycans as well as lipopolysaccharides (LPS) and other proteins 

which form the outer cell membrane, which is not present in Gram positive 72. In previous 
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studies Gram positive cells have been shown to have stiffer walls than their more flexible 

counterparts 80–82. Previous work has also investigated the bending rigidity and Young’s 

modulus of the peptidoglycan layer of a bacterial cell wall which is found in different 

quantities in both Gram positive and Gram negative species. This gives insight to certain 

properties of the wall, such as orientation and length of peptide bonds within the 

peptidoglycan layer 35,83,84. Disruption of these walls/membranes (known as lysis) effectively 

results in cell death preventing bacteria from attaching, colonising and forming a biofilm 80.  

The bacterial cell experiences a variety of forces as it moves toward a surface (which is 

covered in the next section). After repulsive forces are overcome, interactions between the 

cell and surface begin to mature, where adhesins are produced, surface structures are 

rearranged and the cell body itself is repositioned 7,85. Once this occurs, the bacteria switches 

from a mode of reversible attachment to a mode of irreversible attachment and begins to 

colonise the surface and subsequently the formation of a biofilm begins. 

1.2.2 - Forces experienced by bacteria in a liquid medium 

As a bacterium approaches a surface within a liquid medium, it experiences a variety of forces 

that can have an impact on its ability to attach successfully. Firstly, as bacteria are in the 

planktonic form before attachment, they are exposed to forces exerted on them by the flow 

of the liquid medium. There are three distinct zones within the liquid/surface interface that 

planktonic bacteria can exist; the bulk liquid, the boundary layer and the surface itself (Figure 

3) 7,86.  

Planktonic bacteria typically move in mostly straight or slightly curved trajectories whilst in 

the bulk liquid and experiencing the forces of the flow. As the bacteria approach the surface 

boundary layer, the flow velocity decreases, and the bacteria typically move in more circular 

trajectories as a result of the decreased forces exerted by flow 87,88. This is due to reduced 

flow rates within the boundary layer. Boundary layer thickness is typically measured from 

the surface to the point where the velocity of the flow is 99% of the freestream velocity (i.e. 

the velocity of the bulk liquid). The velocity of the flow decreases towards the surface, 

creating an area of reduced flow. As the flow velocity of the bulk liquid increases, the 

boundary layer thickness decreases, decreasing the area of reduced flow 87,88.   
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Figure 3: Hydrodynamic effects on planktonic bacteria in bulk liquid and close to the surface under two 
different flow rates. 

At lower flow velocities in general, appendages on certain types of bacteria allow more 

control of the trajectory the bacteria take. Bacteria with flagellum can “swim” and propel in 

certain directions, while fimbriae and pili on the surface can induce drag, slowing movement 

and allowing bacteria to spend more time in proximity to the surface it is attempting to attach 

88. The flow environment experienced by bacteria at a surface varies widely depending on 

their surroundings e.g. bacteria may experience high velocity flow regimes in water piping 

and comparatively low velocity flow regimes in proximity to implanted devices. Species such 

as E. coli, P. aeruginosa or S. epidermidis have been shown to require upwards of 120 seconds 

and as little as 5 seconds residence time on a surface to successfully attach 89. As bacteria get 

closer to the surface and the freestream velocity of the fluid tends to zero, the phenomenon 

of Brownian motion has an amplified effect , where molecules in the surrounding fluid 

colliding with the bacteria alter its trajectory, potentially moving it closer to the surface 88. 

For bacteria to attach successfully to a surface, the sum of forces of attraction between the 

bacteria and a surface must be greater than the sum of the forces of repulsion. This is the 

basis of DLVO theory (Derjagun Landau Verwey Overbeek) which acts as a basic and widely 

accepted theory to explain this phenomenon 58,90,91. DLVO theory is not without its flaws, (e.g. 

it assumes a perfectly flat surface) but its general principles give a good approximation on 

the forces of attraction and repulsion that bacteria experience at the surface level. 



10 
 

Bacteria begin to experience these forces in a significant manner as the bacteria comes within 

the nanometre range of distance from the surface. At approximately 50 nm from a surface, 

bacteria will experience Van der Waal (VDW) forces of attraction from the surface. At about 

20 nm from the surface, electrostatic forces of repulsion between the surface and bacteria 

begin to take effect. Electrostatic forces are dependent on the interaction between the 

surface, the medium (pH), and the bacteria 90 (e.g. at neutral pH, most bacteria are negatively 

charged 86). Bacteria within an aqueous solution possess an electrical charge, which attracts 

ions within the medium and forms what is known as an electric double layer. The surface 

charge of a bacteria is normally measured in zeta potential 92. At approximately 5 nm from 

the surface, both the VDW and electrostatic forces are at their strongest, and a variety of 

other forces are influential, namely hydrophobic interactions and site-specific interactions. 

The aforementioned amplified Brownian motion effects can help bring the bacteria closer to 

the surface to overcome these interactions 88. 

 
Figure 4: Long and short-range forces of attraction and repulsion experienced by bacteria close to a surface. 

The hydrophobicity of a surface (including the cell surface of bacterium) is governed by its 

surface energy, surface chemistry and texture. Bacteria with hydrophobic surfaces attach 

preferentially to hydrophobic surfaces and the same is true for hydrophilic bacteria on 

hydrophilic surfaces 93,94 . Fimbriae, pili and other surface appendages that exist on the 

envelope of the bacteria may contribute to the hydrophobic effect 7. Site specific interactions 

occur as physical parts of the bacteria such as the pili or fimbriae begin to attach and form 

bonds with the surface conditioning film. O Side chains (present on lipopolysaccharide of 

Gram negative bacterial species) can extend up  to 30 nm from the surface, forming hydrogen 

bonds with mineral surfaces 95. As more and more of these physical bonds occur and water 

molecules are pushed out from between the bacteria and the surface, the bacteria begin to 

transform their planktonic state to their sessile state and colonisation of the surface proceeds 

accordingly. As small colonies begin to gather on the surface, quorum sensing occurs, which 

allows bacterial cells to effectively “communicate” with each other that they are present in 



11 
 

a colony. This works by bacteria emitting signal molecules (or “autoinducers”) as they attach 

to a surface. These autoinducers are more likely to be secreted from one bacterium to 

another when they are in high concentration due to multiple present bacteria. Once other 

bacteria are in contact with these autoinducers, they can alter their genetic expression to 

perform more favourably as bacteria within a biofilm 96. This includes alteration of their 

metabolism and secretion of EPS as the early stages of biofilm formation begin. 

1.2.3 - Substratum surface properties and their effect on bacterial attachment 

The surface that the bacteria is attempting to attach to will have a host of properties that 

affect initial attachment and biofilm growth. Whilst the entire process of bacterial 

attachment is not fully understood, there are certain aspects of surfaces that have distinct 

effects on bacterial attachment. These properties can be sub-divided into three main 

categories. Physical properties, such as the topography and roughness of the surface, 

chemical properties, including the molecular composition of the surface and the presence 

of conditioning films, and physicochemical including surface energy and hydrophobicity. It 

should be noted that some of these properties are constantly interplaying with each other 

and can influence one another.  

1.2.3.1 - Physical surface properties - Roughness  
 

The shape of a surface that bacteria attempt to attach to can play a critical role in attachment. 

Roughness exists as a quantitative measurement, whilst topography/ morphology etc, are 

typically more qualitative. Any surface that bacteria can adhere to will possess a certain 

roughness value. Roughness is generally defined as either arithmetic mean roughness of a 

2D profile (Ra) or the arithmetic mean roughness of a 3D surface plot (Sa). Roughness and all 

other variables are specific to the length they are measured over (Figure 5). 

 

Figure 5: Components of a roughness profile of a given length L 
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(1) 

Where n is the number of measurements taken, and zi is the height value at a given 

measurement. This indicates the average distance in height at which certain features deviate 

from the mean line of the profile/surface plot. Measurements of the same plots also possess 

a maximum profile/surface height – Rt/St (or Rz/Sz) respectively, showing the distance 

between the maximum valley depth and maximum peak height 9798. 

 𝑹𝒕 = |𝒎𝒂𝒙 𝒛𝒊| + |𝒎𝒊𝒏 𝒛𝒊|  (2) 

Where max zi is the maximum height value of a plot and min zi is the minimum value of a 

plot. Whilst two plots may have similar or identical roughness and maximum height values, 

they may present different morphology. Root mean square (RMS) roughness is typically 

defined as Rq/Sq and is defined as; 
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(3) 

Parameters such as skewness (Rsk/Ssk) and kurtosis (Rku/Sku) help indicate the shape of the 

surface in a quantitative manner.  
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(4) 

Where Rq is the RMS roughness. Skewness indicates the symmetry of the surface – positive 

skewness (Rsk > 0) indicates larger peaks and negative skewness (Rsk < 0) indicates larger 

troughs in the profile/ surface being analysed (Figure 6).  
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(5) 

 

Kurtosis acts as a measure of how “sharp” a surface is with kurtosis values of under 3 (Rku < 

3) indicating a relatively smooth surface and values over 3 (Rku > 3) indicating a relatively 

sharp surface 97,98 (Figure 7). 
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Figure 6: Example profiles with differing skewness properties 

  

The majority of literature presents roughness values extracted from a profile (Ra) as this is 

has been considered the standard for defining roughness for quite some time and is relatively 

easy to obtain compared to the surface roughness (Sa) 99–104. Surface parameters tend to give 

a more representative characterisation than their profile counterparts, capturing an entire 

surface plot rather than a single line, but these generally require analytical tools to acquire. 

Roughness values and its other associated parameters allow a comparable quantification of 

the morphology of a surface, which can be useful in determining what topographies and 

roughness may have specific effects on bacterial adhesion and biofilm coverage. 

 

Figure 7: Example profiles with differing kurtosis profiles 

 

 Depending on the scale of surface roughness and features that bacteria interact with as they 

approach a surface, the bacteria can experience different effects. In a previous study, these 
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have been divided into “micro-enabled” and “nano-enabled” mechanisms 91. An important 

aspect of determining how roughness can affect bacterial attachment is the area and profile 

of the surface in question. The lengths that roughness values are measured which are 

relevant to bacteria are categorised under 3 separate length scales; macro-roughness with 

features of length 10um to over 1mm, micro-roughness with features of length 1 – 10um and 

nano-roughness between 1nm – 1µm 97,105. With typical dimensions of bacteria ranging from 

approximately 1µm - 5µm, these distinct roughness ranges have varying effects on bacteria 

attaching to the surface (Figure 8). 

 

Figure 8: Bacteria interaction on different scales on a surface. Note that nano-rough surfaces interact with 
the cell directly, while micro-roughness affects how bacteria gather and order themselves. 

The maximum height (Rt/St) of a surface can normally indicate the height between the peaks 

and troughs of such surface features, so long as the scale at which they are measured across 

is relatively close to the size of the bacteria. With bacteria having size envelopes between 

roughly 1 – 5 µm, scan areas/lines on a measured close to this range will be able to capture 

this 74. Simultaneously, skewness and kurtosis values tie in with Rt/St measurements at a 

similar scale. With skewness (Rsk/Ssk) indicating deep valleys or protruding spikes at negative 

and positive values respectively, negative values of skewness on a surface could point to 

favourable environments of bacteria to “nest” in, provided that the Rz/Sz values are equal to 

or greater than the height of the bacteria in question. Again, with surface features of length 

close to the size of bacterial cells, kurtosis can point towards the total surface contact area 

bacteria may have with the surface, with kurtosis values of a profile/surface less than or equal 

to 3 providing a more relatively smooth surface, potentially increasing contact area and 

greater or equal to 3 giving a sharp “pointy” surface, with the opposite effect.  

1.2.3.1 - Physical surface properties - Topography  

Whilst roughness allows for quantitative analysis of physical changes to the surface, 

topography and morphology of a surface are more qualitative. For example, two surfaces of 

the same Ra values over the same length may have different topography which may not be 

captured by quantitative means. Other features which may not be captured in such a way 
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are whether the surface is present in a pattern or the shape of more complex features such 

as tubes and fibres. Similarly, to roughness, topography has distinct effects on bacterial 

attachment depending on whether it measures in the micro or nanoscale. 

In the micro-scale, topography features can affect the hydrodynamics of the fluid, ordering 

and separation of bacteria on the surface to which they may attach 91. Some studies to date 

have shown that bacteria typically have more success adhering to polished surfaces and to 

surfaces with irregularities, patterns or “craters” larger than the physical size of the bacteria 

(i.e. micro scale features) 101,106,107 (Figure 8). It is hypothesised that these polished or flat 

surfaces (relative to the scale of a bacteria cell) can increase contact area between a 

bacterium and a surface, giving more opportunity for pili or other organelles to serve as 

anchor points. However, this may in turn make the bacteria susceptible to shearing forces 

exerted by the fluid motion of the medium, causing bacteria to continue to drift as planktonic 

bacteria.  Surface irregularities and “craters” can help shield the bacteria from these forces 

but can also decrease the surface contact area depending on how close they are to the 

dimensions of the bacteria 106,107. These are some of the consensus theories on how micro-

scale features can affect bacterial attachment. However, there is often conflicting results 

when it comes to understanding bacterial interaction on surfaces with nano-scale features 

and nano-roughness. 

Features that measure in the nanoscale on a surface more closely interact with 

physicochemical forces and surface chemistry as well as the bacteria itself. Nanoscale 

features can even induce cell death by membrane disruption and lysis through physical 

interaction with certain topographies. This is achievable when the features are sufficiently 

small and sharp enough to rupture a cell envelope by inducing pressure on the cell as it is 

attracted to the surface 108. In a less active way nano-roughness and topographies can also 

reduce the surface contact area with a cell by having sufficiently high peaks and troughs. At 

sub-nanometre roughness, a surface is extremely smooth relative to the attaching 

bacterium, creating maximal area for attachment, assuming a straight bacterial cell wall 109. 

Despite these explanations, there is conflicting evidence for them across a multitude of 

surfaces 100–102,109–115. Authors normally agree that in these situations it is difficult to attribute 

nano-topography and roughness to reduced bacterial adhesion alone and that other 

variables such as hydrophobicity, chemistry or the inherent properties of bacterial cell itself. 

For comparing actual roughness values and/or topographies between previous work, there 

can be conflicting information on what values of roughness are less favourable for certain 

species of bacteria or whether increasing or decreasing roughness results in reduced 
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bacterial attachment. P. aeruginosa, S. epidermidis and E. Coli have been shown to favour 

attachment to recessed areas of surface similar to their physical dimension, rather than on 

smooth surface 5,116. Flagella extending from a bacterium can also confer additional “reach” 

71. This means that even though a surface pattern or feature may not immediately present 

itself as a suitable binding site, flagella can anchor itself within crevices much smaller than 

the diameter of the bacterium itself.  

As the study of the interaction between physical features and bacterial attachment is still a 

developing field, with limited methodology available, it is understandable that there may be 

conflicting information. Using suitable available techniques and reporting data in accordance 

with current ongoing research will help provide more insight into the field as it develops.  

1.2.3.2 - Chemical and physicochemical surface properties 

The chemistry and composition of a surface that bacteria attempt to attach to, influences the 

surface charge, wettability and specific biochemical interactions with the bacteria itself. 

Whilst physicochemistry is an effect derived from both physical and chemical surface 

properties, the scale at which they act is close to that of chemical interactions. Bacteria across 

different environments will encounter a variety of chemistries on surfaces they can attach 

to, such as metallic implants, plastic food packaging or even human tissue. Bacteria not only 

interact with the chemistry of the material directly, but also with a so-called conditioning film 

that forms on the surface. Conditioning films compose of any molecules within the same 

medium as the substrate (including ones generated by bacteria), that can bond with the 

surface.  

1.2.3.2.1 - Conditioning films 

In the case of implanting a device into the human body, the first substances that will typically 

be encountered by the device’s surface will be bodily fluids (such as blood or saliva) or tissue 

(such as skin or bone). These devices will then remain in the body within different 

physiological environments depending on their location within the body. Whilst within these 

environments, organic matter such as proteins (both from the host and bacteria) will begin 

to adhere on the surface and form the basis of a conditioning film. The shape, size and 

composition of these conditioning films vary depending on the physiological environment, 

species of bacteria attempting to attach and a large degree to the surface chemistry and 

hydrophobic properties of the surface it is attaching to 117,118. These conditioning films are 

vital for bacteria to be able to attach to a surface to provide binding points for specific 

adhesion. In what has frequently been called “the race to the surface”, bacteria compete 



17 
 

with proteins and host cells, such as osteoblasts, fibroblasts etc. to colonise a surface 

37(Figure 9).  

Proteins in the blood, such as fibrinogen, albumin and fibronectin readily form conditioning 

films on materials in contact with blood serum. These proteins normally adsorb and desorb 

to a surface in an order of precedence called the Vroman effect. Under this effect, larger 

proteins displace smaller proteins on the surface as they come in contact with it. Smaller 

proteins such as albumin and globulin are displaced by fibrinogen and fibronectin, which 

themselves are displaced by Factor VIII and high-molecular-weight kininogen 119,120. Bacteria 

have various appendages on their surface known as adhesins which allow them to bind to 

proteins and other substances in conditioning films and directly to abiotic surfaces. S. aureus 

and S. epidermidis possess specific adhesins such as collagen-binding adhesins (CNA) or 

fibronectin binding proteins (FnBPs) which are involved in irreversible attachment to collagen 

and fibronectin (respectively) 121. Gram negative species such as E. coli and P. aeruginosa 

possess multiple outer membrane proteins (OMPs) and appendages, such as pili and 

fimbriae, that can form attachments with conditioning films. These not only bind to proteins 

on the surface but have a critical role in biofilm growth and spread 122. Certain proteins can 

have the opposite effect by “passivating” the surface altering the chemical and 

physicochemical properties. It has been shown if an implant is pre-treated by suspension in 

bovine serum albumin (BSA) or bovine glycoprotein, that bacterial adhesion reduced 

drastically, potentially as a result of changes to hydrophobicity 123. 

 

Figure 9: Potential components of a conditioning film present on an abiotic surface that bacteria may attach 
to. 

Bacteria also excrete their own proteins in the form of extracellular matrix associated 

proteins when encountering an abiotic surface, allowing them to create a favourable 

conditioning film for themselves to attach to. S. epidermidis has been shown to produce 
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polysaccharide intercellular adhesins (PIA) which helps secondary bacterial species to attach 

to previously attached pioneer species 124. 

1.2.3.2.2 - Abiotic Surface chemistry/ physicochemistry properties 

For different components made from a variety of materials, different “default” surface 

chemistries exist and can have distinct effects on bacteria. It is important to note firstly, that 

bacteria themselves possess their own variety of surface chemistries and physicochemical 

properties. A general rule is that bacteria are negatively charged and as such positive (or to 

a lesser extent, neutral) surfaces are easier to colonise 93. For Gram positive cells such as S. 

aureus or S. epidermidis, teichoic and lipoteichoic acids which extend from the cell wall 

possess charge and take place in electrostatic interactions with charged groups that are 

present on the surface making it negatively charged 121,125.  

Metals such as titanium and its alloys, which are commonly used in dental and orthopaedic 

implants, will naturally form a passive oxide layer due to its affinity for O. This oxide layer is 

a crucial part of the material’s biocompatibility as it prevents any ion release from the surface 

and prevents host responses from triggering in response to the component being implanted 

8,126. These implants made from metals such as steel or titanium are often passivated via acid 

etching, heat treatment or ultrasonic cleaning etc. to modify their oxide layer to enhance 

corrosion resistance 8. It is rare for bacteria to encounter a “pure” metallic surface implanted 

within a body, as these would often cause problems such as cytotoxicity and inflammatory 

host responses as a result of corrosion and release of metallic ions 127,128. A natural oxide film 

on commercially pure titanium at room temperature normally consists of a stable TiO2 layer 

with adsorbed water and contaminants on top, and Ti and TiO2 at the interface between the 

oxide layer and bulk material (Figure 10) 8. 

Reduced bacterial activity due to chemical changes in metals have been attributed to an 

increased thickness of oxide layer on the surface of the titanium, which reduces surface free 

charge carriers available, resulting in an increased energy barrier of electrostatic forces for 

the bacteria to overcome before attachment 58,129,130. Titanium dioxide of the anatase phase 

exhibits a specific anti-bacterial effect by killing bacteria when exposed to UV radiation. This 

occurs from UV light exciting electrons from TiO2 molecules which cause free radicals to 

induce oxidative damage to the cell, thus inducing cell death131–133. As a variety of surface 

oxide chemistries can exist on the surface of titanium there can be varying magnitudes of 

surface charges and hydrophobicity and therefore conditioning film compositions and 
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bacterial adhesion (Figure 10). The composition and thickness of a metal’s oxide layer can 

potentially indicate how bacteria behave when attempting to adhere to the surface. 

 

Figure 10: Schematic diagram of potential specific and non-specific interactions between bacterial proteins 
and the conditioning layer formed on the surface of a titanium oxide layer (FnNP = Fibronectin binding 
protein). (Note - diagram is not to scale) 

Other materials used in medical implants, such as polymers, are made up of various chains 

of hydrocarbons. On the surface of an implanted device, these chains can possess charged 

(such as COO- and COOH+) and polar or non-polar groups (such as OH, C=O (polar) or CH3 and 

CH (non-polar)) and  contributing to electrostatic and hydrophobic interactions respectively 

134. Specific selection of these groups allows for high control of the charge and wettability 

characteristics of a surface to aid in controlling conditioning films and bacterial adhesion 121 

Polyethylene oxide (PEO) chains have been shown to be effective in reducing attachment of 

bacteria and proteins due to the size of the exclusion zones created by the mobile chains of 

PEO and the subsequent reduction in VDW forces of attraction 134,135. Ceramic materials such 

as alumina and zirconia are also used in medical implants. These surfaces typically 

demonstrate less bacterial adhesion compared to their metallic and polymeric counterparts, 

as they more readily retain a wider variety of serum proteins and present more favourable 

physicochemical properties 136. Ceramic surfaces, specifically, those used as bearing surfaces, 

don’t tend to facilitate biofilm formation due to the shearing of bacteria from their surface 

from constant motion and friction 40. 

The surface chemistry, conditioning film and resulting physicochemical properties of an 

abiotic surface are instrumental in determining the adhesion of bacteria to a surface. 

Appropriate characterisation of these surfaces is required to investigate their potential effect 

on bacterial adhesion and gain understanding and insight into the attachment mechanism. 
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1.3 Anti-bacterial strategies in reducing biofilm formation on 

medical devices 

1.3.1 – Antibacterial agents 

Currently in hospitals and clinics, patients who are diagnosed with an infection as a result of 

their implanted medical device will experience a variety of treatment methods depending on 

the device that is implanted. One commonality between devices and methods is typically 

some form of antibiotic therapy.  This is normally coupled with removal of the infected 

device, irrigation of the infected site and debridement of infected tissue also known as DAIR. 

Treatment can last for months for certain devices, such as prosthetic hip and knees. 

Antibiotics are normally administered intravenously in early stages to decrease the bulk 

bacteria within a patient before more specific antibiotics with anti-biofilm activity are used 

locally in respect to the infected site 137.  

As certain device infections can be difficult to diagnose and treat, a commonly researched 

strategy is to deliver these antibiotics locally to the implantation site with burst releases or 

sustained delivery to ensure prevention and/or killing of biofilms that may form on the 

device. 138–140 In orthopaedics, bone cements such as polymethylmethacrylate (PMMA) or 

acrylics are commonly infused with antibiotics 141,142. Coatings such as hydroxyapatite (HA) 

and calcium phosphate that aid in host integration have also been employed as antibiotic 

eluting coatings in research 143,144. Dental implants can utilise poly lactic acid (PLA), HA and 

PMMA in a similar manner with sustained localised delivery of antibiotics in high 

concentration 145,146. Chitosan, polyurethanes and other polymers have been investigated for 

antibiotic elution for intravascular applications 147,148. Urinary catheters utilise antibiotic 

infused chitosan, peptides and PMMA among other strategies to reduce infection 149,150. 

However, with the increasing threat of antimicrobial resistance and the lack of newly 

discovered antibiotics, some strategies are moving away from utilising antimicrobial delivery.  

Certain strategies involve the use of metallic particles such as silver or titanium for their 

strong antibacterial effect. Silver nanoparticles are extremely effective in the disruption of a 

bacterial cell. They are able to accumulate and penetrate bacterial membrane, before 

forming reactive O species within the cell as a result of the generation of free radical, which 

causes DNA damage, protein denaturation and ultimately the death of the cell 151. As 

mentioned previously, titanium dioxide particles work in a similar manner, but to generate 

free radicals, they must first be stimulated by UV radiation (photocatalytic effect)152. This 

limits their usability (outside of surgery) to devices which are readily in contact with light. 
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Nanoparticles such as silver or titanium-dioxide can be delivered in multiple ways, such as 

through surface nanotubes, embedding within cement or upon surfaces themselves 153–

155.These particles are not without their drawbacks, with the main issue being the threat of 

cytotoxicity to the host when either silver 156–158 or titanium dioxide 159–161 nanoparticles are 

in high concentration. 

1.3.2 - Surface treatment without the use of antibacterial agents 

In favour of preventing harm to the host directly through cytotoxic agents or indirectly 

through antimicrobial resistance, much work has been conducted in investigating strategies 

that create a less hospitable environment where bacteria attach and grow into biofilms 

without active antimicrobial specificity or direct cytotoxic threats to the host. This is achieved 

by altering the fundamental surface properties such as roughness, surface chemistry and 

wettability to where bacteria are passively less likely to adhere/ grow into biofilms. This 

surface treatment of implant materials has been a topic of high interest in combatting biofilm 

formation and device associated infection as a result.  

Surface treatment (sometimes called “passive” or “passive coating”) can include those of 

applying an additional layer to the material, or modification of the bulk material. Both 

methods have their advantages and disadvantages. Additional layers can be highly tailored 

and specific in the reduction of biofilm formation but may be difficult to bind to the surface 

causing the threat of delamination. Treatment of the bulk material removes this threat, but 

may alter properties unfavourably, such as mechanical strength, corrosion resistance or even 

cause cytotoxicity. Regardless of the method, medical devices currently used in clinical 

settings have undergone rigorous testing and approval processes, so any changes to surfaces 

must be characterised and understood as much as possible when creating an antibacterial 

surface treatment. These strategies seek to alter the roughness, topography, chemistry and 

or wettability of a surface to decrease bacterial adhesion and subsequent biofilm formation. 

Some of the most basic forms of surface treatment involve mechanical grinding or polishing 

to alter the texture, roughness and/or hydrophobic properties of a surface. Ti-6Al-4V, 

stainless steel and zirconium-niobium alloys, when ground and polished to nano-scale 

roughness, demonstrate decreased S. epidermidis adhesion. Cobalt-chromium-molybdenum 

also experienced a decrease but at a higher magnitude which was attributed to its increased 

hydrophobicity as a result of the polishing process 162.  Chemical mechanical polishing (CMP) 

adds an additional treatment step of hydrogen peroxide to oxidise the surface. Upon 

application of this technique to thin film titanium, the adhesion of Cronobacter sakazakii 
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decreased, which was attributed not only to the decreased roughness, but also to the 

increase in thickness of the oxide layer on the titanium 114.  

Certain techniques involving chemicals, UV radiation and/ or etching can dramatically alter 

the topography of a surface to alter roughness, wettability and/or to induce a bactericidal 

effect. Hydrothermal etching on commercially pure titanium reduced the bacterial adhesion 

of E. coli even with an increase in surface roughness. The reduced effect was attributed to 

the structure of the topography rather than the raw roughness values 163. Polyurethane 

prepared by a two-step lithography technique created nano-pillars that reduced the 

adhesion of S. epidermidis by reducing the accessible contact area by up to 70% 164 decreased 

the adhesion of both P. aeruginosa and S. epidermidis 165. Porous polymer surfaces prepared 

by UV polymerisation treatment creates a super hydrophobic surface which reduces biofilm 

formation of P. aeruginosa 166.  

Protein and peptide immobilisation on a given surface has been shown to reduce bacterial 

adhesion. Peptide immobilisation on the surface of titanium has proven to reduce bacterial 

attachment and biofilm formation with peptides such as heparin and hyaluronic acid 167. 

Immobilization of hLf1-11 reduced the attachment and coverage of S. sanguinis and L. 

salivarius 168. Ulvan polysaccharides immobilized in a similar manner to titanium decreased 

the adhesion of P. aeruginosa and S. epidermidis 165. 

Some surfaces have been designed under the premise of biomimicry, replicating the killing 

mechanisms of dragonfly or cicada wings. Multiple materials designed this way have shown 

anti-bacterial properties, including; metal-etched silicon killing E. coli 169, hydrothermally 

etched titanium killing both S. aureus and P. aeruginosa 112, “black” titanium nanospikes 

killing S. aureus, E. coli and K. pneumoniae 82 and PMMA nanopillars killing E. coli 170. These 

surfaces rely on the pressure induced by high aspect ratio pillars or spikes to disrupt and 

rupture cell membrane to lyse bacterial cells.  

The aforementioned examples of surface treatment techniques have varying difficulty of 

manufacturing and antibacterial performance (at least in-vitro). Whilst the ideal surface that 

solves all problems is desirable, it may be useful to combine techniques and strategies to 

create an effective antibacterial surface that helps to win the “race to the surface”. Another 

surface treatment method is the utilisation of laser treatment on the surface of a material. 

This can employ a combination of heat, re-melting, pressure, ablation and more to tailor the 

roughness, topography, chemistry and hydrophobicity of a surface. The following section 

discussed laser surface treatment.  
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Technique 
Author(s) 

+ year 
Material/s Topography changes Roughness changes Chemistry changes Wettability changes 

Bacterial 

species tested 

Anti-

bacterial 

effect 

observed? 

Conclusions 

Hydrothermal/ 

chemical 

etching 

techniques 

Lorenzetti 

et al. 

2014163 

CpTi 

A micro-topography of parallel 

micro-grooves 30 µm and 0.5 - 

1 µm in height was observed 

for all surfaces. Nano 

topography indicated asperities 

of with 5 µm for the NT 

surface, 3 µm for the TiA 

surface and 0.4 µm for the TiB 

surface which had height close 

to that of bacterial dimensions. 

Roughness (Ra) 

increased from the non-

treated surface from 

0.31 ± 0.09 µm (non-

treated surface) to 0.45 

± 0.08 µm and 0.80 ± 

0.14 µm 

N/A 

Water contact angle decreased 

from 63 ± 4° (non-treated) to 56 ± 

2° and 30 ± 6° on TiA and TiB 

respectively. Under UV radiation 

the contact angles decreased even 

more to 34 ± 6° and 19 ± 0° for TiA 

and TiB respectively 

E. coli Yes 

Predominant effect of 

surface topography on 

bacterial attachment with 

minor contributions from 

wetting and surface 

charge 

Seddiki et 

al. 2014109 
CpTi 

Etching was conducted on 

polished titanium at 25 °C (T25) 

and 80 °C (T80). 

Microtopography presented 

pits smaller compared to the 

size of bacteria for both etched 

surfaces. Nano topography 

presented a characteristic 3D 

porous structure for the T25 

surface and a sponge-like 

nanotexture on the T80 

surface. 

RMS roughness 

measured across 50 µm 

was 10 nm for T25 and 

300 nm for T80. RMS 

roughness measured 

across 1 µm was 5 -7 nm 

for T25 and 6 -10 nm for 

T80 

Metallic titanium decreased 

as a result of etching for 

both surfaces and titanium 

oxide and sub-oxides 

increased. 

N/A E. coli Yes 

The reduction was 

attributed to the 

presence of surface 

features consisting of 

"tips" that had a sharper 

aspect ratio on treated 

surfaces compared to 

features present on 

polished surfaces. 

Bhadra et 

al. 2015112 
CpTi 

Etching created a topography 

of nano-wire arrays which 

appeared to grow from the 

nano-features on the as-

received titanium 

Surface roughness (Sa) 

increased from 356.9 nm 

on the as-received 

surface to 401.4 nm on 

the etched surface 

XRD showed an increased 

presence in Rutile titanium 

and XPS an increased 

concentration of metallic 

Ti(0) on the etched surface. 

Water contact angle increase from 

33° on the as-received surface to 

73° on the etched surface. 

S. aureus,  

P. aeruginosa 
Yes 

hierarchically ordered 

nano-patterned titanium 

arrays similar to natural 

bactericidal patterns on 

dragon fly wings reduced 

produced bactericidal 

effect on bacteria. 
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Ozdemir et 

al 2016114 
CpTi 

Titanium plate used in dental 

implants was treated with 

different combinations of 

mechanically polishing and 

chemical etching (chemical 

mechanical polishing - CMP). 

The CMP surfaces were 

described to have a smooth 

surface finish with maintained 

topography. 

Roughness (Ra) on the 

as-received surface was 

425 ± 40 nm and ranged 

from 350 ± 30 to 540 ± 

220 on CMP treated 

surfaces. Rz on the as-

received surface was 

2660 ± 50 nm and 

ranged from 2470 ± 220 

nm to 4170 ± 1800 nm 

on CMP surfaces. 

All surfaces showed similar 

intensities for the Ti2p and 

O1s peaks. XRD analysis 

showed the presence of 

anatase titanium on all CMP 

surfaces, with increased 

amounts on surfaces that 

used H2O2 in their CMP 

technique. 

Water contact angle decreased 

from 84.4° ± 0.7° on the as-

received surface to between 34.3° 

± 2.6° to 65.1° ± 0.7° on the CMP 

surfaces. 

C. sakazakii No 

Whilst bacterial growth 

zone thickness increased 

for some surfaces and 

decreased slightly for 

others, it was noted that 

there was an optimal 

roughness for bacteria 

adhering to the surface 

with features of similar 

size to the bacteria. 

Vishnu et 

al. 2019171 
CpTi 

Hydrothermal etching across a 

range of etching times and 

temperatures created distinct 

patterns of nano fibres and 

nanorods. Collections of these 

fibres were dubbed "nano-

flowers" 

Roughness (Ra) was not 

measured for the control 

surface but ranged from 

111 nm to 829 nm on 

the etched surfaces. Rz 

values ranged from 

524.1 nm - 5300 nm. 

XRD analyses indicated the 

formation of Rutile and 

Anatase phase titanium 

across hydrothermally 

etched surfaces 

Contact angle decreased from 63° 

on the control surface to as low as 

5° on the etched surfaces, 

indicating superhydrophilicity 

S. aureus, 

MRSA 
Yes 

Biofilm coverage of the 

etched surfaces increased 

but had a significantly 

higher percentage of 

dead bacteria than the 

control surfaces. The 

bactericidal performance 

of the surface was 

attributed to the nano-

sized features 

penetrating and 

deforming the bacteria. 

Plasma 

treatments 

Lee et al. 

2019172 
CpTi 

Topography of the control 

surface, 2 min plasma treated 

(p2) and 10 min plasma treated 

surface (p10) showed relatively 

similar topographies typical of 

a ground surface. 

Roughness (Ra) on the 

control surface was 207 

± 0.004 µm and 

increased to 0.233 ± 

0.009 µm and -0.229 ± 

0.006 µm for the p2 and 

p10 surfaces 

respectively. Sa 

roughness values were 

also reported and were 

similar to the Ra values. 

The presence of Ti4+ peaks 

via XPS analysis was 

attributed to an anatase 

state within a TiO2 layer 

Water contact angle decreased 

from 70° on the non-treated 

surface to approximately 40° on 

the P2 and < 10° on the p10 

surfaces. 

S. aureus 

S. mutans 

Klebsiella 

oxytoca 

K. 

pneumoniae 

Yes 

Combined effect of 

surface energy and 

chemical composition 

lead to less adhered 

bacteria, with a greater 

effect on Gram negative 

bacteria. 
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Linklater 

et al. 

2019173 

CpTi 

Plasma-etching of cpTi at time 

intervals of 5, 10, 20, 30 and 40 

mins, created varying 

topographies consisting of 

nano-fibres 100 nm in width. 

These fibres increased in height 

with increasing plasma 

exposure to heights of 3.5 µm. 

These pillars became more 

densely packed and created a 

two-tier topography of large 

and small pillars at 40 mins 

etch time 

Roughness (Sa) was not 

measured for the control 

surface but for the 

plasma surfaces ranged 

from 202 ± 20 nm to 446 

± 12 nm. Ssk values were 

positive for all surface 

and Sku values were < 3 

for all surfaces. 

High concentrations of Ti 

and O were found on the 

surface from XPS scans 

indicated titanium dioxide 

structures. XRD analysis 

showed no change in the 

crystallinity of the surface 

via plasma treatment. 

increasing plasma etching time 

lead to an increase in water 

contact angle from 55° at 5 min 

etching to 111° at 40 min etching. 

S. aureus,  

P. aeruginosa 

Yes 

No 

Gram-positive and Gram-

negative bacteria 

responded differently to 

pillars created by plasma 

etching. This difference in 

behaviour was attributed 

to differing responses to 

hydrophobicity. Whilst P. 

aeruginosa attached was 

high, viability did 

decrease with increasing 

plasma etch time. 

Lin et al. 

2012174 
CpTi 

Plasma treated surface 

demonstrated a not flat, but 

smooth surface and the ion 

plated surface showed a dense 

coating with no micro-cracks 

and multiple micro-bumps and 

shrinkage pools. 

Roughness (Ra) of 

polished surface was 

0.11 ± 0.03 µm and 

increased to 0.18 ± 0.06 

µm on the plasma 

nitrided surface and 0.17 

± 0.08 µm on the ion 

plated surface. 

Surfaces consisted of TiN, 

Ti2N α-phase titanium 
N/A S. mutans Yes 

Nitrided coatings 

composed of Tin and Ti2N 

demonstrated a 

reduction adhesion of S. 

mutans. The mechanism 

by which this happened 

was not determined. 

Jeong et 

al. 2017175 
CpTi 

Non-thermal atmospheric 

pressure plasma was applied to 

both rough and smooth 

titanium. Topography was not 

described, but SEM images 

depicted a polished/ ground 

effect on the untreated smooth 

surface and a slightly porous 

surface for the rough 

untreated. AFM images 

showed no significant 

difference between plasma 

treatment and untreated. 

Roughness (Ra) on 

smooth surfaces was 

0.26 ± 0.03 µm and 0.23 

± 0.04 µm and was 3.07 

± 0.37 µm and 2.99 ± 

0.24 µm on the rough 

surfaces. Sa was also 

measured and were 

relatively similar to the 

Ra values. 

XPS peak intensities 

associated with O1s and 

Ti2p 1/2 and 2.3 increased 

as a result of plasma 

treatment across both 

rough and smooth surfaces 

On untreated surfaces, water 

contact angle measured at 82° and 

87° for smooth and rough surfaces. 

Water contact angle decreased 

significantly after plasma 

treatment to 16° on the smooth 

surface and was unmeasurable on 

the rough surface. 

S. sanguinis Yes 

Topographical and 

chemical changes to the 

titanium surface from 

plasma treatment 

reduced bacterial 

attachment of S. 

sanguinis. Chemistry was 

considered the more 

important factor for 

attachment as the 

topography was relatively 

similar. 

Wu et al. 

2011176 
Ti-6Al-4V 

Plasma sprayed titanium was 

compared with polished, satin 

and grit-blasted surface 

finishes. The plasma sprayed 

surface was described as 

having features varying in 

Roughness values (Ra) 

were as follows; grit 

blasted 11 ± 4 µm, 

polished 0.006 ± 0.001 

µm, satin 0.830 ± 0.003 

N/A N/A S. epidermidis 

Yes (but 

not 

compared 

to polished 

surface) 

Attachment of S. 

epidermidis was found to 

increase on surfaces with 

roughness of similar 

lateral length as the 

bacteria i.e. The satin 
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heights over 50 µm in places 

whilst having locally smooth 

surfaces. 

µm and plasma sprayed 

33 ± 14 µm. 

finished surface and 

decreased on the plasma 

sprayed and polished 

surfaces. 

Physical/ 

chemical vapour 

deposition and 

sputtering 

techniques 

Ludecke et 

al. 2013177 

TiO2 - thin 

film 

Physical vapour deposited 

titanium oxide (TiO2) was 

applied at 4 settings of 

deposition rates and thickness - 

A: 0.1 nm/s and 100 nm, B: 0.5 

nm/s and 200 nm, C: 1 nm/s 

and 500 nm and D: 1 nm/s and 

500 nm. Topography of all 

surfaces was in the nano scale, 

with increasing deposition rate 

and thickness increasing the 

height and width of nano 

"bumps". 

Roughness parameters 

(Ra, Rsk, Rku) were 

measured. Ra increased 

from ~1.9 nm to ~6.4 nm 

A-D, Rsk ranged from ~-

0.1 to ~0.6 A-D and Rku 

ranged from -0.5 to 0.3 

A-D 

N/A N/A E. coli Yes 

Increasing roughness of 

thin film titanium lead to 

decreased biofilm surface 

coverage 

Ivanova et 

al. 2009178 
CpTi 

Thin film titanium was 

deposited via sputtering onto 

glass at different thicknesses 

including: 0 nm, 3 nm, 12 nm 

and 150 nm. The topographies 

formed as a result were 

described as heterogeneous 

surface architectures with fine 

topographical alterations. 

Roughness parameters 

Ra, Rz, Rsk and Rku were 

measured for all 

surfaces across two 

different scan sizes, 10 

µm x 10 µm and 4 µm x 

4 µm. Ra ranged from 

0.58 ± 0.08 to 1.23 ± 

0.04, Rz from 9.05 ± 0.53 

nm to 37.9 ± 1.97 nm, 

Rsk from 0.6 ± 0.1 to 3.4 

± 0.1 and Rku 3.8 ± 0.2 

to 36.7 ± 1.1 across all 

surfaces and scan sizes. 

N/A 

Water contact angle increased 

from 4.7° on the 0 nm surface, to 

76.3° 0.9° (3 nm), 74.6° 1.3° (12 

nm) and 81.4° 0.8° (150 nm) on the 

sputtered surfaces. 

S. aureus 

P. aeruginosa 
N/A 

Two strains of bacteria 

had the ability to 

differentiate between 

small differences in 

roughness in the order of 

0.3-0.5 nm (Ra) 

Singh et al. 

2011179 

TiO2 - thin 

film 

Supersonic cluster beam 

deposition (SCBD) was used to 

create differing thicknesses of 

TiO2 on glass. SMP1 - 50 nm, 

SMP2 - 100nm, SMP3 - 200 nm, 

SMP4 - 300nm. All surfaces 

demonstrated a highly porous 

Roughness parameters 

(RMS, Rsk and Rku) were 

measured for all 

surfaces. With increasing 

film thickness, from 

SMP1 - SMP4 RMS 

roughness increased 

O 1s and Ti2p (1/2 and 3/2) 

XPS peaks indicated all 

surfaces consisted of only 

TiO2 

Water contact angle decreased 

with increasing film thickness from 

57.8° to 38.52° across SMP1 - 

SMP4 

S. aureus 

E. coli 
N/A 

number of adhered 

bacteria decreases with 

increasing amount of 

adsorbed proteins. 

Protein layer affects 

roughness of the surface, 

and biofilm formation 
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and granular surface typical of 

deposited films. 

from 16.2 0.8 nm to 32.2 

± 0.5 nm, Rsk increased 

from 1.91 ± 0.2 to 6.28 ± 

1.8 and Rku increased 

from 8.7 ± 3.3 to 46 ± 

19.11. 

depended on nano 

roughness in a "non-

monotonous" manner 

Evaporation and 

Ion beam 

techniques 

Stolzoff et 

al. 2017180 
CpTi 

Plain titanium surfaces were 

treated with ion beam assisted 

evaporation from 2.8 mj/cm3 

to 90.3 mj/cm3. Surface 

topography changed from a 

typical ground surface on the 

plain Ti to a grainy surface at 

2.8 mj/cm3 treatment which 

increased in size to more plate 

like structures at 90.3 mj/cm3. 

RMS roughness of ion 

beam evaporated 

surfaces ranged from 

29.60 ± 0.14 µm to 77.33 

± 0.43 µm across a 2x2 

µm scan area and 31.64 

± 1.63 µm to 105.50 ± 

0.71 µm across a 5x5 µm 

scan area. 

XPS scans showed there 

were no significant changes 

in the bonding states of the 

Ti2p doublets between 

samples, indicating there 

was no changes in surface 

chemistry as a result of 

different settings. The peaks 

consisted mainly of the Ti4+ 

peaks. 

water contact angle ranged from 

42.03° ± 4.09° to 60.38° ± 4.22° 

across ion beam assisted 

evaporated surfaces. 

S. aureus Yes 

The more qualitative 

parameter of surface 

topography was key in 

the prevention of 

bacterial adhesion. 

Consistently sized 

nanofeatures were best 

to prevent adhesion 

rather than nano-

roughness values alone 

Puckett et 

al. 2010181 
CpTi 

Conventional Ti, nanorough Ti 

(created via electron beam 

evaporation), nanotubular Ti 

and nanotextured Ti (both 

created via anodisation) were 

compared in this study. After 

electron beam evaporation, the 

surface possessed a higher 

number of nano-meter scale 

surface features in random 

formation. 

N/A 

XPS data showed Ti in the Ti 

2p doublets and no other 

oxide species other than 

TiO2 on the surface. XRD 

data confirmed the surface 

consisted of amorphous 

Titania with no evidence of 

anatase or rutile phase 

titanium. 

Water contact angle decreased 

from 70.6° ± 1.58° on the 

conventional Ti surface to 59.3° ± 

1.13° on the nanorough surface 

created by electron beam 

evaporation. 

S. aureus 

S. epidermidis 

P. aeruginosa 

Yes 

Yes 

Yes 

nanorough surfaces 

created via electron 

beam evaporation lead to 

a decrease in adhesion of 

bacteria in combination 

with the favourable 

crystallinity and 

chemistry of anatase TiO2 

Anodisation 

Puckett et 

al. 2010181 

(same as 

above) 

CpTi 

Conventional Ti, nanorough Ti 

(created via electron beam 

evaporation), nanotubular Ti 

and nanotextured Ti (both 

created via anodisation) were 

compared in this study. 

N/A 

XPS data showed Ti in the Ti 

2p doublets and no other 

oxide species other than 

TiO2 on the surface. XRD 

data confirmed the surface 

consisted of amorphous 

Titania with no evidence of 

anatase or rutile phase 

titanium. Both nanotubular 

and nanorough surfaces had 

small amounts of Fluorine 

on the outermost level of 

Water contact angle decreased 

from 70.6° ± 1.58° on the 

conventional Ti surface to 26.5° ± 

2.40° on the nanotubular surface 

and 29.5° ± 1.13° on the nano-

textured surface. 

S. aureus 

S. epidermidis 

P. aeruginosa 

No 

No  

No 

nanotubular and 

nanotextured surface 

created via anodisation 

demonstrated an 

increase in bacterial 

adhesion compared to 

the base material. This 

was attributed to the 

presence of fluorine 

which has been 

correlated with an 
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the surface due to the 

anodisation process. 

increase in bacterial 

adhesion 

Equal channel 

angular pressing 

(ECAP) 

Truong et 

al. 2009111 
CpTi 

As-received (AR) titanium was 

treated via ECAP. AFM scans 

showed that ECAP created a 

rougher topography with micro 

sized pits and undulations. 

Roughness (Ra) over a 

scan area of 80 x 80 µm 

was 126.3 ± 59.8 nm 

(AR) and 156.9 ± 74.7 

nm (ECAP). Rz values 

over the same scan area 

were 991.0 ± 112.0 nm 

(AR) and 1145.1 ± 424.7 

nm (ECAP). At a scan 

area of 10 x 10 µm; Ra 

values, 14.0 ± 1.3 nm 

(AR) and 12.2 ± 1.8 nm 

(ECAP). Rz values, 164.0 

± 30.8 nm (AR) and 

119.6 ± 29.9 nm (ECAP). 

XPS analysis indicated a 

slight decrease in metallic 

titanium content and a 

slight increase in the oxide 

component of the Ti2p 

spectra, but otherwise 

surface chemistry was the 

same. 

Water contact angle decreased 

from 73° ± 2° on the as-received 

surface to 63° ± 5° on the ECAP 

surface. 

S. aureus 

P. aeruginosa 

E. coli 

No 

For all tested species of 

bacteria, attachment 

increase on ECAP 

titanium. As chemistry 

was almost identical on 

the surface, micro and 

nano morphology of the 

surface was considered 

the dominating factor in 

increasing bacterial 

attachment. 

Webb et 

al. 2013182 
CpTi 

ECAP Ti was compared to 

chemically mechanically 

polished (CMP) Ti and thin film 

Ti. AFM scans showed that all 

surfaces were extremely 

smooth the polished and ECAP 

Ti having relatively 

homogenous topographies 

typical of their preparation 

technique, and the thin film 

having a mostly smooth surface 

with some bumps. 

When measured over 

100 µm2, Sa was 0.537 

nm (CMP), 0.632 nm 

(ECAP) and 0.265 nm 

(film), Ssk was -1.695 

(CMP), 0.04 (ECAP) and 

0.522 (film) and Sku was 

17.55 (CMP), 2.51 

(ECAP) and 11.97 (film). 

Over 1 µm2, Sa was 

0.139 nm (CMP), 0.147 

nm (ECAP) and 0.389 nm 

(film), Ssk values were all 

N/A N/A 
S. aureus 

P. aeruginosa 

No 

Yes 

P. aeruginosa showed 

reduced attachment but 

S. aureus showed 

increased attachment on 

surfaces relative to CMP 

surface. This was 

attributed to the more 

flexible and deformable 

membrane of P. 

aeruginosa fluctuating 

and having less surface 

contact area relative to S. 

aureus. 
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positive and Sku values 

were all over 3. 

Grinding, 

polishing and 

grit blasting 

techniques 

Wassman 

et al. 

2017183 

CpTi 

Rough, medium and smooth 

surfaces of both ceramic (ZrO2) 

and titanium surfaces were 

compared. AFM images 

showed topography was 

relatively similar between the 

materials for their rough and 

smooth counterparts across 30 

x 30 µm scans and 3 x 3 µm 

scans. Rough surfaces 

possessed large pit and plateau 

like features, whilst smooth 

surfaces were relatively flat 

with some nano-sized pits. 

Roughness (Ra) for 

ceramic surfaces was 

1.32 ± 0.10 µm (rough), 

0.49 ± 0.03 µm 

(medium) and 0.05 ± 

0.02 µm (smooth) and 

for titanium was 2.98 ± 

0.31 µm (rough), 0.83 ± 

0.06 µm (medium) and 

0.09 ± 0.02 µm 

(smooth). 

N/A 

Wettability of each material at 

each roughness was altered using 

n-propyl silane or aminosilane to 

create hydrophilic and 

hydrophobic versions of each 

surface except medium surfaces. 

For hydrophobic ceramic surfaces, 

contact angle was 83.6° ± 2.0° 

(rough) and 72.0° ± 10.5° (smooth) 

and hydrophilic contact angles 

were 47.3° ± 2.4° (rough) and 41.4° 

± 2.5° (smooth). For Ti, 

hydrophobic surfaces were 107.6° 

± 3.2° (rough) and 96.8° ± 2.8° 

(smooth) and hydrophilic surfaces 

were 76.2° ± 1.9° (rough) and 65.2° 

± 2.3° (smooth) 

S. epidermidis 

S. sanguinis 
N/A 

Surface roughness and 

wettability influence the 

adhesion of bacteria and 

adhesion depends on the 

species of bacteria itself. 

S. epidermidis preferred 

hydrophobic surfaces of 

the same Ra value and S. 

sanguinis preferred more 

hydrophilic surfaces of 

the same Ra value across 

both materials. 
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1.4 - Laser surface treatment 

1.4.1 - Laser fundamentals 

The word laser is an acronym of “Light Amplification by Stimulated Emission of Radiation”. 

Lasers utilise lens’ and reflective devices to produce highly coherent monochromatic light at 

a constant wavelength. Lasers operate by the application of an energy source, known as the 

pump, to a given medium, such as a crystal (e.g. ruby or garnet) or gas (e.g. helium, neon or 

CO2). For crystals, the medium is normally doped with ions such as ytterbium or neodymium. 

Naming conventions of lasers normally state the doping material followed by the medium 

itself, for example Ti:Al2O3 (Titanium: Sapphire) or Nd:YAG (Neodymium-doped: Yttrium 

Aluminium Garnet) 184. 

Once the pump source is applied to the medium (normally in the form of photons), the 

electrons in the medium are excited from ground state to an excited state. Upon interaction 

via small perturbations (or decay), the electron will move from the unstable excited state to 

the more energetically favourable ground state and emit a photon (spontaneous emission). 

If a photon caused the electron to move from the unstable excited state to the ground state, 

a photon with identical energy, phase, direction etc. (i.e. coherent) as the original photon is 

emitted (stimulated emission). A typical electron in an excited state doesn’t stay in this state 

long enough for stimulated emission to occur, as spontaneous emission will occur before the 

photon can interact with it. For stimulated emission to occur, atoms within certain materials 

possess an additional state known as the metastable state. This metastable state is at a lower 

energy state than the excited state and higher state than the ground state (Figure 11). When 

moving from the excited state to the metastable state, energy is lost in other ways such as 

heat and not as photons (radiationless transition). The time spent between these states allow 

the electron to undergo stimulated emission from a photon 184. 

By applying a pump to a material whose atoms possess a metastable state, electrons in the 

ground state are constantly forced into the excited/metastable state. This is known as a 

population inversion and allows electrons to be readily moved from the metastable state to 

the ground state by photons from the pump and/or photons emitted from other electrons. 

This results in a cascading effect within the medium and allows coherent light to be 

generated. Note that this is the fundamentals of a 3-level energy laser and 4-level energy 

lasers exist with a natural depopulation step that is higher in energy level than the ground 

state, but lower than the metastable state 184.  
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Figure 11: Principle of the stimulated emission of photons moving from the metastable to the ground state. 

Mirrors are normally placed at the end of each medium to reflect any photons not travelling 

in the same direction as the intended laser direction. One of the mirrors is typically a partial 

mirror in that it allows light that is only travelling in the same direction to exit (Figure 12). 

The composition of the medium, whether it be solid, gas, etc. determines the wavelength of 

the light that is produced. For example an excimer laser will produce light at a wavelength of 

up to under 200 nm (ultraviolet range) and a Nd:YAG laser will produce light at a wavelength 

of around 1000 nm (near-infrared range). Selection of medium allows for specific 

wavelengths to be achieved for specific applications (note that this describes a setup akin to 

a continuous wave fibre laser and the setup would be more complicated for a pulsed laser 

for example) 184. 

 
Figure 12 (above) Fibre laser schematic diagram (below) Key laser dimensional parameters 
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The light exiting the medium through mirror is then focused via a lens, creating the laser 

beam. The distance from the lens to the point where the laser beam waist is at its most 

narrow (the focal point) is called the focal length. At the focal point, a laser beam with have 

a certain diameter which is known as the spot size. The laser remains in focus within a certain 

depth, which is called the depth of focus. Outside of this depth the laser beam energy will 

not be as concentrated and will have less energy density as a result. 

The output energy at the point of contact between a laser and a surface is normally defined 

as intensity (for continuous wave lasers) or fluence (for pulsed lasers)184.  

In general, for all lasers; 

 
𝑷𝒐𝒘𝒆𝒓 (𝑾) =

𝑬𝒏𝒆𝒓𝒈𝒚 (𝑱)

𝑻𝒊𝒎𝒆 (𝒔)
 

Eq1 

 

For continuous wave lasers; 

 
𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚 (𝑾 𝒄𝒎𝟐)⁄ =

𝑷𝒐𝒘𝒆𝒓 (𝑾)

𝑨𝒓𝒆𝒂 (𝒄𝒎𝟐)
 

Eq 2 

 

For pulsed lasers  

 
𝑭𝒍𝒖𝒆𝒏𝒄𝒆 (𝑱 𝒄𝒎𝟐)⁄ =

𝑷𝒖𝒍𝒔𝒆 𝑬𝒏𝒆𝒓𝒈𝒚 (𝑱)

𝑨𝒓𝒆𝒂 (𝒄𝒎𝟐)
 

Eq 3 

 

 

For continuous wave lasers; 

 
𝑳𝒂𝒔𝒆𝒓 𝒆𝒏𝒆𝒓𝒈𝒚 𝒅𝒆𝒏𝒔𝒊𝒕𝒚  (𝑱 𝒄𝒎𝟐)⁄ =

𝑷𝒐𝒘𝒆𝒓 (𝑾)

𝑨𝒓𝒆𝒂 (𝒄𝒎𝟐) ∗ 𝑺𝒑𝒆𝒆𝒅 (
𝒄𝒎

𝒔 )
 

Eq 4 

 

1.4.2 – Types of laser systems 

Whilst there exist multiple types of lasers in terms of medium, such as Nd:YAG or CO2 lasers, 

lasers can also be broken down into their type of power modulation. Continuous wave (CW) 

lasers, Pulsed lasers and ultra-fast (UF) lasers. Lasers that operate in continuous wave mode 

simply have a constant power throughout the duration of the laser processing, meaning the 

power (Pav) is the same at any given timepoint. Pulsed lasers are modulated by “switching” 

on and off the laser source for a given time – also known as pulse width (tw) - within a given 

time cycle (T). When the laser is switched on, the instantaneous power (Pi) is higher than that 
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of the average power (Pav). The duty cycle of a laser is the percentage of a time cycle (T) that 

consists of the pulse width (tw). For example, a laser at 50% duty cycle is on for 50% of a time 

cycle and 100% means that the laser is on for the entire time cycle. Whilst continuous wave 

laser systems may possess a pulsing/ duty cycle function, for a laser to be defined as a pulse 

laser, it must be able to produce pulses within the nano-second range 184. Ultrafast lasers 

(UF), also known as picosecond or femtosecond lasers, as their name suggests, are capable 

producing pulses between 5fs to 100 ps 184.  

 
Figure 13: Continuous wave mode power vs pulsed laser mode power over time. 

 

1.4.3 Laser – material effects 

Lasers have differing effects on a material depending on the properties of that material 

(polymer, metal), laser processing parameters (Power, working distance) and the 

environment (pressure, gas content etc.). As discussed in the previous section, the type of 

laser used (medium and modulation) determines the effect the laser has on a given material. 

The following section focuses on the interaction of lasers with metals, specifically titanium 

and its associated alloys used in medical devices.  

1.4.3.1 - Titanium and is alloys 

Across multiple types of medical devices, titanium is commonly used for its low Young’s 

modulus, biocompatibility and corrosion resistance, with the latter two being owed to the 

natural oxide layer that develops on the titanium. Titanium is an allotropic metal, meaning it 

can exist in multiple crystallographic states or phases. The two main states associated with 

titanium and its alloys are close-packed hexagonal (HCP), also known as α-phase and body 

centred cubic (BCC), also known as β-phase. Titanium can also exist in certain metastable 
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states such as the ω, α’ or α’’ phases. Pure titanium exists in the α phase at room temperature 

and transitions to the β phase at 882°C 185 (Figure 14).  

The α phase and beta β phase crystals interact and bond with each other via orientation 

relationships and slip planes are formed between the titanium atoms in the HCP and BCC 

structures. Different planes within each structure can interact with plane in other α or β 

phases to provide different crystal formations and therefore, strengths of bonds. These 

interfacial planes are called grain boundaries when forming between two similar or dissimilar 

crystals, with differing quantities and sizes of grains giving different material properties. The 

BCC structure of β phase titanium possesses a larger number of these slip planes compared 

to α phase and as a result is more ductile than α phase titanium. Conversely, α phase titanium 

has increased strength for the same reason 8,185.  

 

Figure 14: Phase diagram for titanium alloyed with alpha stabilising and beta stabilising elements. Alpha and 
beta phase crystal structures of HCP and BCC also shown.  

Commercially pure titanium (CpTi) or grade 2 titanium, exists in the α phase at room 

temperature and is considered the base titanium which sees wide use in the medical industry 

for its high strength-weight ratio, corrosion resistance and the modulus of elasticity being 

close to bone relative to other metals such as steel. As CpTi is not alloyed with a significant 

concentration of other elements, (Fe, O, N etc. all under 0.3%) there is little threat of toxicity 

from the material. Inflammation can occur if the oxide layer is worn away and titanium 

particles are released into the host186. CpTi sees wide use across a variety of medical devices, 
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including hip & knee prosthesis, dental implants, fixation screws and plates for trauma and 

more 8,185. Alloying titanium with other metals can stabilise either α or β phase allotropes 

within the material to tailor the material properties for specific use cases. In Ti-6Al-4V or 

grade 5 titanium, aluminium acts as an α stabiliser in titanium whilst low concentrations of 

vanadium act as a β stabiliser, creating an α+β phase possessing properties typical of both α 

and β phases, creating a high strength alloy while maintaining relatively low modulus. Grade 

5 titanium also sees wide use within the medical devices industry in basically all the same 

areas as cp Ti where increased material strength is required (albeit at the cost of slightly 

increased modulus differing more from the modulus of bone). Grade 5 titanium is also 

resistant to corrosion with its stable oxide layer, however wearing of grade 5 titanium within 

the body may release aluminium or vanadium particles which may prove toxic to the body 25. 

There also exists purely β phase titanium at room temperature when alloyed with metals 

such as Niobium, Tantalum or Molybdenum making up Ti-35Nb-7Zr-6Ta (TNZT). This alloy 

also exhibits corrosion resistance with a stable oxide layer and doesn’t possess any toxic 

elements should the material wear within the host. Due to its higher ductility, beta titanium 

has mainly seen use in orthodontics and dentistry applications such as wires, but recent 

studies have the capability of beta titanium alloys in other devices 8,187. 

Table 1: Typical properties of different titanium alloys 

 

 

The chemistry of the surface of CpTi, Ti-6Al-4V and other alloy variants, are composed of a 

stable oxide layer which forms rapidly in air. This is mostly composed of Titanium (IV) Dioxide 

(TiO2), the most stable of the oxides, which forms on the surface due to O having high 

solubility in titanium when it comes in contact with air (or even blood) 8. It is this oxide layer 

that is often accredited as the reason for biocompatibility and corrosion resistance in 

titanium. Titanium (IV) dioxide exists in multiple crystallographic forms; rutile (tetragonal), 

anatase (tetragonal), brookite (orthorhombic) or amorphous, commonly formed in 



36 
 

anodisation processes. Rutile and anatase are the typical crystals that can form as stable 

phases on the surface of titanium 188. These crystals form as titanium is exposed 

environments containing O, and the O dissolves into the titanium. These crystals can interact 

with hydroxyl and water molecules that may exist in the environment, and create a thin film 

that is a favourable environment for proteins (and bacteria) to attach to)133,189,190.Titanium 

dioxide in the form or anatase has been a research area of particular interest as an anti-

microbial agent, especially when harnessed as a nano-particle, due to its conductive nature 

and its accelerated effect under UV radiation 191,192. Work has also suggested that enriched 

anatase - in contrast to the more stable rutile phase - on the surface of titanium presents an 

anti-microbial effect.  Studies have investigated the oxidation of the cell wall in bacteria as 

the mechanism for this bactericidal effect, but beyond this, little understanding has been 

developed in terms of the full mechanism at which titanium (IV) dioxide actually kill bacteria 

189,193,194. The roughness and wettability of the surface of each alloy is dependent on the 

manufacturing/ treatment method used. For example the surface of titanium and is 

associated alloys when manufactured by conventional means via grit or sandblasting are 

typically hydrophilic (between 60°- 80° contact angles) 195. Variations in surface chemistry 

(particularly oxide content) and topography created via alternative manufacturing methods 

will alter the wettability. 

1.4.3.2 - Laser – metal interaction: Titanium 

Upon application of a laser to the surface of titanium, a variety of potential interactions occur 

in a short period. These interactions change depending on laser power, pulsing, gaseous 

environment, material reflectivity and conductivity and others.   

When a laser comes in contact with a surface, some energy is dispersed in the form of 

reflected light and some is absorbed by the surface. Depending on the wavelength of the 

laser and the material properties the laser will penetrate to a certain depth where most of 

the laser energy is absorbed (also called attenuation length).  For example, a laser of 

wavelength 1064nm interacting with commercially pure titanium has an attenuation length 

of around 10 nm 195. Free electrons within a metal such as titanium vibrate when experiencing 

laser irradiation, which in turn cause other electrons within the metal lattice to vibrate and 

interact with each other, resulting in a rise in temperature at the surface 196.  

The amount of laser energy absorbed onto a surface depends on the current temperature of 

the surface, the roughness of the surface and the wavelength of the laser itself. Higher 

temperature, surface roughness and lower wavelengths increase the amount of laser energy 
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absorbed at the surface. When a laser operates at a frequency lower than the time it takes 

for energy to transfer through a surface (approx. 1-100 picoseconds) laser energy is simply 

converted to heat on the surface. If the laser operates at a higher frequency - such as that 

with picosecond and femtosecond lasers – and possesses enough laser intensity, ions within 

the metallic lattice absorb the energy and are vaporised in such a short time frame that heat 

transfer cannot occur and results in a “heatless” interaction. This process is called ablation 

196 (Figure 15).   

 

Figure 15: Different effects of laser treatment on a surface at increasing intensity. Note that ablation can only 
take place when utilising high frequency, ultrafast lasers. 

As the metallic surface is irradiated by the laser and its temperature increases, it can begin 

to undergo phase transformation altering the metallurgy of the surface. The presence or lack 

of assistive gases can cause certain gases such as N or O to absorb into the surface and create 

nitride or oxide layers. Ar is normally used to maintain an inert environment around the laser-

surface interface. The area that the laser energy effects within a material such as titanium is 

normally minimal due to the bulk material creating a high temperature gradient resulting in 

rapid cooling. Other factors such as material thermal properties, total interaction time and 

maximum attained temperature will affect this 196.  

This cooling rate plays a critical role in the resulting microstructure of the surface of titanium 

and its alloys. CpTi exists in the α phase at room temperature at transitions to β titanium at 

temperatures of 883°C (β transus) or higher and alloying with other elements stabilises 

certain phase compositions. If titanium or an alloy of titanium has its temperature raised 

above the β transus and is cooled, transformation of the β phase to α phase begins. At a 

cooling rate of 410°C/s, standard grade 5 titanium will possess a microstructure consisting of 

α+β at room temperature as α phase is given time to form through atomic diffusion. At higher 

cooling rates, such as that experienced by a typical laser surface treatment, this diffusion 

does not have time to occur, resulting in the formation of the acicular α’ phase. Combining 
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different stabilising alloying elements, assistive gases and cooling rates can allow for tailoring 

of phase composition and as a result, mechanical properties. For example, martensitic phase, 

formed in certain alloys possesses improved hardness or titanium nitride possess greater 

wear resistance than standard titanium. Higher cooling rates can also allow for smaller grains 

(grain refinement) within a metal after laser treatment which improves yield strength, whilst 

lower cooling rates result in larger grains 195.  

At higher laser powers, the material will begin to exceed its melting temperature and form a 

melt pool. In addition to aforementioned changes to surface metallurgy and chemistry, the 

melting and re-solidification of a surface will have a greater impact on surface topography 

(and consequently, hydrophobicity) than heating alone. As the temperature of the surface 

reaches the melting point, a melt pool of liquid metal is formed. The size of this melt pool 

depends on multiple factors; laser power, scanning speed and spot size. Higher powers, 

slower speeds and larger spot sizes increase the width and depth of the melt pool. It has been 

shown that as the melt pool becomes larger, the heat transfer within the pool switches from 

conduction to convection, or “Marangoni convection”, which plays a large role in the 

formation of ripples, or spikes as the laser re-solidifies 197. As the laser passes over a pool 

and/or is switched off, a temperature gradient forms within the melt pool where the adjacent 

bulk material and surrounding air act as a heat sink and the pool re-solidifies toward the 

centre.  

Ripples are readily formed due to the surface tension within the molten pool and the 

convection flow effect. Ripples can typically be seen to be acting in a direction parallel to 

laser scanning as a result of this effect. Assistive gas and/or partial vaporisation can also lead 

to some of the melt being ejected from the pool away from the surface or landing and re-

solidifying on the surface as artefacts of the laser treatment. The artefacts in question are 

typically “droplet” shaped 198,199. The overlapping of continuous laser scanning will cause 

micro grooves or “troughs” to form parallel to the laser scanning direction, whilst the 

overlapping of pulsed lasers will create larger ripple ridges within these “troughs”. Individual 

pulses of laser treatment that melts the surface will create distinct spots or craters 

throughout the surface depending on the laser intensity/ pulse width.  

The ripples formed under CW laser treatment on Ti also forms distinctly different ripples than 

those formed with pulsed lasers. Pulsed lasers possess increased energy density for a given 

power density compared to CW lasers due to their pulsing effect. As a laser begins to shift 

from continuous wave mode to a pulsed and high frequency pulsed mode, ripples which are 
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formed as a result of convection, surface tension and recoil begin to change into what is 

known as Laser-induced periodic surface structures (LIPSS)200. These structures are formed 

on the basis of an inhomogeneous energy distribution in the laser irradiation (caused by 

interference between the incident laser and scattered laser radiation from the surface) which 

creates a pattern of nano-sized melt zones, which subsequently have the melt ejected (or 

ablated at high frequencies) leaving behind a pattern of valleys, craters or spikes 201,202. 

Melt pool size, cooling rate and gaseous environment also affect the surface chemistry. Gases 

such as N and O are more readily diffused into the surface of titanium when a liquid melt 

pool is formed, typically leading to thicker oxide/ nitride surface layers. As the laser intensity 

increases and a plasma is formed at the interface between the laser and titanium surface, 

titanium ions such as Ti+ and TiO+ are formed and are extremely reactive with O and N 203,204. 

As the laser is switched off and the sample cools, a mature oxide film will form on the surface 

of the titanium when resting in air over the space of a few days 205. 

The combined changes to topography and surface chemistry that lasers induce have been 

utilised to alter roughness, wettability, chemistry or microstructure at the surface of titanium 

to enhance the performance across many applications. 

1.4.3.3 - Properties of laser treated surfaces in previous literature 

Multiple studies have focused on utilising this technology to alter the topography of a 

metallic surface for various applications, including that of reducing bacterial attachment. 

They work to modify topography, roughness, chemistry and wettability in different ways to 

achieve their respective goals. 

1.4.3.3.1 - Alteration of topography and roughness 

Marimuthu et al. (2015) investigated the roughness (Ra) of grade 5 Ti surfaces after 

treatment with a CW laser at varying levels of laser power ranging from 50 to 200 W, laser 

processing speeds ranging from 500 – 1000 mm/s and laser pattern offsets between 0.3 – 

0.55 mm i.e.(energy densities ranged from 0.19 J/mm2 to 76.4 J/mm2). It was reported from 

their findings that lower speeds, higher powers and lower offsets had the largest decrease in 

Ra. Whilst maintaining the same speed and offset, increasing power individually decreased 

the roughness of the surface. The offset in the pattern however appeared to be the dominant 

factor in reducing the roughness of the surface, with smaller offsets, to the point of overlap 

and ensuring surface coverage decreased the roughness the most 206.  

Kumstel et al. (2013) used an Ar assisted CW laser for the re-melting of grade 5 Ti as a means 

to polish the surface. Laser beam diameters between 50 – 800 µm, laser powers between 20 
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– 300 W and laser scanning velocities between 50 – 650 mm/s were the selected variables 

and Ra (µm) was measured via white light interferometry. Whilst maintaining a constant 

scanning velocity and beam diameter (at energy densities between 3 – 10 J/mm2), it was 

found that increasing power-maintained roughness in the range of Ra between 0.19 and 0.23 

µm. As beam diameter is increased and energy density drops to lower values, the Ra is 

increased 207.  

Lisiekci et al. applied a CW laser treatment to grade 5 Ti under varying gas environments of 

N and Ar. For a grade 5 Ti plate of initial roughness with Ra of 0.4 µm, treatment at an energy 

density of 22.1 J/mm2 under a N environment demonstrated an increase in Ra of 8.2 µm and 

at the same energy density under a N shielding environment, Ra was increased to 1.1 µm. 

This difference in the Ra values was attributed to the 60% higher estimated laser absorption 

in the melt pool under N shielding surface compared to the surface under Ar shielding 208.  

Whilst it has been said that the same laser treatment on different material surfaces namely 

cp Ti vs grade 5 Ti, results in similar topography patterns of tracks and ripples 200, this notable 

difference in Ra when changing the shielding gas environment from N to Ar is important 

when comparing previous work conducted with CW treatment shielded with N.  

Chan et al. (2017) applied laser nitriding in CW mode to both cp Ti and grade 5 Ti (as well as 

CoCrMo). All surfaces were treated with an energy density of approximately 25.5 J/mm2 (40 

W laser power, 25 mm/s processing speed and 100 µm spot size) shielded by N gas at 5 bar 

of pressure. SEM images of both laser treated cp Ti and grade 5 Ti demonstrate similar ripple 

formations as seen on similar surfaces treated with Ar, but with the added features of 

lamellae, mostly likely caused by the formation of TiN and other oxynitrides on the surface, 

as demonstrated by the XPS results. A profilometer was used to measure the roughness 

parameters Ra and Rt over a 15 mm length and an AFM was used to measure Rsk and Rku 

across a 2 µm x 2 µm area. Across a 15 mm distance the cp Ti surface, initially of Ra = 0.37 

µm increased to a roughness of Ra = 2.6 µm after laser nitriding and the grade 5 from Ra = 

0.13 µm to Ra = 3.57 µm. AFM measurements indicated that initially, Rku < 3 for both 

untreated surfaces and increased to Rku >3 for both after nitriding. This indicated that at the 

macro/ micro level that CW laser treatment under N created a rougher surface relative to 

the untreated surface. Whilst Ra was not measured at the nano scale, Rku increased 

indicating a “spikier” surface resulting from laser nitriding 2. 
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1.4.3.3.2 - Alteration of chemistry/ wettability 

Yang et al. (2016) used a pulsed laser system to create multiple textures on commercially 

pure titanium, namely line, spot and grid patterns to investigate the effect on wettability. For 

the grid and spot patterns, contact angle data gathered via sessile drop method over 3 days 

showed an initial hydrophilic behaviour (<90°) develop into hydrophobic after 6 days and 

returning to hydrophilic up to the 17th day. For pattern spacings of 50 µm and 60 µm, the grid 

pattern became hydrophobic after the 30th day, with the rest of the spacings up to 100 µm 

remaining hydrophilic. The contact angle data from the spot pattern after 30 days showed 

that all but the 90 µm and 100 µm spacings became hydrophobic. The liner pattern however 

showed much higher variation in contact angle between the spacings over the 30 days, with 

some spacings remaining hydrophobic after the 10th day. All variation of spacings of the line 

pattern were highly hydrophobic (>120°) after the 30th day. As no changes were made to the 

morphology of the surface over this period of time, it was able to be determined that surface 

chemistry is the dominant factor in the change of contact angle over time. An increase in 

carbon content as a result of laser treatment was attributed to the hydrophobic aspect of the 

surface, with the change in both the oxide layer and carbon over the 30 days causing the 

change in wettability 209.  

Cunha et al. (2013) applied femto-second pulsed laser treatment in open air conditions as a 

means to alter the contact angle of grade 5 titanium. Roughness was measured via an optical 

profilometer, surface chemistry was measured via XPS and contact angle was measured via 

sessile drop method for both deionised water and hanks balanced salt solution (HBSS). Three 

laser treated surfaces were treated at fluences of 0.3 J/cm² (Type1), a combination of 0.3 

J/cm² and 0.2 J/cm² (Type 2), 0.6 J/cm² (Type 3) and 0.6 J/cm², but at a slower scanning speed 

(Type 4). Roughness values were approximately Ra = 290 nm over a 2.2 µm scan length for 

Type 1,   Ra = 260 nm over a 13 µm scan length for Type 2, Ra =  1.1 µm over a scan length of 

24 µm for Type 3 and Ra = 4.7 µm over a scan length of 550 µm. Whilst roughness values 

were different across these surfaces, the author noted that they exhibited a similar 

anisotropic surface topography, consisting of parallel laser tracks. XPS narrow scans showed 

that the surfaces had oxidised due to laser treatment in open air. The polished control surface 

still exhibited a notable peak for Ti4+, indicating the presence of the natural TiO2 layer.  After 

a resting period of over 600 seconds, the contact angle of both deionised water and HBSS 

remained below 90°, demonstrating a hydrophilic surface remained after laser treatment. 

The topography of the surface, not just the raw roughness values, was credited as the main 

reason for the hydrophilicity of the surface, rather than the oxide content in the surface 104. 
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Raimblaut et al. 2016 used a pulsed laser system in the femtosecond range to create a variety 

of line patterned micro-sized grooves at depths of 1, 5 and 10 µm, and widths of 25, 50 and 

75 µm. It was observed that over the duration of 26 days, the contact angle increased from 

~5-40° (hydrophilic) up to 140° (hydrophobic) for all but the 25 µm wide grooves, when the 

samples were stored in air. It was also found that on hydrophilic surfaces the droplets formed 

in an anisotropic manner on the surface due to the grooves, being wider in the direction 

parallel to the grooves and narrower in the direction perpendicular to the grooves. 

Hydrophobic surfaces that were generated however did not experience this droplet 

elongation. No significant difference of cell growth was observed between textures, although 

narrower and deeper grooves had a greater effect on the orientation of the cells due to their 

comparable size to the cells. The evolution of the surfaces wettability was attributed to the 

highly reactive titanium surface created by the laser plasma which then became oxidised and 

stable when allowed to rest in air 205.   

Zwahr et al. (2019) utilised direct laser interference patterning (DLIP) via a pulsed laser on 

grade 4 Ti to create a pattern that enhanced the osseointegration of dental implants. A range 

of settings were investigated, with fluences ranging from 11 – 79 J/cm2. Multiple patterns 

with varying spatial periods were created and it was found that features with larger spatial 

periods (towards 17 µm) were hydrophilic and smaller periods (towards 3 µm) were 

hydrophobic. It was found that higher fluences resulted in the higher relative oxide 

concentrations. ToF-SIMS depth profiles and FIB cross-sectioning indicated a thicker oxide 

layer at higher laser fluences, and that the oxide was thickest at the interference pattern 

maxima, i.e., the peak of the ripples observed in the pattern 210. 

Tiainen et al. (2019) applied a pulsed laser to Grade 5 titanium to create grid like micro-

structures to promote bone formation in a similar manner. Results showed increased oxide 

content at the surface as well an as obvious increase in roughness relative to the untreated 

polished surface. There was also a decrease in hydrophobicity as a result of wider laser 

grooves, leading to moderately hydrophilic (just under 90° contact angle) surfaces. Narrower 

grooves lead to an increase in hydrophobicity. Bone-friction tests showed an increase in bone 

retention as a result of wide laser induced grooves with high spacing 211. 

1.4.3.3.3 - Alteration of microstructure/ mechanical properties 

Ma et al. (2017) investigated the effect of laser polishing on additively manufactured grade 

5 and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si. The laser was operated at 220 ns pulse duration, 200 mm/s 

scanning speed and 50% laser track overlap in an Ar gas environment. Roughness (Ra) of both 
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materials was significantly reduced, and re-melting effect caused an increase in hardness and 

wear resistance effect on the surface. This was attributed to the formation of martensitic α’ 

in the surface polished zone as opposed to the α+β present in the bulk material as observed 

through microstructure analysis and XRD results 212.  

Balla et al. (2014) applied a relatively slow and high-power continuous wave laser to grade 5 

titanium at 5 mm/s and input powers of 250 and 400W in both single and double passes of 

the laser in an Ar environment. This led to an increased hardness and a reduce wear rate on 

the surface for all laser treated surfaces. This was attributed to the shift of α+β 

microstructure to an acicular α’ phase within a β phase matrix  and the increase in grain size 

from approximately 5 µm in the substrate to between ~150-200 µm as a result of the laser 

melting technique 213.  

Chai et al. (2018) treated commercially pure titanium with a pulsed laser at 5 ms pulses at an 

energy density of 12.5 J/mm2 and a relatively slow processing speed of 8mm/s. The resulting 

laser treated surface possessed two distinct zones on the surface, including phase 

transformation zone which consisted of fine α phase microstructure and a heat affected zone 

which possessed multiple irregular shaped sub-grains. This resulted in a 130 % increase in 

surface hardness 214. The use of N as an assistive gas during the laser processing of surfaces 

has been used in a similar manner to enhance mechanical properties of the surface.  

Chan et al. (2016) used a continuous wave fibre laser assisted by N gas on beta-titanium 

(TNZT) at a power of 25 W and speed of 1 mm/s.  The treatment created a micro-rough 

surface which consisted of an increased α phase and surface chemistry of TiO2 and Nb2O5. 

Whilst no TiN was detected via XRD analysis, it was not ruled out. An increase in hardness 

and reduced wear rate was attributed to the increase in the α-phase at the surface and the 

increased corrosion resistance was attributed to the TiO2 layer forming on the surface 215. 

1.4.4 – Interaction of bacteria on treated surfaces in previous studies 

Laser surface treatment of titanium surfaces as an antibacterial solution has been a highly 

researched topic within the past decade, utilising many types of lasers and operating 

conditions to modify the surface. The level of understanding gained from these studies is 

limited by the ability to characterise both the modified surface and the bacterial response to 

this change. As most bacterial tests are in-vitro a truly representative study is unlikely, but 

with constantly improving and evolving characterisation techniques, researchers have been 

contributing to an increased knowledge of bacterial interaction with a laser treated surface. 
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Other literature including non-laser techniques has been included in the following sections 

to allow for comparison. 

In comparison to alternative anti-bacterial surface treatment and techniques, laser surface 

treatment can offer advantages in the form of high repeatability and relatively fast processing 

times while being able to achieve similar changes to topography, surface chemistry and 

wettability offered by these alternatives. Laser treatment is also readily integrated into the 

developing field of additive manufacturing of medical devices especially where surface 

treatment of the often relatively rough surface is required. There are some obvious downfalls 

with lasers such as expensive set ups with some laser systems, their power consumption at 

higher powers and need for assistive gas or gas chambers. The majority of laser surface 

treatment has also been conducted on flat surfaces and it has been shown that laser 

treatment on uneven surfaces (such as that of screw threads) do not achieve the same anti-

bacterial effects. Solutions will need to be developed for applying laser surface treatment 

techniques to 3D surfaces in the future rather than on 2D surfaces used in lab tests. Whilst 

pulse lasers have been used more widely in anti-bacterial surface treatment, some work has 

been conducted with continuous wave lasers which are typically more widely used in 

manufacturing environments.   

1.4.4.1 - Roughness and topography changes on bacterial attachment 

1.4.4.1.1 – Micro-roughness and topography 

Patil et al. (2018) combined the use of laser treatment and annealing by applying a pulsed 

Nd:YAG laser at 20 ns pulses to create micro pits before annealing at 300°C to expediate the 

transition from a hydrophilic surface to a hydrophobic one. The presence/ absence of 

assistive gas during laser treatment was not stated in the methodology. The surface was then 

characterised in terms of wettability (sessile drop), topography (SEM), surface phase 

composition (XRD) and bacterial coverage of E. coli and S. aureus (SEM and crystal violet 

assay). Varying sizes of micro pits were created as a result of laser treatment at approximately 

40 µm, 60 µm and 80 µm with slight deviations as a result of re-solidification. The accelerated 

stabilisation of the oxide layer generated superhydrophobic surfaces (contact angles 

between 101° - 162°). An increased peak of rutile titanium was observed via XRD on the 

treated surfaces. Adhesion of bacteria and biofilm formation decreased for both E. coli and 

S. aureus on treated surfaces compared to that of the base material. The few bacteria that 

did adhere to the treated surfaces did not tend to form biofilms as readily as on the base 

material. The reduced bacterial activity was attributed to entrapped air between the medium 

and the micro pits as well as the presence of rutile titanium 216. 
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Wu et al. (2011) investigated the attachment of S. epidermidis to grade 5 titanium with four 

distinct surface conditions; polished, satin, grit-blasted and plasma sprayed. The surface 

topography and roughness were characterised by a combination of SEM (including a depth-

resolved profile reconstruction software) and AFM. Bacterial colonisation of the surface was 

characterised via a combination of SEM and Confocal Laser Scanning Microscopy (CLSM). The 

polished surface was deemed the smoothest at Ra = 0.006 µm. The satin surface was notably 

rougher at Ra = 0.830 µm, with height variances the size of microcolonies. Both the grit-

blasted and plasma sprayed surfaces presented extremely high roughness values in 

comparison at Ra = 11 µm and 33 µm respectively. Both surfaces presented topographies 

with large pits and craters as well as protruding structures. At the local nano scale, the grit 

blasted surface presents topographies similar to the satin surface, and the plasma sprayed 

surface presents surfaces similar to the polished surface in some locales. SEM and CLSM 

images of the stain and grit-blasted surfaces showed very high biofilm coverage across each 

surface and their respective features. The polished surface demonstrated only small clusters 

of S. epidermidis among individual cells. The plasma sprayed surface showed high biofilm 

formation coverage, but only within the large micro-scaled craters. On other parts of the 

surface that had local roughness similar to the polished surface, bacteria adhered in a similar 

fashion to the polished surface. The author noted that whilst the high curvature presented 

in the plasma-sprayed surface played a role, it was that the local surface at the nano-scale 

was comparably smooth as the polished surface 176.  

Annunziata (2017) compared the adhesion of S. sanguinis across three differently structured 

surfaces in a similar way. The conditions on each surface were; turned, mildly acid-etched 

and direct laser metal formed (DLMF) grade 5 titanium. The roughness of each surface was 

characterised by a stylus based surface profiling system, which measured an area of 0.5 mm 

x 0.5 mm, and topography was observed using SEM. Bacterial adhesion was measure both 

in-vitro and in-situ, via titanium attached to acrylic dental retainers. SEM was used to view 

attached bacteria and CFUs were measured to give quantitative results. The turned surface 

presented a surface roughness of Sa = 0.283 µm and a topography typical of titanium turned 

on a lathe. A roughness of Sa = 0.369 µm was recorded for the mildly acid etched surface, 

which presented a topography of “repeated concavities of homogenous and controlled 

dimensions”. The DLMF surface possessed a topography typical of a melted surface with 

ripple and droplets formations, along with some porous features. Roughness was notably 

higher as a result at Sa = 10.835 µm. The DLMF surface had the highest CFU values at 2 hr, 6 

hr and 12 hr timepoints relative to the other surfaces, with the turned surface presenting the 
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least. This increased CFU value was attributed to the micro-scale topography of the DLMF 

surface which acted as shelter for adhering bacteria against shear forces exerted by the liquid 

medium 115.  

Vadakkumpurath (2019) utilised a pulsed Nd:YAG laser to create a micro-texture on the 

surface of CpTi and grade 5 titanium to reduce bacterial adhesion of S. aureus. The laser was 

operated at 40W power, 25 mm/s scanning speed and a stand-off distance of 10 mm and 

created a pattern of dimples with a diameter of 20 µm and depth of 3µm. Roughness was 

characterised via a laser confocal microscope and biofilm coverage was measured via 

live/dead staining. Roughness increased from Ra= 0.45 µm and Ra = 0.45 µm on the polished 

surfaces to Ra = 3.60 µm and Ra = 3.71 µm on the laser textured surfaces for CpTi and grade 

5 Ti respectively. Rz (Rt) also notably increased from Rz = 3-4 µm to over 20 µm for both 

surfaces. Biofilm coverage greatly reduced as a result of laser surface texturing compared to 

the polished surfaces. The fluorescence micrographs of S. aureus on the polished surfaces 

show clusters of both live and dead bacteria forming, whilst the textured surfaces show more 

spread out individual cells, with no signs of clustering. Whilst surface features of these 

dimensions would be assumed to promote bacterial adhesion relative to the polished 

surface, the author noted that the surface became notably more hydrophilic as a result of 

the laser treatment. As S. aureus possess a hydrophobic membrane, this is what was assumed 

to be the reason for reduced bacterial adhesion, and why the micro-rough features did not 

promote bacterial adhesion of S. aureus 99. 

1.4.4.1.2 – Nano-roughness and topography 

Ivanova et al. (2009) investigated the roughness (10 x 10 um scan size) of varying thicknesses 

of thin film Titanium deposited on a glass substrate. It was found that adhesion of both S. 

aureus, a Gram-positive species, and P. aeruginosa, a Gram-negative species, reduced when 

going from roughness, Ra = 1.24 ± 0.04 nm on the control, glass substrate, to a 3 nm thick 

titanium layer of roughness Ra = 1.47 ± 0.21 nm. However, when the roughness changed to 

0.95 ± 0.01 and 0.64 ± 0.02 nm for 12 nm and 150 nm thick titanium layers, respectively, the 

adhesion of P. aeruginosa remained similar, but the adhesion of S. aureus notably increased, 

but not beyond the control sample 178. It should also be noted that the roughness values had 

little variation, skewness and kurtosis values allowed the identification of different surface 

morphologies sharing similar roughness values. It was found that increasing levels of 

skewness and kurtosis lead to an increased adhesion of S. aureus at this level of nano-

roughness but did not affect P. aeruginosa to the same extent (Note that Rsk > 0 and Rku > 

3 for all surfaces).  
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A similar effect was observed in a study by Webb et al. (2013) comparing the roughness (1 x 

1 um scan area) as-received CpTi with Equal Channel Angular Pressed (ECAP) titanium and 

thin film titanium. P. aeruginosa had reduced bacterial adhesion when comparing the 

roughness of the control (Sa =  0.139 nm) nm to both ECAP Ti (Sa = 0.147 nm) and Thin film 

Ti (Sa = 0.389 nm), however, S. aureus attachment did not decrease 182. Skewness values were 

also comparatively low for the surface that had the high s. aureus adhesion (Ssk = 0.139) 

compared to the lowest (Ssk = 0.625). The author noted that P. aeruginosa had reduced 

adhesion due to flexible nature of its membrane causing less surface area between the cell 

and the sub-nanometrically smooth surface, in contrast to S. aureus which has a 

comparatively stiffer membrane. S. aureus was found to preferentially adhere to surfaces 

with higher roughness, symmetrical height distribution and less ordered surfaces 182.  

When comparing surfaces that possess features of much greater height in the nano-scale, 

the opposite effect has been observed in a study by Linklater et al. (2019) with the plasma 

etching of CpTi. With the increasing etching time, the surface generated nano-pillars, that 

grew in length perpendicular to the surface and eventually formed clusters of micro-pillars 

with smaller nano-pillars interspersed between them. No roughness data was gathered for 

the control surface but was described as a “mirror finish”. With scanning areas of 5 x 5 µm2, 

roughness was measure on surfaces etch for 5 minutes (Sa = 202 ± 20 nm), 10 minutes ( Sa = 

258 ± 10 nm), 20 minutes ( Sa = 322 ± 5 nm), 30 minutes (Sa = 286 ± 47 nm) and 40 minutes 

(446 ± 12 nm). All the surfaces reduced the attachment of S. aureus relative to the mirror 

finish as the author stated that S. aureus typically prefers to adhere to lower surface 

roughness’s (Sa < 0.5 nm), but did not reduce the attachment of P. aeruginosa 173. However, 

whilst the adhesion of the P. aeruginosa did not decrease, the amount of non-viable cells 

greatly increased. Despite P. aeruginosa cells being able to attach to surfaces of high aspect 

ratios/ feature height, the elastic limit of its Gram negative membrane was reached causing 

the cell to rupture, which has been discussed and observed in previous studies 80–82.  

Other Gram-negative species such as E. coli have been observed to behave similarly on 

surfaces with roughness in the nanoscale. A study by Lorenzetti et al (2015) observed the 

coverage of E. coli on the surface of hydrothermally etched titanium (CpTi) at different pH 

values 116. Area scans using optical interferometry indicated machining marks still present 

with a width of approximately 30 µm which remained on all surfaces even after etching. 

Roughness was measured from profiles with a width of 16 µm, which increased from Ra = 

0.31 ± 0.09 µm on the non-treated surface (NT) to Ra = 0.45 ± 0.08 µm and Ra = 0.80 ± 0.14 

µm on the etched surfaces at pH5 (TiA) and pH10 (TiB) respectively. It should be noted that 
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the Rt values increased from Rt = 0.7 ± 0.1 µm on the NT surface to Rt = 1.0 ± 0.2 µm and Rt 

= 1.5 ± 0.2 µm for TiA and TiB, however this is from the overall scan rather than the localised 

profiles within the 30 µm grooves extracted for Ra.  The author noted that the etching 

process decreased the peak-to-peak width from approximately 5 µm on the non-treated 

surface to 3 µm and 0.4 µm on TiA and TiB respectively. This would mean an E. coli cell of 

approximately 1 µm x 2 µm in dimension, would organise itself differently within these 

valleys. The TiB had the greatest reduction in bacterial adhesion which correlated with the 

peak-to-peak width reduction (0.4 µm) which was suggested to be caused by the decreased 

surface area between the cell wall and surface. Whilst there was an increase in surface 

roughness values, it was the width dimensions that were more applicable to the anti-

bacterial effect in this study.  

Other studies have investigated the effect of patterns on the “self-organisation” of bacteria 

in a similar manner and noted that the spreading of E. coli on a surface and the growth of a 

biofilm is controlled somewhat by nano-patterns 57,109,217,218. Nano-roughness can also play a 

less direct role in bacterial attachment by the effect of surface adsorbed proteins. Singh et 

al. 2011 showed that proteins within 10% fetal bovine serum that adsorbed to nano-rough 

titanium coated glass were able to counteract the roughness by effectively “smoothing” the 

surface 179. The effects of the surface topography created by laser surface treatment on 

protein adsorption and its subsequent effect on bacterial attachment is not investigated in 

the current study. 

1.4.4.2 – Chemical surface changes on bacterial attachment 

Whilst the study didn’t investigate laser treatment, Seddiki et al (2014) compared the 

antibacterial activity of untreated, polished and hydrothermally etched at both 25 °C (T25) 

and 80°C (T80) in piranha solution, commercially pure titanium. An AFM was used to measure 

the roughness of the surfaces and XPS analysis was conducted to measure changes to the 

surface chemistry. Viable counting and SEM analysis was conducted to measure the response 

of E. coli on each of the surfaces. Bacterial adherence was lowest for the polished and T25 

surface, higher for the T80 surface, and highest for the untreated surface. AFM results 

indicated that roughness over a 50 µm scan size, RMS roughness was 500 nm for untreated, 

30 nm for polished, 10 nm for T25 and 300 nm for T80. Smaller scans at 1 µm showed 30 nm 

for untreated, 1-12 nm for polished, 5-7 nm for T25 and 6 – 10 nm for T80. XPS survey scans 

showed atomic percentage of titanium and O increased when comparing the polished 

surface to the T80 surface. XPS narrow scans of the Ti 2p peaks indicated a reduction of 

metallic titanium (Ti(0)) and an increase in the amount of species associated with oxides, 
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namely Ti4+ in TiO2, when comparing the polished surface to the T80 surface. However, it was 

observed that TiO2 was observed on all of the surfaces and did not penetrate deeper than 6 

nm (approximate depth of XPS analysis). It was concluded that the adhesion of E. coli was 

mainly influenced by the topography and not the chemical composition of the surface 109. 

Cunha et al. (2016) applied a femto-second laser treatment to cp Ti to reduce biofilm 

formation of S. aureus. XPS analysis and micro-Raman were used to characterise the surface 

chemistry. Fluorescence microscopy and SEM images indicated a reduction in biofilm 

coverage as a result of the laser treatment. Previous studies investigating anatase content in 

the surface of titanium showed a reduction in the adhesion of both S. aureus and S. 

epidermidis 193,219. The author noted that both the polished surface and laser treated surface 

had anatase present in the surface, despite the polished surface exhibiting much higher 

adhesion. It was concluded that the composition of the oxide film, played only a minor role 

in the reduction of bacterial attachment 101. 

Chan et al. (2017) used continuous wave fibre laser assisted with N gas on cp Ti and grade 5 

titanium. Biofilm coverage reduced as a result of laser nitriding for both grades of titanium. 

Part of this reduction was attributed to the increased thickness of oxide film on the surface 

as a result of laser treatment, which reduced the number of surface charge carriers which 

are involved in electrostatic interactions with bacteria 2.   

Donaghy et al. (2019) utilised a similar laser treatment technique on a beta titanium alloy 

(TNZT) assisted with Ar gas. Laser power was set to 30W, laser spot area was 7.9x10-3 mm2 

and two speeds were tested, 100 mm/s and 200 mm/s giving energy densities of 38 J/mm2 

and 19 J/mm2 respectively. Atomic concentration values extracted from XPS survey scans 

show an increasing concentration in O present on the surface, with treatment at 200 mm/s 

possessing a higher concentration than 100 mm/s. The same was also true for the titanium 

concentration. XPS narrow scans of the Ti 2p peaks for base material showed no metallic 

titanium (Ti(0)), whilst laser treated surfaces showed the presence of metallic titanium, with 

the 100 mm/s laser condition demonstrating the highest amount on its respective surface. 

Despite this, the SEM-EDX images showed less O concentration on the laser treated surfaces 

when compared side by side with the base material. It is noted that EDX typically uses back 

scatter electrons, which can penetrate at up to a few micrometres into the surface, compared 

to the approximately 5 nm depth achieved by XPS. As stated before, it can take over 30 days 

for a stable oxide layer to form on titanium, and whilst the concentration of O may be higher 

at the outermost surface (within the scale of 5nm) the oxide layer may not have developed 
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at increased depths. Another key difference is that the laser tracks were not overlapping, 

meaning that the surface did not receive the “double” treatment that the laser provided in 

the current study. The coverage of S. aureus across the surface decreased notably, according 

to fluorescence micrographs. The decrease in bacterial coverage was attributed to a 

combination of the polishing effect of the laser treatment, the homogenisation of the surface 

chemistry (including the thinner oxide layer) and the presence of some TiN on the surface 187. 

In a follow up study, Donaghy et al. (2020) assessed the response of S. aureus and MSC on 

laser nitrided TNZT. Laser nitriding was performed at three different power settings (35 W, 

40 W and 45 W) and was characterised in terms of roughness and topography by WLI and 

SEM, wettability via sessile drop method and phase composition with XRD. Bacterial coverage 

on the laser treated surfaces decreased with respect to the untreated surface and a trend of 

decreasing adhesion with increasing power was observed, however no distinct advantage of 

MSC response was observed as a result of laser nitriding. Laser nitriding generated a more 

hydrophilic surface (laser treated surface contact angles < 35°) compared to the base 

material. Roughness increased relative to the base material as a result of surface nitriding, 

although the surface notably changed from a surface with larger peaks (Rsk > 0) to one with 

smaller peaks (Rsk < 0) for all laser treated surfaces. A crystallographic shift was noted after 

laser nitriding with increased peaks of TiN and β phases, which have been before linked to 

antibacterial activity. The combined effect of changes to hydrophilicity, increased TiN content 

and topography as a result of laser nitriding were attributed to the antibacterial effect, 

however no distinct advantage to MSC response was observed, particularly when compared 

to the previous study utilising Ar as an assistive gas 220. 

1.4.4.3 – Physicochemical surface changes on bacterial attachment 

Fadeeva et al. (2011) applied femtosecond laser ablation to the surface of commercially pure 

titanium to reduce bacterial adhesion by altering the hydrophobicity of the surface to mimic 

the surface of a lotus leaf. The laser operated at fluences between 20 – 100 J/cm2 in open air. 

The author noted that circular polarised light was used to prevent rippling via laser surface 

treatment. SEM and AFM were used to characterise the topography of the surface, XPS was 

used to determine surface chemistry and the attachment of S. aureus and P. aeruginosa were 

measured via CLSM. Topography changed from a flat polished surface to a two-tier 

topography with micrometre sized pillar structures and craters, with nano-scale roughness 

on the surface of these structures. Atomic fraction data indicated a decrease in titanium 

concentration and an increase in O as a result of ablation and narrow scans indicated reduced 

presence of metallic titanium, with only the Ti4+ peaks present in the laser ablated surface. 
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Sessile drop method tests showed an increase from a water contact angle of 73 ± 3° to 166 ± 

4° as a result of laser ablation, transition the surface from a hydrophilic to hydrophobic 

surface. Whilst the number of cells and biovolume of P. aeruginosa decreased on the laser 

structured surfaces, the number of S. aureus cells and the associated biovolume notably 

increased on the structured surface. The change in wettability was attributed to the 

significant changes to topography as a result of laser ablation. It was concluded that the rod 

like shape of P. aeruginosa had reduced capability to attach to the laser structured surface 

due to the reduced effective contact area within the two-tiered structure. The spherical 

shape of the cocci S. aureus cells required less surface area to adhere to the same structure 

and the gaps and craters served as highly favourable attachment points. The laser structured 

surface was deemed to selectively control bacterial attachment depending on cell 

morphology 221. 

Cunha et al. (2016) treated cp Ti with a Yb:KYW pulsed laser with a pulse duration of 500 fs 

in open air with an overlap ratio of 30% on laser tracks. The surface was then characterised 

in terms of roughness via AFM, surface chemistry via XPS, crystallography via XRD, wettability 

via sessile drop method and bacterial coverage (of S. aureus) via fluorescence microscopy. It 

was concluded that a combination of dense surface “reliefs” which had dimensions smaller 

than bacteria reducing contact area and an increased oxide/ TiO2 content on the surface 

contributed to the reduced bacterial area coverage. Hydrophilicity increased with laser 

surface treatment and it was noted that wettability did not play a role in bacterial attachment 

101. 

Rajab et al. (2017) used a picosecond laser of pulse duration 10 ps without assistive gas at 

three different speeds on grade 5 titanium before a 2-hr treatment with fluoroalkylsilane. 

This treatment created three surfaces with conical peaks on the titanium which possessed a 

close-packed monolayer of fluoroalkyl to optimise hydrophobic properties. An FEG-SEM, 

AFM and confocal laser scanning microscopy were used to determine micro and nano 

topography respectively. A combination of EDX, FTIR and Raman spectroscopy were used to 

characterise the surface chemistry. Sessile drop method was used to determine contact angle 

and surface free energy. Spray wash (attachment), spray (adhesion) and retention assays 

along with SEM were used to evaluate the response of E. coli on the surface. Across all three 

laser treated surfaces, bacterial counts decreased for adhesion and retention assays when 

compared to the control group but did not change significantly for the attachment assay. The 

laser treated surfaces were considered “tri-modal” in its roughness possessing macro rough 

conical features which possessed their own features of micro and nano-roughness. Increased 
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O: Ti content as indicated via EDX suggested a higher TiO2 content at the surface as a result 

of laser surface treatment. Monolayers were found to bind successfully, and the contact 

angle increased across all treated surfaces compared to that of the control. Contact angle 

increased across all treated surfaces compared to the control surface and surface energy 

components were highest for the control group suggesting that there was reduced surface 

free energy as a result of laser surface treatment. A combination of topography, surface 

chemistry and hydrophobic effects were attributed to the reduction of adhesion of E. coli to 

laser treated grade 5 titanium with a monolayer 222. 

Ionescu et al. (2018) compared biofilm formation on laser treated grade 4 titanium screws to 

machined and grit blasted titanium and enamel. The laser treated surface was prepared via 

a pulsed Nd: YAG at pulse widths of under 1 ns to create laser induced micro craters – it was 

not stated if this was in open air or under assistive gas.  A surface profilometer was used to 

generate profiles and measure surface roughness and SEM was used to observed topography 

before and after biofilm formation. Contact angle and subsequently surface free energy was 

measured via sessile drop method. Bacterial adhesion and biofilm coverage were assessed 

with confocal scanning microscopy and viable biomass assay. Whilst EDX was utilised, surface 

chemistry was not investigated, instead EDX was used for showing biofilms/ carbon content. 

Both in-vitro and in-situ environments were tested for all material (bar enamel in-situ) and 

in-vitro tests used bacteria derived from samples of saliva. In-vitro results showed that the 

laser treated surface had the least adhered viable biomass compared to the other surface, 

and in-vivo results showed laser treated and machine surfaces had less adhered biomass than 

grit-blasted, but no significant difference between them. The laser treated surface was able 

to achieve this by the creation of a more hydrophobic surface with micro features that 

inhibited bacterial adhesion. The author did note that the laser treatment only reduced 

bacterial adhesion when applied in the orthogonal direction, as when the laser treatment 

was applied to the slanted surfaces of the screw threads, bacterial adhesion did not decrease 

by much on those areas 103.  

A study by Chan et al. (2017) investigated the use of N assisted continuous wave fibre laser 

surface treatment on CoCrMo, cp Ti and grade 5 titanium as means to enhance the 

antibacterial properties of each material.  Roughness and topography were characterised by 

a profilometer and AFM, wettability was assessed via sessile drop method and surface 

chemistry was analysed via XPS. The biofilm coverage and live/dead ratio of S. aureus was 

investigated via fluorescence microscopy. Results indicated that the laser treated titanium 

surfaces presented a reduced biofilm coverage and a bactericidal effect, whilst no significant 



53 
 

anti-bacterial effect was observed on laser treated CoCrMo. Reduced bacterial activity on the 

titanium surfaces was attributed to an increase in hydrophilicity, a thicker and more stable 

oxide layer and nano-features on the laser treated surface. It was noted that S. aureus 

typically possesses a hydrophobic cell structure, and that the hydrophilic surfaces presented 

a reduced effect as hydrophobic cell structures typically preferentially adhere to hydrophobic 

surfaces 2. 

Fadeeva et al. (2011) utilised a Ti:sapphire femtosecond laser with 50 fs pulses on cp Ti in 

open air conditions. Surface characterisation mainly focused on chemistry (XPS) and 

wettability (sessile drop method) but also included some surface morphology measurements 

(AFM) but no roughness values. The biovolume (which includes both cells and EPS) and 

biofilm thickness was measured for S. aureus and P. aeruginosa by CLSM and SEM. The 

surface treatment created two-tier structure with the micro features at around 10-20 um in 

height and the nano features at around 200 nm which was considered super hydrophobic 

(contact angle of ~166°) compared to the polished surface (contact angle ~77°). XPS data 

showed no significant change to surface chemistry, thus attributing the change in wettability 

entirely to changes in topography. Whilst the volume of P. aeruginosa decreased, S. aureus 

volume increased on the laser treated surface compared to the base polished surface. This 

difference was attributed to the spherical shape of the cocci S. aureus requiring less contact 

area than the bacilli P. aeruginosa which was not able to effectively colonise the laser induced 

hierarchical structure 221.  

Donaghy et al. (2019) applied a similar laser treatment technique to a beta titanium alloy – 

Ti-35Nb-7Zr-6Ta (TNZT) comparing different laser processing speeds (100 mm/s and 200 

mm/s) assisted with Ar gas and their result on both biofilm coverage of S. aureus and 

mesenchymal stem cell (MSC) proliferation and differentiation. Physical features such as 

roughness and topography were measured by white-light-interferometry (WLI) and SEM, 

surface microstructure was observed by XRD and surface chemistry and composition were 

assessed by XPS and EDX analysis. The coverage and live/dead ratios of S. aureus were 

measured via fluorescence microscopy and proliferation and differentiation assays were 

used to measure MSC performance on the surface.  Bacterial coverage and live/dead ratio 

decreased for laser treated surfaces and MSC assays saw an encouraged formation of bone-

like nodules on the laser treated surface. The roughness values of the laser treated surface 

were greater than that of the base material and also spikier (Rsk > 3). EDX data showed a 

homogenous elemental distribution on laser treated areas on the surface and XRD data 

indicated that only β-phases were present after treatment. XPS data showed that overall 
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oxide film thickness decreased, but when coupled with EDX data, indicated a more uniformly 

distributed oxide layer. Despite a reduced oxide layer thickness and increased roughness, 

antibacterial effect was attributed to potential nano features present on the surface 187. 
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Table 1: Summary of laser surface treatment methods and the response of bacteria attempting to attach to them 

Laser treatment 

type 
Author(s) + year Material/s 

Laser 

parameters 
Topography changes Roughness changes Chemistry changes Wettability changes 

Bacterial 

species tested 

Anti-bacterial 

effect 

observed? 

Conclusions 

Pulsed laser 

surface 

treatment 

Duarte et al. 

2009223 
CpTi 

60 – 500 mJ 

1 – 15 kHz 

"Slight alterations on 

smooth and rough 

titanium surfaces - 

machining marks still 

observed…" 

nano-roughness 

increased on treated 

smooth surfaces and 

decreased slightly on 

treated rough 

surfaces 

On smooth titanium 

surfaces, Ra increased 

from 0.18 ± 0.02 µm to 

0.23 ± 0.06 and 

decreased from 0.70 ± 

0.07 to 0.68 ± 0.06 µm. 

N/A N/A S. sanguinis No 

The adherence of S. 

sanguinis did not vary 

significantly between the 

control and laser treated 

groups as "Laser 

treatment did not 

significantly alter 

topography and 

roughness"  

Femtosecond 

laser ablation 

Fadeeva et al 

2011221 
CpTi  

50 fs 

Up to 1 mJ 

1 kHz 

100 J/cm2 

A structured surface 

consisting of a 

pattern of conical 

pillars and ripples 

mimicking the 

surface of a lotus leaf 

was created.  

Roughness values were 

not reported, but 

roughness increased at 

the micro and nano 

level compared to the 

polished control 

surface. 

Higher amounts of 

titanium dioxide 

were present on the 

structured titanium 

The surface changed from 

an "intermediate" 

wettability contact angle 

of 73±3° to a 

superhydrophobic surface 

at a contact angle of 

166±4° as a result of laser 

treatment 

S. aureus 

P. aeruginosa 

S. aureus - no 

P. aeruginosa - 

yes 

Changes to the 

topography of the 

surface and resulting 

wettability changes 

reduced the attachment 

of P. aeruginosa but 

increased the 

attachment of S. aureus 

cells due to differences 

in bacterial cell 

properties. 

Femtosecond 

laser surface 

texturing 

Cunha et al. 

2016101 
CpTi 

0.3 J/cm2 

and 0.3 + 0.1 

J/cm2 

The single scan 

treatment generated 

LIPSS with the ripples 

perpendicular to the 

laser polarisation and 

scanning direction 

and a double scan 

treatment created a 

nano-pillar pattern 

across the surface.  

Roughness (Ra) was not 

measured on the 

polished control 

surface but was 

relatively similar for 

LIPSS at 0.3 ± 0.1 µm 

and nanopillars at 0.3 ± 

0.2 µm. Rz was also 

similar at 1.5 ± 0.2 µm 

for LIPSS and 1.6 ± 0.9 

µm for nanopillars. 

Laser treatment 

decreased the 

amount of metallic 

titanium at the 

surface level whilst 

increasing the oxide 

content (specifically 

TiO2) 

Laser surface treatment 

significantly enhanced the 

hydrophilicity of the 

titanium with contact 

angles for both surfaces (in 

both water and 

diiodomethane) not 

exceeding 55°. 

S. aureus Yes 

The adhesion and biofilm 

formation of S. aureus 

was significantly reduced 

via a nano-topography 

which reduced the 

contact area available to 

bacteria. 
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Ultra-short 

pulsed laser 

ablation 

Doll et al. 2016224 CpTi 

< 30 fs  

1 kHz 

up to 1 mJ 

Three surfaces were 

generated by 

ablation; a 

"Sharklet™" surface 

with 2 um wide 

groves and varying 

lengths up to 16 um 

and a depth of 2 µm. 

A continuous linear 

grooved surface of 

2µm wide and 2 µm 

deep grooves. A grid 

surface, with the 

same dimensions as 

the linear surface but 

orthogonally 

overlapped.  

N/A N/A N/A S. aureus Yes 

Over multiple time 

points over a 24 hr 

timespan, all surfaces 

demonstrated a reduced 

surface coverage of S. 

aureus relative to the 

untreated smooth 

titanium surface. The 

mechanism by which the 

S. aureus coverage 

reduced was not 

determined. 

Continuous wave 

laser nitriding 
Chan et al. 20172 

CpTi 

Ti-6Al-4V 

40 W  

25 mm/s 

Both CpTi and Ti-6Al-

4V presented ripples 

in the form of 

"circular rosette-like" 

markings, and 

lamellae 

perpendicular to the 

direction of the 

ripples.  

As a result of laser 

nitriding, roughness 

(Ra) increased from 

0.37 to 2.60 for cpTi 

and 0.13 to 3.57 for Ti-

6Al-4V. Rz increased 

from 2.59 to 18.7 for 

cpTi and 1.14 to 23.23 

for Ti-6Al-4V. Rsk went 

from - 0.34 to 0.07 for 

cpTi and 0.22 to 0.32 

for Ti-6Al-4V. Rku 

increased from 2.06 to 

3.04 for cpTi and 2.29 

to 3.11 for Ti-6Al-4V. 

For both titanium 

materials, there is a 

weaker component 

of metallic titanium 

and an increase in 

the Ti3+ component 

(associated with TiN 

and Ti2O3). 

Water contact angle on 

both materials reduced 

from 74.3 and 72.6 to 31.9 

and 45.7 for the CpTi and 

Ti-6Al-4V surfaces 

respectively - thus 

becoming more 

hydrophilic 

S. aureus Yes 

The reduced bacterial 

adhesion and 

bactericidal effect on S. 

aureus  was attributed to 

the combined effect of 

increased hydrophilicity, 

thicker and more stable 

nitride and oxide films 

and the presence of 

nano features induced 

by laser treatment. 
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Picosecond laser 

surface texturing 

+ Treated with 

fluoroalkylsilane 

(Laser etching) 

Rajab et al. 

2017222 
Ti-6Al-4V 

0.138 - 0.178 

J/cm2 

A range of patterns of 

self-organised surface 

structures in the 

shape of rounded 

features and nano 

ripples with valleys in 

between, with 

differing laser 

scanning speeds. 

High speed ablation (@ 

100 mm/s) had a 

roughness (Ra) of 390 

nm, which increased 

with decreasing 

processing speed to 

660 nm (@ 10 mm/s) 

and 1.1 um (@ 1 

mm/s). 

Surface chemistry for 

each surface as 

measured by energy 

dispersive x-ray 

spectroscopy (EDX) 

indicated an increase 

in the ratio of O:Ti, 

potentially indicating 

a thicker oxide layer. 

Colours of certain 

surfaces and micro 

Raman spectra 

indicated potential 

presence of Rutile 

TiO2. EDX and FTIR 

data confirmed the 

presence of a 

fluoroalkyl 

monolayer 

Water contact angle 

increased from 102.74° to 

between 135.76 - 160.00° 

for laser treated surfaces, 

indicating an increase in 

hydrophobicity as a result 

of laser treatments. 

E. coli 

Yes (for all laser 

treated 

surfaces) 

The combination of a 

"tri-modally" 

dimensioned surface 

topography and 

roughness, and a surface 

chemistry supplemented 

by a close-packed 

fluoroalkyl monolayer 

created a 

superhydrophobic 

surface which greatly 

reduced the attachment, 

adhesion and retention 

of E. coli. 

Pulsed laser 

ablation 

Ionescu et al. 

2018103 
CpTi 

Not reported 

- laser 

parameters 

driven by 

dimensions 

of induced 

surface 

features 

Laser treatment on 

titanium created a 

pattern of micro pits 

with a diameter of 

18-20 µm.  

Laser treatment caused 

roughness to increase 

to 0.6167 µm from 

0.1908 µm on the 

reference enamel 

surface.  

N/A 

Whilst contact angles were 

not shown, images of 

water droplets on each 

surface demonstrate a 

highly hydrophobic laser 

treated surface compared 

to a relatively hydrophilic 

enamel surface. 

Multi-species - 

derived from 

saliva 

(supragingival) 

Yes (when laser 

is applied 

perpendicularly 

to surface) 

Laser treatment when 

applied orthogonally to 

titanium screw threads 

reduces the coverage of 

supragingival biofilms 

due to changes in 

topography and 

wettability. However, 

when applied at an 

angle, the reduction of 

biofilm coverage does 

not occur upon laser 

treatment. 
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Pulsed laser 

ablation 

Parmar et al. 

2018225  
Ti-6Al-4V 

10-25 W 

50-250 kHz 

Laser treatment 

created grids of 

micro-pits on the 

titanium surfaces 

with diameters and 

depth ranging from 

24 µm to 35 µm and 

4.6 µm to 34.52 µm 

respectively. 

Roughness (Ra) of the 

“pristine” control 

titanium was 0.12 um 

but not reported for 

treated surfaces. 

Laser treatment 

increased the O 

content in the 

surface from 11.9% 

to 34.3% 

immediately after 

treatment and 

further to 39.1% 

after 10 days. 

Contact angle of the laser 

treated surfaces is 7.1° 

immediately after 

treatment (hydrophilic) 

and after 3 days becomes 

137.3° (hydrophobic). 

After 3 days post 

machining a 

transformation of TiO2 to 

Ti2O3 shows a reduction in 

oxidation state, leading to 

the adsorption of 

"dissociative" water and 

the wettability alters from 

hydrophilic to 

hydrophobic. 

S. aureus Yes 

A 50% reduction in 

adhesion of S. aureus 

was attributed to the 

formation of micro-pits, 

an increase in β titanium, 

TiO2 and Ti2O3 and 

hydrophobic properties 

of the laser treated 

titanium surface (after 3 

days). 

Pulsed laser 

ablation - with 

post annealing 

Patil et al. 

2018216 
Ti-6Al-4V 

25 mJ 

20ns 

100 mm/s 

Laser ablation 

created patterns of 

hierarchical micro-

pits and laser induced 

periodic surface 

structures with 

circular nano-sized 

features. The 

intended micro-pits 

spaced 40, 60 and 80 

µm apart were not 

formed due to the re-

solidification of 

molten titanium.  

N/A 

Post-annealing (30°C 

for 120 min) 

accelerated the 

formation of a 

mature oxide layer, 

and x-ray diffraction 

analysis of the 

surface indicated the 

formation of rutile 

phase Titanium 

dioxide. 

Post-annealing in 

combination with the laser 

ablation increased the 

hydrophobicity of the 

surface with contact 

angles of 136 - 162° for all 

tested surfaces 

S. aureus 

E. coli 
Yes 

Bacterial attachment of 

both species reduced 

with increasing levels of 

hydrophobicity. Whilst 

some cells did attach on 

the hydrophobic 

surfaces, initial 

attachment was 

decreased potentially 

due to entrapped air 

within the hierarchical 

structures in 

combination with rutile 

phase TiO2 which 

possesses antimicrobial 

properties. 
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Continuous wave 

laser surface 

treatment 

Donaghy et al. 

2019226 
TNZT 

30W 

100 mm/s 

and 200 

mm/s 

Laser treated tracks 

across two processing 

speeds of 100 mm/s 

(LT100) and 200 

mm/s (LT200) 

showed a surface 

polishing effect 

relative to the 

untreated surface, 

with the edges of the 

tracks being rougher 

than that of the 

tracks. Micro-scale 

ripples were also 

observed on the laser 

treated tracks.  

Roughness (Ra) 

increased from the 

untreated (119.3 nm) 

to the laser treated 

surfaces (LT100 = 

258.067 nm, LT200 = 

232.5 nm. Rz increased 

from 1900.333 nm on 

the untreated surface 

to 2879.667 nm for 

LT100 and 2845.333 

nm for LT200. Rsk and 

Rku measurements 

indicated that laser 

treated surfaces 

created surfaces 

consisting of spikes 

(Rsk > 0 ) and peaks 

(Rku > 3). 

Laser surface 

treatment on TNZT 

created a more 

homogenous 

elemental 

distribution relative 

to the untreated 

surface. Only β phase 

titanium existed on 

the surface after 

laser treatment. TiN 

was also present in 

the outer oxide layer. 

N/A S. aureus Yes 

A combination of a 

rougher and spikier 

surface with a 

homogenous elemental 

distribution, which 

included TiN in the outer 

oxide layer contributed 

to the reduction in 

bacterial attachment and 

bactericidal effect. 

Femtosecond 

laser ablation 

Shaikh et al. 

2019227 
Ti-6Al-4V 

0.6 J/cm2 

25 and 800 

µm/s 

Two surfaces were 

generated via laser 

surface treatment at 

two levels of 

scanning speed - 25 

µm/s (T1) and 800 

µm/s (T2). T1 surface 

demonstrated 80 µm 

wide laser tracks with 

microscale porous 

protrusions of 

diameter 35 µm in 

between. T2 

presented a pattern 

of tightly packed self-

aligned microscale 

pillars of width 2-3 

µm.  

Roughness was not 

measured but 

considered to increase 

relative to the base 

material. 

Laser treatment 

caused the formation 

of Ti4O7 and Ti3O5 on 

T1 and T2 

respectively. Whilst 

overall O content 

decreased for T1 

relative to the 

untreated surface, T2 

increased, possibly 

due to oxidation 

during laser 

irradiation under 

atmospheric 

conditions. 

Immediately after laser 

treatment, both laser 

treated surfaces 

demonstrated 

superhydrophilicity, with 

the water spreading over 

both surfaces to the point 

of not being measurable. 

After 20 days, T1 remained 

superhydrophilicity and T2 

demonstrated 

superhydrophobic 

wettability with a contact 

angle of over 160°. 

S. aureus 

P. aeruginosa 

S. mutans 

Yes 

Whilst all tested bacteria 

were able to attach to 

both surfaces, 

subsequent biofilm 

growth was inhibited 

relative to the untreated 

surface. Both 

morphology and the 

presence of specific 

oxide led to this 

inhibition. There was no 

direct correlation 

between surface 

wettability of the laser 

treated surfaces and 

their anti-bacterial 

behaviour. 
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Femtosecond 

laser ablation 

Vadakkumpurath 

et al. 201999 

CpTi 

Ti-6Al-4V 

40W 

25 mm/s 

Laser surface 

texturing created 100 

mm2 areas of 

patterned dimples 

with a depth of 3 µm 

and diameter of 20 

µm.  

Ra and Rz increased 

from ~0.45 µm and up 

to 4.52 µm respectively 

on the untreated 

surface to over 3.6 µm 

and 20.77 µm 

respectively on both 

the laser treated 

materials. 

N/A 

Laser surface treatment 

caused water contact 

angle to change from 

91.39° to 41.74° for CpTi 

and 148.50° to 50.65° on 

the Ti-6Al-4V surface. 

Laser surface treatment 

resulted in a more 

hydrophilic surface. 

S. aureus Yes 

It was assumed that 

bacterial adherence was 

significantly reduced due 

to the hydrophilic nature 

of the surface. Ti-6Al-4V 

performed slightly better 

due to its inherent 

chemical composition. 

Continuous wave 

laser nitriding 

Donaghy et al. 

2020220 
TNZT 

35 W, 40 W 

& 45 W 

25 mm/s 

Laser nitriding at 

each level of power 

created tracks of 

overlapping crescent 

shapes acting in the 

direction of laser 

scanning. As the laser 

power was increased 

from 35 W (LT35), to 

40 W (LT40) and 45 

W (LT45) the crescent 

effect became more 

pronounced, with 

higher magnification 

images indicating 

dendritic patterns 

within the crescents.  

Roughness (Ra) and 

max height (Rz) 

increased from 199.3 

nm and 1900.3 nm 

respectively from 

untreated TNZT to 

772.8 nm (Ra), 7057.0 

nm (Rz) for LT35, 458.4 

nm (Ra), 4368.7 nm 

(Rz) for LT40 and 

1180.2 nm (Ra), 

11152.3 nm (Rz) as a 

result of laser 

treatment. All laser 

treated surfaces 

possessed a valley 

dominated morphology 

(Rsk < 0) whilst also 

possessing more peaks 

(Rku > 3) than being a 

smooth surface. 

All laser nitrided 

samples only 

demonstrated Ti and 

TiN phases according 

to XRD data.  

Water contact angle on 

the surface of laser 

nitrided titanium reduced 

to below 34.2° for all 

surfaces, relative to the 

82.9° angle on the 

untreated surface. Laser 

nitriding made the surface 

more hydrophilic. 

S. aureus Yes 

The antibacterial effect 

of the laser nitrided 

titanium was attributed 

to a combination of 

morphology, the 

presence of TiN and the 

hydrophilic nature of the 

surface. This 

hydrophilicity is not 

conducive for protein 

adsorption, which S. 

aureus can use for 

binding sites. 

Femtosecond 

laser ablation 
Luo et al. 2020228 CpTi 

0.49 J/cm2 

300 mm/s 

Three types of 

surfaces were 

created with laser 

ablation with 

different variations of 

intervals (Type 1 = 35 

µm, Types 2 & 3 = 10 

µm) and surface 

scans (Types 1 & 2 = 1 

scan, Type 3 = 2 

Roughness values (Ra) 

were 151.8 nm (Type 

1), 278.8 nm (Type 2) 

and 274.6 nm (Type 3) 

for laser treated 

surfaces.  

N/A 

Laser surface treatment 

increased the water 

contact angle from 41.5° 

on the blank surface to 

142.9°, 158.2° and 155.7° 

respectively on Types 1, 2 

and 3 surfaces, 

substantially increasing 

hydrophobicity. 

E. coli Yes 

Types 1,2 and 3 surfaces 

achieved 43%, 49% and 

56% reduction in 

bacterial activity, due to 

nano-structured causing 

attaching E. coli to 

stretch and rupture as it 

attempts to settle in the 

grooves. 
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scans). All surface 

types demonstrated 

nano-ripple patterns 

across the surface, 

with different 

amounts of spacing 

between each ripple 

across each type 

(LIPSS style 

topography).  
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1.5 - Concluding comments 

After a review of literature associated with anti-bacterial surface treatment of titanium 

alloys, with or without the use of lasers shows some trends associated with bacterial 

behaviour on these surfaces. 

➢ Certain species of bacteria attach to a given surface in different quantities than 

others, with some attaching more after surface treatment.  

➢ Literature shows disagreement in which values of roughness reduced bacterial 

attachment, with some studies increasing roughness (nano and/or micro-scale) and 

others decreasing roughness observing reduced bacterial attachment.  

➢ Qualitative topographical features in the nanoscale, including ripples, spikes or pillar 

structures are attributed to reduced bacterial attachment rather than quantitative 

roughness values. 

➢ Gram-negative species of bacteria are more prone to rupture due to surface 

topography features than Gram-positive species.  

➢ There are conflicting reports of whether hydrophilic or hydrophobic surfaces 

contribute to reduced bacteria attachment (mainly of S. aureus). 

➢ Increase in surface oxide thickness and the presence of certain titanium oxide species 

(TiO2) and nitride species (TiN) is linked to reduced bacterial attachment. 

To the authors knowledge and at the time of writing, no studies have investigated the effect 

of laser surface treatment on cp Ti under CW mode, assisted by Ar gas in an open-air 

environment as an antibacterial strategy. Whilst work with nitriding has been conducted on 

cp Ti, there has been an observed effect of nitriding titanium alloys not having an advantage 

in terms of MSC response compared to that of Ar assisted treatment. This was also performed 

with a beta titanium alloy, which is not as widely adopted as other alloys such as cp Ti or 

grade 5. Pulsed and ultrafast lasers have been investigated on multiple alloys of titanium as 

a means to decrease bacterial adhesion but can have differing results depending on species 

of bacteria and can have increased capital and maintenance costs compared to that of 

industrial grade laser machines. 

In terms of both material characterisation and biological response, there is no standardised 

method of comparing one treatment method to another. Studies also use varying degrees of 

detail when exploring different surface properties and their potential link to antibacterial 

properties, for example, only reporting Ra values and not Rsk, Rku etc. or on only testing on 

species of bacteria. To achieve a greater understanding of bacteria-material surface 
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interactions, characterisation must work towards understanding as many aspects of a 

materials surface – specifically its physical and chemical properties -and its bacterial 

response. 

1.6 - Aims and objectives  

Aim: To assess and improve the bacterial response of grade 2 titanium, surface modified 

using laser treatment in an open-air, inert gas shielded environment. 

Objectives: 

➢ Perform a parametric study of laser surface treatments on grade 2 titanium with 

initial set-up parameters informed by previous studies. 

➢ Characterise laser treated surfaces with respect to physical, chemical, 

physicochemical, and other changes that may affect bacterial behaviour attaching 

to/ on the surface. 

➢ Evaluate the bacterial response to laser surface treatment, with a focus on both 

qualitatively and quantitatively testing multiple bacterial species associated with 

device associated infection and their behaviour on laser surface treated 

commercially pure titanium. 

➢ Propose a mechanism by which laser treatment influences bacterial response 

informed by characterisation and bacterial response data.  
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CHAPTER 2 – METHODOLGIES 

Preface 

The following two sections at the start of this chapter (2.1 & 2.2) are an extension of the 

literature review to provide background and applications of the various characterisation 

and in-vitro techniques used in this methodology and other similar studies investigating 

surface treated titanium and/or bacterial adhesion.  

2.1 - Characterisation techniques for laser surface treated 

titanium 

2.1.1 - Physical Characterisation 

For measuring physical features of the surface of titanium such as topography and 

roughness, multiple techniques are used depending on the scale of the features being 

investigated.  

2.1.1.1 - Roughness profilometer 

Roughness profilometers have typically been used in macro-micro scale roughness 

measurements. This works by running a stylus along the surface, which measures the force 

exerted by the surface as the stylus runs across peaks and troughs on the surface. Whilst is 

typically a quicker method to obtain a roughness profile, the roughness level that can be 

measured is largely limited to the size of the stylus, usually limiting the profilometer to 

measure within the macro/ micro scale, but needles exist that are capable of measuring 

within resolutions up to 50 nm 229. Profilometers have been used to measure the roughness 

of multiple titanium surfaces and their potential effect on bacterial adhesion. Tellefsen et al. 

(2016) compared commercially pure titanium undergoing multiple treatments such as sand-

blasting and polishing and the effect of the resulting differing roughness on the biofilm 

formation of Streptococcus mutans. No correlation was observed between roughness and 

biofilm formation at this scale 102. Duarte et al (2009) compared the roughness of multiple 

surface treatments on commercially pure titanium including laser treatment and air powder 

abrasive treatment and the adhesion of S. sanguinis to these surfaces. It was found that 

surfaces with increased roughness decreased bacterial adhesion, but this may have been due 

to surface contaminants present on the surfaces after certain treatments 223. Chan et al. 

(2017) combined the use of a profilometer measuring the large-scale roughness (Ra and Rz 

across 15mm) with an AFM to measure parameters at a smaller scale (Rsk and Rku across 
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2um x 2um). The roughness was measured of laser treated cp Ti and 5 titanium and CoCr and 

the effect on the biofilm coverage of S. aureus. Results showed an increase in roughness (Ra) 

at the larger scale but also that the laser treatment resulted in spikier surfaces (Rku >3) and 

a decrease in biofilm formation as a result of laser surface treatment. The author noted that 

the Rku values were potentially indicative of an anti-bacterial effect, which could not have 

been determined by the Ra value alone 2. 

2.1.1.2 - White light interferometry 

White light interferometry has been used as a method for capturing relatively large areas for 

macro-micro roughness and topography. This works by comparing the light reflected from a 

sample with a reference light. An LED emits white light through a beam splitter which 

separates the light into a measurement beam onto the sample and a reference beam which 

bounces off a mirror. These beams are captured by a camera and interference patterns are 

generated from the superimposed images of the reference beam and the measurement 

beam reflecting off the sample surface. This interference pattern is representative of the 

surface topography and the resolution of the measure topography is limited to the resolution 

of the CCD. This provides a non-destructive, non-contact topography and roughness 

measurement of a surface over relatively large areas in the mm range. The main drawback is 

that white light interferometry struggles to capture topography of reflective surfaces or 

surface features as the light can scatter resulting in non-measured areas 230,231. Lorenzetti et 

al, (2015) investigated the effect of hydrothermal treatment of cp Ti on the attachment of E. 

coli. White light interferometry was used in characterisation of the macro scale topography 

at a scan area of 240 x 180 µm and additional profiles at a length of 16 µm to measure micro 

scale roughness and peak-to-peak distance. Wettability and surface charge were also 

investigated but it was found that topography was the main reason for reduced bacterial 

adhesion. Whilst roughness increased by heat treatment compared to the non-treated 

surface, it was the formation of topographies that reduced the surface area of E. coli in 

contact with the surface and affected the ordering and separation of individual E. coli cells 

116. Truong et al. investigated the biofilm formation of S. aureus and P. aeruginosa on equal 

channel angular pressed (ECAP) titanium. White light interferometry was used to capture 

larger areas of the surface to evaluate homogeneity and an AFM was used to evaluate the 

nano-roughness of the surface. Both strains of bacteria showed preferential adhesion to the 

ECAP surfaces compared to the as received surface. The optical profiles obtained via WLI 

showed a higher roughness in the as received surfaces, but the smaller AFM scans showed 
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higher roughness values in the micro-nano range. These changes to nano-roughness and 

architecture were attributed to the increased biofilm coverage on the ECAP surfaces (2010).  

2.1.1.3 - Atomic Force Microscopy 

Atomic force microscopy (AFM) is generally used for micro-nano scale roughness and 

topography. AFM works by detecting displacements on a cantilever needle as it is either run 

across or tapped across a surface.  These displacements are caused by attractive forces 

between the tip and the surface. A laser is reflected off the back of the cantilever onto a 

diode that detects any change in position of the laser, and this can be converted into a 3D 

image of the surface. An AFM is suited to scanning smaller areas and detecting nano-scale 

roughness. Features that possess heights relative to the surface in the micrometre range are 

typically too large to detect by AFM as the cantilever will slip or snap when ran over these 

features resulting in false measurement. Webb et al. (2013) compared the roughness of 

ECAP, chemically mechanically polished and sputtered thin film titanium and their effect on 

the adhesion of S. aureus and P. aeruginosa. Results showed that P. aeruginosa did not 

adhere substantially to any of the surfaces, but S. aureus preferentially adhered to rougher 

surfaces with less ordered features. The author proposed that parameters such as skewness 

and kurtosis gathered via AFM at this scale could potentially lead to better prediction of 

“surface architecture” dependant anti-bacterial activity 182. Singh et al. (2011) compared 

roughness of varying thicknesses of nanostructured Titanium dioxide films and their effect 

on the biofilm formation of E. coli and S. aureus. Bacterial adhesion increased with increasing 

roughness up to ~ Rq = 22 nm for both species of bacteria, but then decreased with increasing 

roughness after this point up to ~ Rq = 32 nm. The surface roughness was also measured via 

AFM after allowing the adsorption of Bovine Serum Albumin (BSA) for 30 mins. It was found 

that the adsorbed protein layer not only adhered but altered the roughness of the surfaces, 

making them smoother, potentially contributing to reduced bacterial adhesion 179. Seddiki et 

al (2011) investigated the adhesion of E. coli on multiple treated titanium surfaces; as 

received, polished, etched at 25°C and etched at 80°C. AFM images showed smaller, higher 

aspect-ratio nano structures (or “tips) forming on the etched surfaces which was what the 

reduced bacterial adhesion was attributed to due to their comparable size 109. 

2.1.1.4 - Scanning electron microscopy 

Scanning electron microscopy (SEM) allows for high detailed imaging of a surfaces’ 

topography, but only allows for measurements of features on 2-dimensional basis and thus 

is incapable of telling roughness values. A typical SEM consists of an electron gun, firing a 

beam of electrons through a positively charged anode and multiple electromagnetic rings 
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(effectively serving as focusing lenses) onto a sample within a vacuum. Once the electrons 

reach the surface, they can behave in multiple ways. Atoms on the surface of the sample can 

absorb the energy induced by the electron beam and emit their own electrons which are 

known as secondary electrons (SE). Some electrons can simply be reflected off the surface 

and are known as back-scatter electrons (BSE), which are typically reflected from deeper 

parts of a surface compared to SE. Both SE and BSE detectors are located within the sample 

chamber to convert this information into images of the surface 232. Compared to AFM, SEM 

allows for a qualitative analysis that captures larger images at a faster rate, which can be 

useful not only in capturing surface features that can affect bacterial adhesion, but also direct 

bacteria-material interaction (which is discussed further in the next chapter). Linklater et al. 

(2019) used a plasma etching technique on commercially pure titanium to generate nano-

features capable of mechanically inactivating P. aeruginosa by disrupting the membrane of 

the bacteria. SEM images of the surface depicted “spikey” nanostructures with high aspect 

ratios, which combined to form micro-structures protruding from the surface, which were 

larger in size with increasing etch rate. Whilst increasing etch rate also correlated to 

increasing roughness in the micron range, which is typically linked with increasing bacterial 

adhesion, the total live bacteria adhered decreased. This was linked to the bactericidal effect 

induced by the high aspect ratio micro-structures 173. Cunha et al. (2013) 104 

2.1.2 - Chemical Characterisation 

Multiple methods exist for chemical characterisation of a surface, each employing different 

principles and gathering different types of data. 

2.1.2.1 - Energy Dispersive X-ray Spectroscopy  

Energy dispersive X-ray spectroscopy (EDS or EDX) works essentially the same as an SEM with 

similar electron beam and condenser lens setup. An additional detector – a silicon drift 

detector – detects x-rays emitted from the sample surface. These x-rays are emitted when 

an electron in an atom is displaced, and another electron within the atom (normally in the 

outer shells) moves to position of the displaced electron. The emitted X-ray is specific to the 

atom that it comes from and thus EDS is limited to elemental analysis of a materials. Elements 

with smaller atomic masses such as C, O, N and F are difficult to measure quantitatively via 

this method for various reasons, including their low yield of X-rays due to their smaller 

valence of electrons. EDS can prove useful in mapping elemental composition and 

concentration over relatively large areas of a surface. Ionescu et al. (2018) used laser surface 

treatment on the surface of oral implants to reduce bacterial adhesion via micro texturing. 

EDS analysis was used to compare the coverage by contrasting the base material with any 
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bacteria (shown as carbo) on the surface 103. Donaghy et al. 2019 used laser surface treatment 

on TNZT and investigated its effect on bacteria and mesenchymal stem cell response. EDS 

was used to contrast the difference in concentration of Ti, Nb, Zr, Ta, O and C. It was found 

that laser surface treatment created a more homogenous distribution of all measured 

elements but Ta 187.  

2.1.2.2 - X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) operates by firing light, in the form of x-rays at a 

specific wavelength from a source onto a sample to eject electrons from the surface material 

within vacuum chamber. Electrons are ejected from the sample with specific velocities and 

are received by a detector. The amount of kinetic energy that an electron is indicative of the 

energy required to eject the electron, which is called binding energy. The detector records 

these energies and the abundance of certain energies can be correlated to the specific 

chemical bond present. The x-ray beams are capable of penetrating up to 10 nm of the 

material making XPS useful in detecting not only elements such as titanium or aluminium, 

but also their bonding behaviour with other elements such as titanium dioxide. This 

penetration depth also means that a sample is prone to contamination from carbon in the 

air/ environment. Counts of specific binding energies (or “peaks”) can be embedded within 

larger ones and suitable understanding is required to interpret this data. Cunha et al. 2016 

applied femtosecond laser texturing to cp Ti to reduce bacterial adhesion. It was found that 

as a result of laser treatment the oxide layer was thicker than the reference material as 

shown by an increase in Ti4+ (in TiO2). It was also noted that despite this increased oxide 

thickness that there was a decrease in Ti3+ (in Ti2O3). Compared to the nano-texturing of the 

surface however, it was determined that the oxide layer only played a minor role in reducing 

bacterial adhesion 101. Fadeeva et al. 2011 utilised femto-second laser ablation to create a 

super hydrophobic surface to reduce bacterial retention. XPS results indicated no significant 

difference in surface chemistry, thus the superhydrophobic properties were attributable to 

the topography of the laser treated surface 221. 

2.1.2.3 - Time of flight secondary ion mass spectrometry 

ToF-SIMS works by firing primary ions (typically caesium or gallium ions) at a surface to 

energise it, which allows atoms or molecules (secondary ions) on the surface to overcome 

their binding energy and escape the surface. Ions that escape from the surface are extracted 

from the sample area and are brought to a similar energy level by being accelerated towards 

an ion mirror (or reflectron). Ions with different masses travel at different velocities, even 

with the same energy level and the detector records the time that it takes for ions within a 



69 
 

given shot or pulse to travel from the reflectron to the detector. ToF-SIMS is a destructive 

technique as it requires ions to be blasted from the surface. As a result, ToF-SIMS can 

generate a depth profile of the ions within a surface with high sensitivity.  Zwahr et al. (2018) 

investigated the depth profile of negative titanium and aluminium oxides on direct laser 

interference patterned grade 5 titanium (Ti-6Al-4V) 233. Vieira et al. (2015) compared depth 

profiles of multi-layered lithium ion batteries with differing thicknesses of Titanium oxide 234. 

Karlsson et al. (2013) compared the depth profiles of different sizes of titanium grade 5 

powder fused by Electron Beam Melting (EBM) 235. 

2.1.3 – Metallurgy and microstructure characterisation 

2.1.3.1 Microscopic metallography 

Microscopic metallography and more specifically grain contrast etching allow for effective 

comparison of grain sizes and a metals microstructure. This is performed by ultrasonic 

cleaning of a sample and several steps of sequential grinding and polishing before etching 

with a suitable reagent. Etching removes the thin warped layer created by grinding and 

polishing and attacks high energy sites in the materials such as defects or grain boundaries. 

After etching, when viewing a sample under a microscope, different crystal orientations 

within grains cause light to reflect differently, creating contrast. Conventional microscopy 

can be used via metallographic microscopes to view the microstructure and SEM can also be 

used if higher magnifications are required. Li et al. 2005 investigated the effect of increasing 

concentrations of O in an Ar assisted laser surface welding of sheet titanium. Metallography 

images showed a change from the HCP microstructure in the base material to a combination 

of acicular α’ phase in combination with serrated α phase as a result of laser welding under 

Ar gas. Increasing levels of O introduced platelet and acicular α phase236. Poulon-Quintin et 

al. 2012 used a Nd:YAG laser assisted by Ar gas and in open air on the surface of cp Ti to 

investigate microstructural changes. It was shown from metallographic images that Ar 

shielded laser treatment created acicular α’ phase and widmanstatten patterns, whilst 

treatment in air demonstrated significant formation of α’ martensite 237. Amaya-Vazquez et 

al. 2012 utilised a diode laser in a similar fashion on the surface of cp Ti and grade 5. 

Metallography of the cross section of titanium treated in Ar demonstrated a similar pattern 

of large serrated α phase grains and interspersed acicular α’ phase titanium 238.  

2.1.3.2 X-ray diffraction 

X-ray diffraction (XRD) as the name suggests, measures the diffraction of x-ray beams that 

reflect off a surface. An X-ray tube fires x-ray beams at a sample and rotates around the 
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surface, with a detector also rotating in synchronisation with the tube to detect the reflected 

or “scattered” beam. Depending on the crystalline structure of the surface, different atomic 

planes present within the surface will reflect the x-rays at different intensities as the incident 

angle of the x-ray beam changes and the scattered waves interfere with each other. When 

the waves interfere constructively, this is known as diffraction and generates intense 

scattered beams. The angle between the incident and scattered beam is known as 2θ, and 

intensities are recorded for each value of 2θ as the beam rotates. Atomic spacing, 

crystallinity, strain and grain size can also be calculated from XRD data. Databases exist for 

given elements and surface compositions, which allow for comparison of generated peaks 

for given values of 2θ. Cunha et al. (2016) used femto-second laser ablation to create a 

textured surface to reduce the adhesion and subsequent biofilm formation of S. aureus. It 

was observed via XRD that after exposure to femto-second laser texturing that the surface 

remained mostly unchanged with the dominant αTi phase, apart from the formation of rutile 

titanium (111) at approximately 2θ = 41.2° 101. Pino et al. (2002) investigated the effect of 

oxidation of cp Ti with increasing Nd:YAG laser fluence. XRD results showed that higher 

fluences (>90 J/cm3) presented peaks for Ti2O and TiO, but no peaks of oxynitrides or β-phase 

Ti were observed on any of the tested surfaces, which were tested in fluences up to 294 J/cm3 

239. 

2.1.4 - Physicochemical characterisation – Sessile drop method  

The sessile drop method is based off the principle of using a drop of liquid of a certain surface 

energy, applying it to a surface and determining the surface energy of the surface based off 

of the shape and angle at which the droplet rests on the surface – also known as contact 

angle. Contact angle can be measured dynamically as a droplet makes contact with surface 

using a tensiometer which measures the contact angle with respect to time. Standards exist 

for surface contact angle descriptions, such as ASTM D7334-08, which states a surface is 

hydrophilic < 45 water contact angle, hydrophobic > 90 and a mixture of both in between 240. 

However, previous literature often states that contact angles of water on a surface that 

measure below 90° are considered hydrophilic and those above 90° are considered 

hydrophobic as per previous literature 104,226,241–244.  

2.2 - Measuring the efficacy of an anti-bacterial surface in vitro 

2.2.1 - Viable Counts 

Colony forming units (CFU) is a unit of measurement that gives an approximation of the 

number of living (or viable) cells in a given medium. There are several methods to measure 
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this, such as the Miles and Misra method 245, which allows simple comparison of how many 

bacteria are capable of forming colonies within a tested medium and therefore sample. For 

surface-adhered bacterial cells, physical disruption of biofilm and reversion to the planktonic 

state is necessary before enumeration using a viable counting technique. This is performed 

by techniques which agitate a surface to remove bacteria such as vortex swirling or ultra-

sonication of the sample in a sterile media, such as PBS. Duarte et al. (2009) compared the 

mean CFU/Log10 of Streptococcus sanguinis across multiple rough and smooth versions of 

surfaces, including a control surface, an Er:YAG treated surface, a plastic and metal curet and 

an Air-powder treated surface. Bacteria was retrieved from the surfaces via vigorous 

vortexing and viable counts results indicated that more bacteria adhered to the rough 

versions of each surface apart from the metal curet and the air powder treated surface 223. 

2.2.2 - Fluorescence microscopy 

Fluorescence microscopy works off the principle of fluorescence, which is when a substance 

or object absorbs light and re-emits the absorbed light with less energy, i.e. at a longer 

wavelength, due to vibrations and other losses that do not transmit light 246. Bacterial cells 

do not innately fluoresce and need to be labelled or stained with suitable agents containing 

fluorophores. Fluorophores are chemical compounds which typically contain a certain 

organic molecule with carbon-carbon double bonds. The bonding molecular orbitals 

(occupied with electrons) within this double bond are at a lower energy state than that of 

the anti-bonding molecular orbital (unoccupied with electrons). This energy difference allows 

for electrons to become excited and move to higher energy states when absorbing light and 

allows them to emit light when moving back down to the stable state. From Planck’s 

constant, the energy absorbed and emitted corresponds to particular wavelengths of light 

allowing for control of the colour of emitted light by using different combinations of 

fluorophores and incident light. Many studies have utilised dyes to investigate bacterial 

viability, such as the LIVE/DEAD™ BacLight™ dye kit (Invitrogen, Thermo Fisher Scientific, CA, 

U.S.A), which contains SYTO 9, a dye that permeates all bacterial cells (alive or dead) and 

propidium iodide, which can only enter cells which are dead or have damaged membranes 

247,248. When a light source of a particular wavelength is applied to cells stained with these 

dyes, they emit different wavelengths of light, allowing for visual comparison of live and dead 

cells. Filters within fluorescence microscopes allow for certain wavelengths of light to be 

observed by controlling what wavelengths of light are excite or are emitted from the dyes. 

UV light is used as the default light, as it is of a higher wavelength than visible light and with 
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use of different dyes and filters the emitted colours can be controlled. Normally, filters are 

applied to show the SYTOO 9 dye as green and propidium iodide as red. 

This effectively allows quantification, via image analysis, of both the total area covered 

bacteria adhered to a surface, and which cells have maintained membrane integrity. This 

technique also allows the observation of cells on opaque surfaces, such as titanium and other 

metallic materials. Chan et al. (2017) conducted laser nitriding on the surface on cp Ti and 

grade 5 Ti (and also CoCr) and tested the anti-bacterial performance via live-dead staining of 

the surface. Results showed a statistically significant (p < 0.05) difference in biofilm coverage 

between untreated and laser treated surfaces for both cp Ti and grade 5 Ti. There was also a 

statistically significant difference between the untreated and laser treated cp Ti and grade 5 

Ti surfaces in the Dead/live ratio, indicating a potential bactericidal effect caused by the 

surface 2. Hasan et al. (2017) used an ion etching process to create a surface of “black” 

titanium nanostructures to create an anti-bacterial effect. Live/dead staining showed a 

contrast between the control surface of green-coloured biofilms forming and the treated 

nanostructured surface showing mostly red individual cell clusters 249. 

2.2.3 - SEM imaging analysis 

Scanning electron microscopy can also be applied to visualise sessile surface-adherent 

bacterial cells and biofilms. The sample is fixed via a combination of glutaraldehyde, 

dehydration in alcohol and gold sputtering to preserve the membrane of the bacteria when 

under the effects of the electron beam. This allows for effective observation of the bacterial 

morphology in-situ as it is attached to the surface. Jenkins et al. (2018) used a Field Emission 

Gun Scanning Electron Microscope (FEG-SEM) to investigate the integrity of bacterial 

membrane subjected to highly nanostructured, thermally oxidised grade 5 Ti. FEG-SEM 

images showed the deformation of membranes on E. coli and K. pneumoniae cells, but no 

deformation on S. aureus cells 82.  

2.2.4 - Focused Ion beam cross-sectioning 

A focused ion beam (FIB) can be used to mill the cross-section of bacteria attached to the 

surface of a material to investigate the interface between them in greater detail via 

integrated SEM analysis. A FIB works on the basis of firing a beam of ions, such as gallium, at 

a surface, to ablate the material and effectively mill sections of material out for observation 

via SEM or even transmission electron microscopy (TEM). When investigating substances on 

the surface of materials, protective layers made of material such as platinum can be 

deposited on top of these, to preserve them during the milling process. Bacteria can be 
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prepared for milling via FIB, in a similar method to fixing for SEM observation, with the added 

steps of submerging the bacteria in osmium tetroxide and uranyl acetate (or suitable 

substitutes) after serial dehydration and before gold sputtering. Svensson et al. (2014) 

compared the bacteria-surface interface between smooth and nano-structured gold surfaces 

250. After standard fixation and dehydration of the bacteria (S. epidermidis) on the surface, a 

FIB was used at 16kV (Ga+ ions) and 10kV (electron) to mill out the cross section of the 

bacteria on the surfaces. Comparison of the milled cross sections showed that the 

nanostructured gold demonstrated less contact points between the bacteria and surface 

compared to the smooth surface. Lüdecke et al. (2016) investigated the interface between 

initially adhering bacteria on a titanium film generated by Physical Vapour Deposition (PVD) 

251. Samples were prepared by fixation and dehydration of the bacteria (S. aureus and E. coli) 

before being milled by the FIB using a milling current of 1pA allowing a beam diameter of 

3nm (at 30kV). No protective layer or gold sputtering was applied as the surface had relatively 

small surface features (within 6nm) so that any potential interactions could be observed. It 

was reported that early stage adhesion (3h) demonstrated some formation of Extra 

Polymeric Substance (EPS) between the surface and the bacteria and complete coverage of 

EPS at late stage (9h) along with observed full contact of the bacteria and titanium substrate. 

Jenkins et al. (2018) investigated the interface between bacteria and randomly oriented 

Titanium Dioxide nanostructures 252. By first applying a platinum layer to protect the bacteria 

(K. pneumoniae) from the gallium ions, bacteria were observed to be killed by the highly 

pronounced nano-features penetrating the cell membrane at a section thickness of 250nm 

(note the milling voltage was not disclosed by the author). The author concluded that the 

nanostructures caused the cell membrane to stretch and rupture as observed with the FIB 

sample, with multiple nanostructures interacting with single bacterial cells. 

2.3 - Methodology 

2.3.1 - Laser surface treatment 

2.3.1.1 - Material selection and preparation 

Cp Ti sheet of 3 mm thickness was supplied by American materials (Wilmington, NC) and cut 

into 30 mm coupons using an EDM (electrical discharge machining) wire cutter. The coupons 

were ground sequentially using 80 grit, 140 grit, 240 grit and 400 grit silicon paper. After 

grinding, the coupons were cleaned in an ultrasonic water bath with 70 % ethanol in DI water 

for 15 mins and finally dried in air before fibre laser treatment.  
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2.3.1.2 - Laser processing parameter selection 

An automated CW 200 W, 1064 nm wavelength fibre laser system (MLS-4030), of which the 

laser system was integrated by Micro Lasersystems BV (Driel, The Netherlands) and the actual 

fibre laser was manufactured by SPI Lasers UK Ltd (Southampton, UK) was used with a 

FiberMINI cutting head (Laser Mech Mariakerke, Belgium) (Figure 16). A 5 mm collimator 

beam was passed through a beam expanding telescope of factor 0.7 (𝐷𝑒−2= 3.5 mm), to a 

singlet fused silica 150 mm lens (λ = 1064 nm) at a focal length (f) of 250 mm and finally 

through the laser nozzle with an exit diameter of 2 mm.  

 

Figure 16: Schematic diagram representative of FiberMINI® cutting head cross section. Key components such 
as the lens, and nozzle are noted along with key dimensions including focal length (f), beam diameter prior to 
the lens (De-2) and spot size (de-2)(not to scale) 

Stand off distance was set to 1.5 mm from the laser surface, before a focus finding exercise 

(as per manufacturers operating procedure) was carried out by incrementally adjusting the 

dial on the cutting head and applying laser power to the surface of cpTi. Focus was achieved 

with the dial setting at “-2” (Z-axis adjustment).  
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Theoretical calculations of focused beam diameter was calculated via the below equation. 

 
𝒅𝒆−𝟐 =  

𝟒𝝀𝒇

𝝅𝑫𝒆−𝟐
 

Eq5 

Where, λ is the wavelength of the laser, f is the focal length, 𝐷𝑒−2  is the beam diameter prior 

to the lens and 𝑑𝑒−2   is the laser spot size. Theoretical laser spot size based of 

aforementioned settings was 96.4 µm. A focus finding program as supplied by the 

manufacturer ran the laser at full voltage (10V) and 5 laser spots were generated (n=5). 

Measured beam diameter on the cpTi surface was 100.2 ± 0.7 µm as per images acquired via 

optical microscope (Nikon ECLIPSE ME600) and measured via ImageJ (NIH, Maryland, US). 

The laser voltage was set to 4000 mV, 4500 mV and 5000 mV according to machine settings. 

Each laser power was repeated three times. The coupons were mounted to the laser machine 

axis, at a stand-off distance (distance between the laser nozzle and sample surface) of 1.5 

mm and using Ar (Pureshield Argon – 99.998% purity) as the shielding gas at a flow rate of 

30 L/min. The stand-off distance was carefully chosen based on a preliminary study 29. 

Scanning speed of the laser head was set to 100 mm/s. Scanning pattern consisting of lines 

100 µm apart, forming 9 squares of 5 mm x 5 mm on the sample surface, was set as the 

scanning geometry. Once the laser was aligned appropriately, the laser was switched on 

before activating the program. The coupon was allowed to rest for 10 minutes to ensure any 

heat had dissipated from the coupon. Photos were captured of the laser plasma during 

treatment of the coupons at the three power levels.  

2.3.1.3 – Laser power measurement and plasma observation 

Photos were taken via a Canon EOS 2000D camera (Canon, Tokyo, Japan) of the laser 

treatment at the three applied voltages and a PRONTO-250 handheld laser power meter 

(Gentec-eo, Quebec, QC, Canada) was used to measure laser power at the three applied 

voltages.  

2.3.2 – Topography & roughness experiments 

2.3.2.1 – SEM – Morphology analysis 

Samples were placed in a Scanning Electron Microscope (FlexSEM 1000, Hitachi, UK) and 

images were acquired at an accelerating voltage of 5KeV. Images were taken systematically 

across a whole laser treated square (16 images per 5 mm2 square) lining up the edges of one 

image with another at a constant magnification (x70), to ensure the whole laser treated 

square was captured accurately. This was conducted for one 5mm2 square at each laser 
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power. Droplets were then counted and measured (lengthwise) using ImageJ (NIH, Maryland, 

US) and a plugin called “Cell counting”.  

2.3.2.2 – White light interferometry – Micro scale roughness analysis 

WLI measurements were taken on a Taylor Hobson Talysurf CCI 6000 system (Coherence 

Correlation Interferometry). This was carried out by focusing white light through an objective 

onto the sample revealing interface fringes. Measurement was taken over a 100-micron 

height using piezo z axis control. The resulting data was manipulated using TALYMAP 

Software generating 3D surfaces and 2D profiles from an area of approximately 1.2mm x 

1.2mm. For each surface condition, 10 profiles were extracted to provide an average Ra, Rt, 

Rsk and Rku (n=10) for each surface, as received (AR), LP, MP and HP. 

2.3.2.3 – AFM – Nano scale roughness 

AFM images were taken in contact mode using an MFP-Infinity atomic force microscope 

made by Asylum Research (Oxford Instruments) to characterise local. Moderate forces were 

used to image with contact set point of 1V. The Nanosensors PPP-EFM tip with Pt/Ir coating 

was used for imaging. Scans sizes of 80 μm x 80 μm were measured for each surface 

condition. WsXM software (Nanotec Electronica S.L.) was used to extract 10 separate 10 μm 

x 10 μm scans from the 80 μm x 80 μm scans for each surface condition (n=10). Each 

individual 10 μm x 10 μm plot had corresponding Sa, St, Ssk and Sku values extracted. Vertical 

and horizontal profiles were extracted from each profile to calculate Ra, Rt, Rsk and Rku 

values. Visualisations of each scan were obtained using Argyle light software (Asylum 

research). 

2.3.3 – Surface Chemistry experiments 

2.3.3.1 – XPS analysis 

A Kratos Axis Ultra DLD Spectrometer was used for surface composition quantification of the 

AR and laser treated surfaces and acquire X-ray photoelectron spectroscopy (XPS) spectra of 

the Ti 2p peaks. Spectra were analysed using monochromated Al Kα X-rays (hv = 1486.6 

electron volts (eV)) operating at 14kV and 10mA (140W)). During analysis, a hybrid lens mode 

was used (electrostatic and magnetic) with a 300 µm x 700 µm analysis area, and a take-off 

angle (TOA) of 90° with respect to the sample surface. The wide energy survey scans (WESS) 

were collected across a range of 0 – 1200 eV binding energy (BE), with a pass energy of 160 

eV. High resolution spectra were collected with a pass energy of 40 eV. A Kratos charge 

neutraliser system with a filament current of 1.95A and a charge balance between 3.3 V – 3.6 

V was used for all samples and three measurements were analysed for each sample. 
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Quantification of the data was conducted via corrected Scofield cross-sections. Charging 

effects on the BE positions were adjusted by setting the lowest BE for the C1s spectral 

envelope to 283.2 eV. Data of each surface was analysed, processed and curve fitted via 

CasaXPS software (CasaXPS, UK).  

2.3.3.2 – ToF-SIMS – Oxide thickness analysis 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) data was obtained using a ToF-

SIMS 5 (IONTOF GmbH, Germany) equipped with a Bismuth (Bi) liquid metal ion gun. The 

primary ion species used was Bi1+ at a beam energy of 25 keV. Analysis was performed in 

the negative polarity (which has been used over positive polarity in previous literature to 

detect oxide layer thickness 233,234,253) over an area of 80 x 80 μm with 128 x 128 pixels per 

ion image at a target current of 20 nA. Depth profiling was performed using a secondary ion 

beam of Cs+ at a beam energy of 10 keV, a target current of approx. 23.21nA and a crater 

size of 250 x 250 μm. Samples were depth profiled for a total time of 300 seconds, or in the 

case of the high powered lasered sample, until the burst of TiO- ions was completed. Depth 

of TiO- penetration was calculated by using a previously reported density and sputter yield 

for titanium, as such it should be regarded as an estimation and not an exact depth. The main 

ions examined were TiO-, TiO2
- and TiO3

-, at m/z of 63.9, 79.7 and 95.9 respectively.  

2.3.4 – Microstructure & metallurgical experiments 

2.3.4.1 – Cross-sectional microstructure – metallography 

5 mm x 5 mm samples of each laser condition were wire cut before being mounted in 

DuroFast resin in a hot mount press (Stuers Inc., Cleveland OH, United States of America) 

with a 45mm mould height, a heating and cooling time of 5 minutes each at 100 bar pressure 

and a temperature of 180°C. Sequential grinding and polishing was conducted via SiC paper 

and polishing tools, starting at a grit of 180 up 1000, before polishing agents and 3µm paper 

was applied. A mixture of 1 ml Hydrofluoric acid, 4 ml Nitric acid and 5 ml deionised water 

was mixed (Kroll’s reagent) and slowly applied before washing with deionised water. The 

resulting cross-sectional microstructure was viewed under an SEM in a similar manner to the 

topography (2.3.2.1) in a BSE setting at 15 keV.  

2.3.4.2 – XRD analysis 

Phase identification within the as-received and laser treated surfaces was achieved by x-ray 

diffraction (XRD) with a PANanalytical X’Pert Pro MPD (PANalytical – UK). XRD analysis was 

performed in a 2-theta range between 30°-100° with a copper-Kα source at a voltage of 40 
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kV and current of 40 m. A nickel filter was also used with a fixed slit at 1°, an anti-scatter slit 

at 10° and a 0.02 step size.  

2.3.5 - Physicochemical analysis 

2.3.5.1 – Hydrophobicity 

Deionised water was dropped onto the surface of the coupons and analysed using the sessile 

drop method by the means of a video-based contact angle analyser (FTA 200, First Ten 

Angstroms). The volume of each droplet was set to 5.5 µl and images of the droplet were 

captured in the perpendicular direction, relative to the direction of the laser tracks, at set 

time intervals over a period of 5 seconds. For each condition, 5 readings were taken at 

different locations. The average contact angle between both sides throughout the 5s time 

period was averaged across the 5 locations on each respective surface. 

2.3.6 - Bacterial adherence and biofilm formation 

All surfaces (AR, LP and HP) were tested for bacterial adherence and biofilm formation. After 

laser treatment, the plate was cleaned in pure ethanol (Sigma Aldrich UK) for 15 minutes in 

an ultrasonic bath, before being rinsed with sterile deionised water and left to dry in air. Both 

Gram positive and Gram-negative species were chosen for analysis. Gram positive 

Staphylococcus aureus (ATCC 35984) and Staphylococcus epidermidis (ATCC 11303), and 

Gram negative (Escherichia coli (ATCC 11303), Proteus mirabilus (ATCC 25922) and 

Pseudomonas aeruginosa (ATCC PAO1) were cultured in Müller Hinton Broth (MHB; Oxoid) 

overnight (20 h) at 37°C on a gyratory incubator at a setting of 100 rpm assisted with shaking. 

After overnight incubation, the culture was adjusted to an optical density of 0.3 at 550nm, 

using sterile MHB, before being diluted to 1 in 50 in fresh sterile MHB to provide a bacterial 

inoculum of approximately 1 x 106 Colony Forming Units (CFU)/ml. The coupons were 

immersed in this inoculum with a sterile 6 well plate and incubated for 24 h at 37°C on a 

gyratory incubator at a setting of 100rpm assisted with shaking.  

2.3.7 - Live/Dead staining and image analysis 

Coupons were removed from the inoculum after 24 h and washed 3 times in sterile 

Phosphate Buffered Saline (PBS) solution to remove non-adherent bacteria from the plate. 

The plates were then stained with fluorescent Live/Dead® BacLightTM solution (Molecular 

Probes) for 30 min at 37°C while protected from light. The fluorescent viability kit 

composed of STYO 9 dye and propidium iodide. STYO 9 will stain all the bacteria, while the 

propidium iodide will only stain bacteria with damaged membranes. Stained bacteria were 

then observed using a fluorescence microscope (GXM-L3201 LED; GX Optical), Emitted 
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green fluorescence indicated viable bacteria, while emitted red fluorescence indicated 

damaged bacterial membranes. 9 images (n=9) were randomly acquired across each 

condition (AR, LP and HP). ImageJ software (National Institutes of Health, Bethesda, 

Maryland, U.S.) was used to individually measure the area covered by both the green and 

red fluorescence. For each condition (AR, LP and HP) the total biofilm coverage (%) was 

calculated using the sum of the areas of the green and red fluorescence as a percentage of 

the total field of vision (FOV). The significance of the differences between the means of the 

different conditions (AR, LP and HP) and statistical analysis carried out by unpaired, non-

parametric t-tests, (α = 0.05) using GraphPad Prism 5 software.  

2.3.8 - Bacterial fixation for electron microscopy 

After standard incubation, samples were gently washed in sterile phosphate buffered saline 

(PBS) and fixed in 3% glutaraldehyde in PBS overnight at 4⁰C. After fixation, samples were 

washed three times in PBS for one hour, then dehydrated in a graded series of ethanol 

dilutions in sterile water (50%, 70% and 90%) for 15 minutes each and finally in 100% ethanol 

for 1 hour at room temperature. Following dehydration, samples were sputter coated in gold 

(~20 nm thick).  

2.3.9 - SEM & FEG-SEM analysis – Bacterial morphology 

Samples were examined under a Field Emission Gun-Scanning Electron Microscope (JEOL-

6500F, Japan). Samples of each laser condition and bacterial species were mounted at 90⁰ 

on aluminium stages, before applying a tilt of 3.5⁰ at a working distance of 25mm and 

observations were performed at an accelerating voltage of 5kV. 

2.3.10 - Bacterial fixation for ion beam cross-sectioning 

After standard incubation samples were gently washed in sterile phosphate buffered saline 

(PBS) and fixed in 3% glutaraldehyde in PBS overnight at 4⁰C after inoculation. After fixation 

1% osmium tetroxide (OsO4) was applied to the surface of the coupons in drops until it 

covered the whole surface and left for 20 minutes. A uranyl acetate substitute,  Gadolinium 

Acetate Tetrahydrate (Ted Pella, U.S.) was used to wash the samples and was left for 20 

minutes at 4°C. Samples were then dehydrated in a graded series of ethanol dilutions in 

sterile water (50 %, 70 % and 90 %) for 15 minutes each and in 100% ethanol for 1 hour at 

room temperature. Following dehydration, samples were sputter coated in gold (~20 nm 

thick). 



80 
 

2.3.11 - FIB analysis: Bacteria – material interface 

Samples were examined under a Tescan Lyra Dual beam FIB (Brno, Czech Republic) at a 

voltage of 30kV and current varying between 5 nA and 50 pA. The voltage was then switched 

down to 5kV and between 20-25pA for the final polish. 
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CHAPTER 3 – RESULTS 

3.1 – Laser power and plasma observation 

Laser power averaged at 43.6 W for Lower power (LP), 62.2 W for Middle power (MP) and 

88.7 W for Higher power (HP) according to recordings taken for each setting (n=5). At a 

processing speed of 100 mm/s, laser spot size of 100 µm, laser energy densities were 

calculated at 13.9 J/mm2, 19.8 J/mm2 and 28.2 J/mm2 for LP, MP and HP conditions 

respectively. Images taken of the laser plasma showed a more intense plasma as laser power 

was increased (Figure 17). Some sparking was observed in the plasma of the MP and HP 

treatments, but was not captured on camera. 

Table 2: Laser energy density values as calculated from measured laser power, spot size and processing speed. 

Condition 
Input 

voltage 
(mV) 

Measured 
power (W) 

Laser 
spot 
size 

(mm) 

Laser 
area 

(mm2) 

Processi
ng 

speed 
(mm/s) 

Laser 
intensity 
(W/mm2) 

Energy 
Density 
(J/mm2) 

Lower 
power 

(LP) 
4000 43.6 0.1 0.0314 100 1390 13.9 

Middle 
power 

(LP) 
4500 62.2 0.1 0.0314 100 1980 19.8 

Higher 
power 

(LP) 
5000 88.7 0.1 0.0314 100 2820 28.2 

 

 

   
Figure 17: Laser plasma size on the surface of titanium increasing with increasing laser energy densities 

3.2 – Topography & roughness 

3.2.1 - SEM overview images 

SEM micrographs of the four surfaces: as received and the surfaces treated by laser in three 

different laser powers, were gathered to compare the morphology of each surface condition. 

LP MP HP 
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Micrographs of the as received surface (Figure 18) depicts a surface with grind-marks from 

the polishing process and some micro scale pits and artefacts from the manufacturing 

process. On the LP surface there are no visible grind marks and features and instead laser 

tracks, as a consequence of laser remelting of surfaces, are formed. These tracks are 

approximately 100 µm wide and run in parallel to each other in the direction of laser scanning 

(i.e. moving horizontally from left to right after generating each laser track). Within the laser 

tracks, ripples can be observed on the surface which were most likely formed due to the 

oscillation of the liquid metal due to Marangoni convection and hydrodynamic processes 

driven by capillary waves acting on the melt pools 197. Some small “droplet” like features can 

be observed across the surface (highlighted by arrows in Figure 18). The MP surface is similar 

to the LP surface, with the tracks, ripples and droplets being present. There are however a 

notably higher number of droplets on the surface with varying size (refer to section 3.2.2) 

and the ripples appear to be more pronounced than its LP counterpart, with more jagged 

ripples running perpendicular to the ripples in places. The HP surface has a similar 

distribution of ripples and droplets to the MP surface, but its laser tracks are much less 

pronounced than its LP and MP counterparts. 

3.2.2 Droplets on surface 

After the noting of laser induced droplets on all laser treated surfaces as depicted in Figure 

18, 15 individual micrographs were taken sequentially of a full laser treated square (5 mm x 

5 mm) for each condition. The number of droplets on the surface were counted and 

measured lengthwise using image J. Data is shown in both Figure 19 and Table 3  showing 

droplet count and size distribution respectively (Table 3).  

The number of droplets on the MP and HP surfaces were similar with the HP surface having 

almost only 100 droplets more at 3213 droplets. The LP surface had notably less at only 109 

droplets across the 5x5mm laser treated square. Despite the differences in number of 

droplets between the LP and the others, the average length of each droplet was similar, with 

the HP surface having slightly smaller average droplet length at 35.72 µm. The distribution of 

length of the droplets was closely matched between all the surfaces, with over 75% of 

droplets being under 50 µm for all laser treated surfaces. It appears that there is a maximum 

threshold is crossed between LP and MP when a critical laser energy density is reached. 
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Figure 18: SEM micrographs of overview of topography created by laser surface treatment with notable amounts 
of "droplets" on MP and HP surfaces. 

 

Figure 19: Distribution of the droplet length across varying laser powers. Note the distribution in droplet 
length is similar across each treated surface despite larger numbers on the MP and HP surface. 

 

 

LP MP HP 

LP AR 

Droplets 

MP HP 

Droplets 
Droplets 
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Table 3: Number of re-solidified droplets counted on each laser treated surface and their average length (both 
measured via ImageJ). 

Condition 
Number of 

Droplets 

Average droplet 

length (µm) 

Lower power (LP) 109 40.5 

Middle power (MP) 3117 39.2 

Higher power (HP) 3213 35.7 
 

 

3.2.3 - White light interferometry – Micro-roughness measurements 

3D plots and extracted profiles for each surface condition are depicted in Figure 20 and 

associated extracted roughness values are plotted in Table 4. 3D plots show a relatively large 

area scan, representative of each surface at 1.208 mm x 1.209 mm that show good 

agreement with the SEM images with laser tracks on the laser treated surfaces and pits and 

grind marks on the as received. The AR surface plot shows that the micro pits are randomly 

spread throughout the surface and with depths between 0.5 µm to 0.8 µm. All three laser 

treated surfaces depict the laser induced tracks with edges higher than the track itself. 

Extracted profiles of the LP surface show that the width of the tracks are between 80-100 µm 

and a peak-to-trough distance of up to approximately 1.5 µm. Outside of the height of the 

tracks, there is no other obvious features of significant height on the surface. For the MP and 

HP conditions, however there are a number of features, i.e. the droplets, with significantly 

greater height than the laser track edges randomly dispersed throughout the surface, with 

heights up to 10 µm according to extracted profiles and widths of approximately 10-20 µm.  

Roughness parameters measured and averaged from 10 extracted profiles of plots for each 

condition showed that the LP surface had a reduced Ra value at 0.19 ± 0.01 µm across 1.209 

mm compared to the AR surface at 0.34 ± 0.02 µm, whilst the MP and HP surface had an 

increased value at 0.41 ± 0.03 µm and 0.63 ± 0.06 µm respectively. This increase in roughness 

across the MP and HP surface was likely inflated by the increased presence of the droplets 

on the surface which weren’t as prevalent on the LP surface. This is confirmed by average Rt 

values of the MP and HP surfaces being greater than the AR and LP surfaces. Rsk values of 

each surfaces indicated that the AR surface shifted from having more valleys (Rsk < 0) to a 

surface with more peaks (Rsk > 0) after laser treatment. This is expected due to the small pits 

present on the AR and the laser track edges and droplets present on the laser treated 

surfaces. Rku values for all surfaces was greater than 3 indicating that the surfaces were 

“spikier” rather than smooth. 
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Figure 20: WLI plots and extracted profiles of as-received (AR) and laser treated surface at Low Power (LP) 
and High Power (HP). 
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Figure 20: (continued) 
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Table 4: Roughness parameters from extracted profiles of 1.209 mm x 1.209 mm WLI scans (n=10) with 
associated standard error  

  AR LP MP HP 

Ra (μm) 0.34 ± 0.02 0.19 ± 0.01 0.41 ± 0.03 0.63 ± 0.06 

Rt (μm) 5.28 ± 0.84 2.12 ± 0.12 7.96 ± 1.01 11.1 ± 1.47 

Rsk -0.77 ± 0.42 0.57 ± 0.12 3.56 ± 0.48 2.97 ± 0.43 

Rku 5.65 ± 0.83 3.85 ± 0.44 24.1 ± 4.0 16.3 ± 2.6 
 

 

3.2.4 - AFM results – Nano-roughness 

Of the 10 extracted 10x10 µm 3D plots from the 80x80um scan, 2D profiles were extracted 

from each plot which are all shown in Figure 21 along with associated roughness parameters 

in Table 5. The AR surface shows striations with width within the micro-scale between 1-2 

µm and heights within the nano-range (< 1 µm) most likely formed from a grinding process. 

These striations possess peaks which are notably “sharper” than the laser treated surfaces, 

which possess more of a ripple appearance. Whilst the laser treated surfaces appear 

smoother, they have wider variations in height relative to the AR surface. These ripples also 

act in multiple directions compared to the singular direction of the striations on the AR 

surface. Comparing the roughness parameters shows that at the nanoscale the AR surface is 

the least rough at Ra = 46.1 ± 6.42 nm, with the laser treated surfaces increasing in roughness 

with increasing laser power LP Ra = 95.9 ± 23.1 nm, MP Ra = 100 ± 15.2 nm and HP Ra = 170 

± 34.6 nm. Average Rt values follow a similar trend with the laser treated surfaces exhibiting 

greater max height values than the AR surface. MP has slightly less average max height at 

362 ± 55.1 nm compared to 399 ± 97.5 nm in the LP, whilst the HP surface possesses much 

larger average max height at 614 ± 99.6 nm. Regardless of the differences in average Ra and 

Rt values, they all remain within the nanoscale at a scan area of 10x10 um.  

The Rsk values for all surfaces are relatively close to 0, indicating a relatively balanced 

roughness profile that has almost the same distribution of peaks and troughs. The AR and 

MP surfaces have slightly more valleys at Rsk= -0.10 ± 0.25 and -0.02 ± 0.16 respectively and 

the LP and HP surfaces have slightly more spiky surfaces at Rsk= 0.19 ± 0.18 and 0.21 ± 0.15 

respectively. All the surfaces possess Rku values under 3, indicating that all the surfaces are 

more smooth than spiky. 
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Figure 21: AFM plots (3D and 2D) and extracted 2D profiles for all surface conditions of as-received (AR), lower power 
(LP), medium power (MP) and higher power (HP) laser treated cpTi. 

 

Table 5: Roughness parameters from extracted profiles of 10x10 um AFM scans (n=10) with associated 
standard error 

  AR LP MP HP 

Ra (ηm) 46.1 ± 6.42 95.9 ± 23.1 100 ± 15.2 170 ± 34.6 

Rt (ηm) 202 ± 24.5 399 ± 97.5 362 ± 55.1  614 ± 99.6 

Rsk -0.10 ± 0.25 0.19 ± 0.18 -0.02 ± 0.16 0.21 ± 0.15 

Rku 2.71 ± 0.38 2.29 ± 0.15 1.87 ± 0.13 2.04 ± 0.16 
 

 

3.3 – Microstructure 

3.3.1 – SEM Cross-sectional Microstructure 

SEM micrographs in backscatter electron (BSE) mode of as received microstructure and the 

overview of the laser-melted zone of Ti cross-sections are shown in Figure 23 (a-c). Overviews 

HP 

LP 

AR 

MP 
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of each cross section showed a homogenous microstructure consisting of a hexagonal shaped 

α-phase Ti in BM (pointed by arrows in Figure 22) with above which a heterogenous laser-

melted layer (at multiple hundreds of micrometres in depth). With increasing laser power 

there is an increase in the depth of the laser-melted zone. All laser treated surfaces (Figure 

23)  shows a combination of (i) serrated α-phase grains (as seen in previous studies 236,238) 

which are more homogenous in shape compared to their more hexagonal base material 

counterparts and larger in size ( than the grains in the base material (with grains ranging from 

10 – 50 µm in width – measured via ImageJ), (ii) fine acicular α’ phase grains ranging from as 

small as 10 um up to over 50 µm, commonly observed in laser treated titanium surface 

microstructure 236,237,254 and (iii) platelet α phase (also known as widmanstätten α phase) 

within the 10 – 50 µm range which have also been observed in similar laser treated surfaces 

236,255. All laser treated surfaces observe acicular and platelet phases at the surface level, with 

underlying homogenous serrated phases below. For the LP surface, acicular and platelet 

phases are more numerous than with serrated phases of varying widths. Increasing laser 

power across the MP and HP surfaces (Figure 23), the acicular phases are less numerous and 

remain a similar size (10 – 50 µm), the platelet phase is also less numerous but larger in size 

(some as large as 60 µm) and the serrated α phases are much larger and dominate most of 

the microstructure particularly in the HP surface with widths as large as 170 µm. All of the 

aforementioned phases present in the laser treated surfaces are observed at greater depths 

with increasing laser power as seen in Figure 23.   

 

Figure 22: Magnified SEM micrograph of the base material of the cpTi, showing typical alpha phase grain 
layout. 
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Figure 23: BSE images of laser treated titanium microstructure 

 

3.3.2 - XRD surface structure measurements 

The XRD patterns of all surfaces: AR and the three laser-treated surfaces are shown in Figure 

24. All laser-treated surfaces exhibited a highly crystalline structure, and no new peaks are 

observed in comparison to that of BM. Compared to the AR surfaces, all of the laser-treated 

samples demonstrated a higher intensity peak for Ti (101) and Ti (002) which has been 

attributed to increased crystal growth due to the onset atomic diffusion between grain 

boundaries as a direct result of laser re-melting 256,257.   
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Figure 24: XRD patterns of as-received (AR) cpTi and laser treated cpTi at lower power (LP), medium power 

(MP) and higher power (HP) laser intensity, showing only α-phase at the surface. 

The peak positions, as shown in 25 for the laser treated surfaces are also shifted to the right 

compared to that of the AR material, which has been linked with a reduction in residual 

thermal stress within the laser treated surfaces and increased presence of martensitic α’ 

phase Ti 254,258. Peak shifting to the left as a result of laser treatment has been associated with 

an increase in residual stresses 259. Whilst LP and MP surfaces demonstrated a more intense 

peak for Ti (100) and Ti (110) compared to the AR surface, those peaks for the HP surface are 

of similar intensities to the AR surface. More intense peaks have been linked to an increase 

in crystal size in a previous study investigating laser treated Ti 256, with this peak 

intensification observed in similar studies about the re-melting of cp Ti 238,239. There is also 

the development of some secondary peaks within the laser scanned spectra (notably in the 

HP surface). Whilst this could indicate the formation of cubic titanium (β-phase) it is more 

likely this is martensitic α’ phase as β was not observed in the metallographic imaging.  
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Figure 25: Magnified image of XRD spectra showing a peak shift of two dominant peaks Ti (002) and Ti (101) 
to an increased value of 2θ. 

3.4 – Surface Chemistry 

3.4.1 - XPS Survey scan 

Survey scans of each surface condition before and after laser treatment are presented in 

Table 6 (in terms of atomic concentration). Aside from Ti, C and O, traces other elements 

were present including; Si, Cl, N, Ca, Al and others. The high concentration of C on all surfaces 

can be attributed to hydrocarbons that are present on the surface due to the absorption 

hydrocarbons in the surrounding environment or atmosphere, as shown previously when 

samples have been left to rest for up to 30 days 211. The concentration of Ti on the surface 

increases with increasing laser power compared to the AR surface. The concentration of O 

on the surface initially decreases when comparing the LP and MP surfaces to the AR, before 

increasing up to the HP surface which presents the highest concentration. N is present in the 

laser-treated surfaces but remains in lower concentration compared with the AR surface, 

with only HP surface showing an increase in concentration. 
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Table 6: Survey scans of surfaces in terms of atomic concentration (%) 

 
 

3.4.2 - XPS Ti 2p spectra narrow scan 

Narrow scans of Ti 2p spectra were acquired for each surface condition before and after laser 

treatment and are plotted in Figure 26 along with associated fitted peaks. Peak components 

and their associated doublet counterparts were investigated including Ti(0) (2p3/2 = 453.9 

eV, 2p1/2 = 460.0 eV), Ti(II) (2p3/2 = 455.5 eV, 2p1/2 = 461.7 eV), Ti(III) (2p3/2 = 457.3 eV, 

2p1/2 = 462.5 eV) and the most intense peaks for all samples, Ti(IV)  (2p3/2 = 458.7 eV, 2p1/2 

= 464.4 eV). The Ti(0) peaks are associated with the pure metallic phase of titanium. Ti(II) 

through Ti(IV) represent titanium within various oxides, with Ti(II) – Ti in TiO, Ti(III) – Ti in 

Ti2O3 and Ti(IV) – Ti in TiO2. Ti(III) can also be associated with TiN or other oxy-nitride 

variations as well, but observations of the microstructure in SEM (Figure 23) and the XRD 

spectra (Figure 24) indicate a lack thereof. The dominant peaks are the Ti(IV) doublets. For 

the AR surface, Ti(IV) is the only detectable form of Ti on the surface, with no significant signal 

from the other sub-oxides or metallic peaks. As laser power is increased across the other 

surfaces, peaks other than the Ti(IV) peak possess higher signals, particularly peaks 

associated with metallic Ti (Ti(0)) and other oxides, Ti(II) and Ti (III) than their AR counterpart. 

It is also noted that the dominant peaks associated with Ti(IV) become more intense with 

increasing laser power.  

.  
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Figure 26: XPS Narrow scans of the Ti 2p doublets of as-received (AR) cpTi and laser surface treated cpTi at 
lower power (LP), medium power (MP) and higher power (HP) laser surface treatment. In each surface the 2p 
3/2 peak associated with Ti (IV) is dominant, with some sub-oxide species (Ti(II) and Ti(III)) and metallic 
species (Ti(0)) showing as laser power increases. 
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3.4.3 - ToF-SIMS depth profiles 

To further investigate and compare the surface chemistry of the laser-treated surfaces, ToF-

SIMS was used to analyse the surfaces and generate a depth profile of up to 50 nm. Figure 

27 shows the relative intensities of both TiO- and TiO2
- ions over a depth of 50 nm (note this 

is an estimation calculated from sputter yield and density values from previous work) and 

sputter time of 300 seconds.  

 
Figure 27: ToF-SIMS depth profiles of TiO- and TiO2

- ions on the surface of as-received (AR) cpTi and laser 
treated cpTi at lower power (LP), medium power (MP) and higher power (HP) levels of laser treatment. 

Profiles show an increased intensity of both ions due to laser treatment and an increased depth of both ions 
for MP and HP surfaces.  
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For all surfaces, there is an initial rapid increase in relative intensity for both ions after a few 

nm of depth, which is most likely caused by contamination from the environment. All of the 

laser-treated surfaces demonstrate relatively higher and sharper peaks in relative intensity 

of both TiO- and TiO2
- followed by a slow decrease towards a constant relative intensity 

compared to the AR surface which demonstrates much shorter peaks before demonstrating 

a similar constant intensity. As laser power increases, the maximum relative intensity of both 

ions is present deeper within the surface and the intensity peaks of the MP and HP surfaces 

span a greater depth before reaching a constant intensity. This suggests that there is an oxide 

layer with enriched TiO- (~12 nm) and TiO2
- (~9 nm) at the LP surfaces and a thicker oxide 

layer on the MP (~20 nm and ~10 nm increase for TiO- and TiO2
- respectively) and HP surfaces 

(~33 nm and ~24 nm increase for TiO- and TiO2
-).  

3.5 – Physicochemistry 

The contact angle of deionised water on each surface condition is shown in Figure 28. On a 

general agreement in literature, surfaces that exhibit a contact angle greater than 90° are 

hydrophobic and less than 90° are hydrophilic 104,226,241–244 All surfaces exhibited a hydrophilic 

contact angle with water at relatively similar contact angles between 58.0° and 61.6°. There 

is no obvious change of wettability before and after laser treatment.  

3.6 - Biofilm coverage and Live/Dead ratios 

Fluorescence micrographs of all tested species of adhered bacteria after 24hrs in broth on 

each surface are shown in Figure 29. For all species, both Gram positive and negative, there 

is notably more green colouring on the AR surface than the laser treated surfaces and a 

reduction in adhesion. The bacteria that have adhered to the laser treated surfaces present 

a mostly red colour, indicating that these cells have been damaged and are no longer viable. 

There is notable biofilm growth of S. epidermidis, S. aureus and P. aeruginosa on the AR 

surfaces whilst for E. coli and P. mirabilis biofilms are present at a smaller scale in micro-

colonies. Note that the different growth mechanisms of different species dictate the shape 

of the resulting biofilms 260. It is clear from the micrographs that the laser treated surfaces 

are less hospitable for bacteria (in vitro) compared to the AR surface due to less bacterial 

adhesion and a potential bactericidal effect. 
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AR – 61.6 ± 3.8° LP – 58.0 ± 1.0° 

 
 

MP – 59.6 ± 2.1° HP – 58.3 ± 2.1° 

 
 

Figure 28: Images of static water droplets on as-received (AR) cpTi and laser treated cpTi at lower power (LP), 
medium power (MP) and higher power (HP) laser surface treatment. All surfaces demonstrate hydrophilic 

properties with the water contact angle under 90°. 
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Figure 29a: Live/dead stains of S. aureus indicated a reduction in biofilm coverage. Colonies formed were significantly smaller on treated surfaces than large biofilms on the AR surface.  
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Figure 29b: Live/dead stains of S. epidermidis indicated less overall coverage than S. aureus and notably more red staining on the laser treated surfaces than the AR surface. 
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Figure 29c: Live/dead stains of E. coli showed biofilm coverage on the AR surface with largely live cells and the laser treated surfaces showed reduced coverage and largely dead cells. 
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Figure 29d: Live/dead stains of P. aeruginosa indicate live cells spread across the AR surface and only small clusters of dead cells on the laser treated surface. 
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Figure 29e: Live/dead stains of P. mirabilis indicate reduced coverage on the treated surfaces with increasing amounts of dead cells as power increased. 
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Calculated values of biofilm coverage (% of area) extracted from the fluorescence 

micrographs are plotted in Figure 30. There is a statistically significant (p < 0.05) difference 

in biofilm coverage between the AR surface and all laser treated surfaces for all tested species 

of bacteria. There was no statistically significant difference in biofilm coverage between the 

laser treated surfaces themselves, with all presenting < 1 % total coverage apart from P. 

mirabilis which showed < 2 % total coverage across all laser treated surfaces. This confirms 

that the laser treated surfaces are a less favourable surface for bacteria to attach and form 

biofilms on compared to the AR condition.  

 

 

 

Figure 30: Quantification of biofilm coverage from live/dead stain images. Note that there is little variation in 
biofilm coverage for the laser treated surfaces across most of the bacterial species 
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3.7 - Bacterial surface distribution & morphology 

False coloured images of tested species of bacteria on the AR surfaces in overview 

micrographs (Figure 31) show large biofilms forming on the surface. Scratching, grinding 

marks and pits can be seen in the AR surface, with bacteria and biofilms forming over the top 

of these features and even obscuring them in areas.  The Gram-positive species are shown 

to form in large biofilms around pits and ridges and growing outward from these features, 

with smaller micro-colonies interspersed throughout the surface. P. aeruginosa shows a 

more uniform and substantial spread across the surface forming relatively indiscriminately 

over features across the AR surface. E. coli shows a maturely developed biofilm that covers 

much of the surface features on the AR surface and P. mirabilis shows clustering of micro-

colonies of bacteria across the surface and its features.  
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Figure 31a: SEM micrographs of S. aureus show high coverage on the AR surface relative to laser treated surfaces. Small colonies formed round re-solidified droplets on treated surfaces. 
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Figure 31b: SEM micrographs of S. epidermidis show reduced attachment on treated surfaces. Similar to S. aureus, cells form small colonies around re-solidified droplets. 
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Figure 31c: SEM micrographs of E. coli demonstrate notable biofilm formation on the AR surface and relatively spread attachment on treated surfaces – some clustering on droplets. 
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Figure 31d: SEM micrographs of P. aeruginosa show high coverage on AR with more spread coverage on laser-treated surfaces. Droplets demonstrate only some extra attachment. 
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Figure 31e: SEM micrographs P. mirabilis show high coverage on the AR surface with spread out attachment on laser treated surface. Droplets demonstrate clustering at edges. 
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When moving onto the LP surface, total bacterial area coverage is substantially reduced for 

all species. Gram-positive species tested present small clusters of micro-colonies with little 

to no bacteria in between. The clusters appear on top of and along the laser induced ripples 

with no clear obvious preference, but clusters seem to form on the larger ridges as seen on 

the S. epidermidis micrograph. Gram-negative species are much more spread out across the 

LP surface, with no substantial micro-colonies or clusters forming, bar some small clusters of 

P. aeruginosa forming. A smoother area as seen on the right-hand side of the E. coli 

micrograph shows sparsely distributed bacterial attachment compared to the left-hand side 

which presents more ripples. Whilst aforementioned laser induced droplets are present on 

the LP surface, they are relatively sparse and not representative of the majority of the 

surface, compared to the MP and HP surfaces.  

Both MP and HP surfaces show similar morphology with the usual ripples and ridges in 

addition to the laser induced droplets. For Gram-positive species, these droplets appear to 

act like anchor or “niches” for the bacteria as they tend to form small micro-colonies around 

the edges and on top of these droplets. Small micro-colonies exist away from these droplets 

but are smaller than those gathered around the droplets. Even if the bacteria do not 

necessarily grow along the edge of a droplet, these can act as an initial anchoring point for 

the bacteria to adhere and initiate biofilm formation, as seen with S. epidermidis on the HP 

surface. Gram-negative bacteria don’t adhere as readily around the edges of these droplets 

but notable attachment to the spherical part of each droplet is observed for E. coli and P. 

aeruginosa on the MP and HP surfaces. The usual spread out distribution of individual 

bacteria is observed on the rest of the surface across the ridges and ripples. P. mirabilis is 

notably sparsely distributed across the HP surface, with a small cluster forming on the 

spherical part of the droplet. 

FEG-SEM micrographs in Figure 32 show high-magnification false colour images at the 

individual cell and/or biofilm level for bacteria attached to untreated and laser treated 

titanium surfaces. Across all AR surfaces, substantial biofilm formation has occurred. S. 

aureus has formed clusters of biofilms on the AR surface and shows EPS within the cell matrix. 

S. epidermidis shows cells tightly packed in a biofilm across the surface with little verticality. 

The Gram-negative species are shown to be layered on top of each other in large robust 

biofilms, with E. coli having smaller clusters of biofilms, as also seen in Figure 31.  
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Figure 32a: S. aureus biofilm forming on AR surface with small clusters of cells on the laser treated surfaces. Some distortion noted in cells particularly on the MP and HP surface. Notable EPS 
formation on the S. aureus biofilm on the AR surface. Example comparison of intact (I) and distorted (D) cells. 
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Figure 32b: The S. epidermidis biofilm on the AR surface covers large areas and small clusters are present on laser treated surfaces. Some distortion of cell membranes is noted and marks 
on the middle of cells indicate cells undergoing binary fission at the time of fixation. Example comparison of intact (I) and distorted (D) cells. 
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Figure 32c: E. coli biofilms form across the AR surface with small clusters and single cells spread across the treated surfaces. Notable cell membrane distortion is noted across treated 
surfaces. Example comparison of intact (I) and distorted (D) cells. 
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Figure 32d: Substantial biofilm growth of P. aeruginosa can be seen across the AR surface. Similar to E. coli, notable cell distortion is observed on the laser treated surfaces.  Example 
comparison of intact (I) and distorted (D) cells. 
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Figure 32e: P. mirabilis demonstrated notable biofilm coverage on the AR surface and small amounts of attachment on laser treated surfaces. Less membrane distortion was noted on the 
laser treated surfaces compared to E. coli and P. aeruginosa. Some cells on treated surfaces were in the process of binary fission at the time of fixation. Example comparison of intact (I) and 
distorted (D) cells. 
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Bacterial cells on the laser treated surfaces appear more as individual cells, rather than 

colonies or biofilm communities. Gram positive bacteria across the laser treated surfaces 

appears in small clusters or colonies. Bacteria can be observed in the process of binary fission 

in some images (Figure 32 a, b & e).  

Some of the cells appear distorted compared to their intact counterparts, which can be an 

indicator for cell lysis. Distortion was determined if the size and shapes of the cells deviated 

from the regularly shaped baccili and cocci cell envelopes. For the Gram-positive species, this 

largely meant a smaller, less round cell shape and for the Gram-negative, a flattened, 

deflated appearance of the cell membrane. Wrinkles present on the Gram-negative species 

is normal property of the more flexible cell membrane. Examples of distortion is notable on 

the MP surfaces for both S. aureus and S. epidermidis (Figure 32 a & b), while Gram-negative 

species on the laser treated surfaces present much more pronounced “deflated” 

deformation than their Gram-positive counterparts (Figure 32 c & d). It should be noted that 

the act of fixing the cells to the surface uses harsh chemical treatment (see section 2.3.8) and 

whilst most cell envelopes are preserved, and it is possible some may be distorted as a result 

of the fixation process. Regardless, it was unable to be determined if the cells were distorted 

because of surface morphology interfering with cell membrane, as observed via FEG-SEM 

imaging. 

After the observation of bacterial behaviour of colonising on or around the laser induced 

droplets, high-magnification micrographs were taken via FEG-SEM and are shown in Figure 

33 a-e. Droplets present on surfaces showed Gram-positive species attaching on and 

gathering around them in a variety of ways. S. aureus and S. epidermidis (Figure 33 a & b) are 

shown to attach on the surface adjacent to the droplets using the droplets as “niches” for 

attachment, as well as directly on the side and top of the droplets. Gram negative species 

tested showed a more spread distribution and appeared more likely to form on the top of or 

on the side the spherical part of the droplets rather than on the surface adjacent. P. 

aeruginosa demonstrated complete coverage of some droplets present on the AR surface 

(Figure 33 d).   
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Figure 33a: FEG-SEM images of micro-colonies and biofilms forming around and on re-solidified "droplets". Some droplets were present on the AR surface and S. aureus adhered in a similar 
manner across all surfaces. 

AR LP 

MP HP 



118 
 

 

  

  

Figure 33b: FEG-SEM images of S. epidermidis forming colonies and biofilms around re-solidified droplets on all surfaces. Cells gather at the edges and on the side of droplets in clusters. 
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Figure 33c: FEG-SEM images depicting E. coli forming colonies and biofilms on and around droplets.  
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Figure 33d: FEG-SEM images of P. aeruginosa micro-colonies forming on droplets on laser treated surfaces. A substantial biofilm formed on re-solidified droplets present on the AR surface 
adjacent to the laser treated area.  
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Figure 33e: FEG-SEM images of P. mirabilis colonies forming on and around droplets. Note the increased clustering on the droplets relative to the cells adjacent on the surface.  
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3.8 - Bacteria – material interface 

To investigate if any physical features on the laser-treated surfaces were interacting with the 

bacterial cell membrane (in any recognizable way), FIB-SEM was used to slice a cross section 

of bacteria fixated to the surfaces. The process is highlighted in Figure 34 showing the coating 

of the bacteria in platinum before the beam cuts the section and is extracted from the 

material. S. aureus was chosen as the bacteria and LP was chosen as the surface condition to 

investigate. Images of the cross-section cannot show the specific physical interactions with 

the surface from the images alone due to insufficient magnification.  

  

  

Figure 34: FIB-SEM images of the sectioning process of S. aureus on the surface of laser treated cpTi at lower 
power (LP). 1 – S. aureus attached to the surface of LP cpTi. 2 – Platinum cladded S. aureus. 3 – Cross-sectioned 
platinum cladded S. aureus on LP cpTi. 4 – Extracted cross-section of S. aureus on LP cpTi.  

 

S. aureus 

Platinum layer 

Milled cross-section 

S. aureus 

Platinum layer 

Bacteria – material interface 

1 2 

3 4 



123 
 

CHAPTER 4 – DISCUSSION 

Antibacterial surfaces created after open-air laser treatment in this study reduced bacterial 

attachment and biofilm coverage relative to the untreated AR surface for multiple species of 

bacteria commonly involved in DAI. As the process of bacterial attachment and biofilm 

formation on a metallic surface is a complex process and still not fully understood, a number 

of characterisation methods were employed to investigate how the laser treatment altered 

the surface physical, chemical and physicochemical properties, and how this could influence 

bacteria attempting to attach to the surface. The following subsections are down into three 

main categories, how the laser treatment altered 1) physical, 2) chemical and 3) 

physicochemical properties of the surface and how these changes resulted reduced bacterial 

attachment and biofilm coverage on cp Ti. 

4.1 - Roughness and Topographical changes in the surface after 

laser treatment  

Through a combination of SEM images (Figure 18) as well as AFM and WLI results (Figure 20 

& Figure 21), it was shown that laser treatments at three separate laser powers, all created 

surfaces covered with wide laser tracks and sharper edges parallel to the laser scanning 

direction in the micro-scale. Rt values indicated a max height of over 2 µm from peak to valley 

for the LP, whilst the HP specimens Rt values were offset by the presence of “droplets”. 

Despite this being a height comparable with the size of bacteria, these features were 

separated by ~ 100 um wide troughs which possessed their own local roughness not captured 

by the scan for micro-scale features. From the skewness results at the micro level, the 

negative skewness of the AR surface could have facilitated bacterial adhesion more than the 

laser treated surfaces with its troughs creating areas where bacteria may be shielded from 

the shear forces from the medium. Whilst the laser tracks possessed enough height at this 

level to shield bacteria, the troughs were wide, and bacteria would be exposed to shear 

forces perpendicular to the laser scanning direction. The formation of this surface with has 

been observed in previous literature. Micro-grooves and troughs are commonly observed on 

titanium surfaces with both single scan and overlapping continuous laser treatment in a 

linear motion 104,195,198,207,220,261,262 compared to pits, grids, pillars and other geometry created 

by certain pulsed or combination laser treatments 209,224,233,243,263,264.  

A gradient in surface tension between the melt pool formed by laser treatment and the 

surrounding cooler solid titanium, Marangoni convection within the melt pool and 
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evaporation recoil all contribute to rippling effects on the treated surface as it re-solidifies 

197,265–267. On top of the convection present within melt pools, the assistive Ar gas flowing 

from the nozzle exerted pressure on the molten surface created additional movement of 

molten liquid, adding to the rippling effect.  

As seen from AFM data (Figure 21), these ripples existed within the nano-scale topography. 

AFM 3D plots showed that all surfaces had relatively similar roughness values and the 

average heights (Rt) were all below 1 µm across a 10 µm x 10 µm area (n=10). Whilst there is 

a negative skewness value on the AR and MP surfaces compared to the laser treated surfaces, 

this is rather small and close to 0, indicating a relatively symmetrical height profile at the 

nano level but the LP and HP surfaces present positive values. Whilst the laser tracks as seen 

from SEM overviews all possess these ripples, they are relatively similar in spacing and size 

(50 – 100 µm in height, 1 – 2 µm in spacing) at the nano-scale level, accounting for this 

variation in skewness. Kurtosis values indicated, relative to the 10 µm x 10 µm scan area, that 

all surfaces were smooth (Rsk < 3). This contrasts the surface at the micro-scale level of 

roughness which demonstrated Rsk > 0 for all laser treated surfaces and Rku >3 for the MP 

and HP laser treated surfaces.  

The notably higher values of Ra, Rt, Rsk and Rku on the MP and HP surfaces in the micro-

scale are attributable to the presence of re-solidified droplets on the surface. These droplets 

are commonly observed across multiple applications of laser or plasma techniques, such as 

welding, powder bed fusion among others 265,266,268. In the open-air laser treatment, these 

laser generated droplets are expelled from the melt pool as it forms under laser irradiation 

267. A combination of the laser plasma and assistive gas producing a downward force on the 

melt pool, causes molten Ti to eject from the surface in the form of small micro-metre sized 

droplets. These droplets then cool rapidly in the air/ as they land on the titanium surface 

adjacent, forming the droplet like structure with spherical “head” shape and a “tail” shape 

following behind from the direction it was ejected from. The increased presence of droplets 

at higher laser powers, is due to the increased depth and width in the incident melt pool as 

the laser interacts with the surface. The cross-sectional SEM images of laser-treated surfaces 

indicates an increased depth in the laser-re-melted zone. No clear distinction could be made 

between the laser melted and HAZ individually for increasing laser power. The distribution of 

the droplet length between all  surface conditions in this study is largely similar, despite the 

difference in number of droplets between the lower energy density of 13.9 J/mm2  (LP) and 

the other two at 19.8 J/mm2 (MP) and 28.2 J/mm2 (HP) It is noted that these molten droplets 

may cause some of the underlying surface to re-melt, which can alter the microstructure and 
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properties below 268. This was not investigated here as the bacteria would only contact the 

overlying droplet. Whilst a few studies have reported on the effect of these solidified ejected 

droplets style structures on osteointegration 198,199, but no studies before have reported how 

bacteria respond to these structures on the surface yet, and this will be discussed in details 

in the following sections. 

4.2 - Bacterial interaction with surface roughness and 

topography 

Whilst the exact mechanism of bacterial attachment is a complicated phenomenon still being 

explored, studies on physical anti-bacterial surface strategies often report the roughness 

values of the surfaces in question, allowing for some comparisons to be made between 

surface roughness and the potential for bacterial adherence of a given surface. The actual 

topographical shape is often reported alongside roughness in visual or descriptive terms such 

as spikes, ripples or pillars instead of purely mathematical terms. Another key aspect of 

roughness and topography is the scale of the features in question as these affect bacteria in 

different ways. 

4.2.1 - Micro-roughness and topography in relation to bacterial attachment on 

titanium surfaces 

Laser surface treatment at LP – 13.9 J/mm2 caused a reduction in micro-scale roughness from 

Ra = 0.34 ± 0.02 µm on the AR surface to Ra = 0.19 ± 0.01 µm and reduction in max height Rt 

= 5.28 ± 0.84 µm to Rt = 2.12 ± 0.12 µm (Table 4). This effectively resulted in a smoother 

surface as a result of laser surface treatment. Notably, the Rsk value switch from a negative 

value indicating a surface with pits and craters as the dominant features, to a positive value, 

indicating more peaks. This is to be expected from observation of SEM images indicating 

higher peaks at the edges of the laser tracks. Rku values remained above for both surfaces. 

Interestingly, the SEM images of the MP and HP surfaces in Figure 18, depict largely similar 

surface structures to the LP surface, including circular ripples and laser track edges, with the 

exception being the relatively larger droplets on the surface. These droplets have a dominant 

impact on the roughness parameters of the surface at the micro level, with laser treatment 

at MP – 19.8 J/mm2 and HP – 28.2 J/mm2 increasing the roughness from Ra = 0.34 ± 0.02 µm 

to Ra = 0.41 ± 0.03 µm and Ra = 0.63 ± 0.06 µm respectively. Whilst the distribution in droplet 

length for each laser treated surface was largely similar, the heights of the droplets appear 

to be much larger in the HP surface. This is most likely due to an increased melt pool size (as 
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evidenced by the larger laser plasma observed at this laser power and an altered cross-

sectional microstructure at an increased depth) allowing larger micro-droplets to be ejected 

from the pool. These droplets also cause notable effects on the Rsk and Rku values, increasing 

them far beyond their indicative values of 0 and 3 respectively. As seen across Figure 31 - 

Figure 33, these droplets can cause some localised clustering of the tested species of 

bacteria, relative to the smoother ripple covered surface. Note, that whilst some of these 

droplets induced the formation of small clusters around them, this did not have a statistically 

significant impact on the overall biofilm coverage on the respective surfaces, as evidenced 

by the fluorescence micrographs and their respective coverage percentage values. 

Micro-scaled roughness and topographies are generally accepted to have effects on the 

ordering of attached bacteria and biofilms and the hydrodynamics of the surrounding 

medium 91. Previous literature has stated that micro scaled features, whether being 

structures protruding from the surface or pits within the surface, tend to affect the 

hydrodynamic environment around the surface as the bacteria approaches the surface, 

allowing it to attach more readily 94,217,269.  

Compared the surface created by continuous wave laser treatment in the study to other 

titanium surfaces with micro-rough surfaces and features, it can be said that whilst these 

aforementioned droplets can act as niche attachment points for the bacteria, the overall 

micro-roughness is decreased as evidenced by the roughness of the LP surface. It is also noted 

that the clusters of bacteria seen around the droplets is not to the scale of coverage observed 

on the AR surface and that these clusters are not seen on the majority of the rest of the 

surface, which is mainly composed of the ripples formed from the laser treatment. As 

discussed, previous studies have noted that whist the micro environment may be conducive 

to bacterial adhesion, the local nano-scale topography may not be a contributing factor, 

causing bacteria to adhere selectively around these micro-features 176.  

4.2.2 - Nano-roughness and topography in relation to bacterial attachment on 

Ti surfaces 

AFM scans of 10 µm x 10 µm scans of each surface condition show that the laser surface 

treatment reduces then nano roughness relative to the AR surface. The ripples induced by 

the re-solidification of the melt pool increase the roughness relative to the striations typical 

of grinding and polishing present on the AR surface. Within the 10 µm x 10 µm areas scanned, 

none of heights (Rt) exceeded 1 µm, indicating that within this area bacteria were not 

receiving significant opportunities for attachment, that allowed subsequent colony 
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formation, from the ripples or other features at the nano-scale. This is confirmed by Figure 

31 & Figure 32 showing bacteria attached in single cells, without forming substantial biofilms 

on the laser treated surfaces. Rsk values are relatively close to 0 for all surfaces, with LP and 

HP surfaces demonstrating surfaces with slightly larger peak distribution. Rku values remain 

below 3 for all surfaces, indicating smooth surfaces formed as a result of laser surface 

treatment at the nano scale. Some of tested Gram-negative species of bacteria were shown 

to have distorted morphology as seen in Figure 32 c & d, which was initially thought to be 

caused by potential nano-scaled features interacting with the surface. The FIB cross-section 

of bacteria on the LP surface shown in Figure 34 did not possess sufficient magnification to 

identify interactions with nano-features. What it did show however, is that there was 

relatively minimal surface contact area between the nano-rough titanium with the spherical 

shape of the S. aureus cell on the surface. Additional FIB sectioning should be conducted on 

all surfaces and all tested species of bacteria at higher magnification.  

The local nano-roughness environment created via continuous wave laser treatment 

contributed to reduced attachment for all species tested. Whilst different species have been 

shown to interact with nano-roughness differently, all species tested reduced adhesion 

relative to the AR surface. Whilst no obvious penetration of the Gram-negative membrane 

was shown, it is possible that mechanisms other than physical features contributed to this 

effect.  

4.2.3 - Combined effect of micro-nano roughness on bacterial attachment 

Apart from the obvious micro-roughness increase caused by the droplets, the micro-

roughness decreased relative to the AR surface as a result of laser treatment and the nano-

roughness remained sufficiently low to not encourage the attachment of bacteria. Whilst 

these droplets caused localised increases in density of bacterial adherence, this was not 

sufficient to cause a significant increase in overall biofilm coverage relative to surfaces with 

less droplets. Bacteria are able to attach to features with local nano roughness which alone 

would be considered “resistant” to bacterial adhesion (See sections 1.3.2 & 1.4.4) when these 

nano-rough surfaces are present on surfaces with micro scale features that allow the bacteria 

to gather within them and shield the bacteria from shear flow effects. Whitehead et al. (2006) 

proposed that bacterial adhesion was not significant on surface features much larger than 

the bacteria but was significant on features close to the size of the bacteria. SEM images of 

the bacteria attached to the droplets (Figure 31 & Figure 33) confirm this, as the droplets in 

the micro-scale height (up to 10 µm as confirmed by WLI in (Figure 20) are able to provide 

shelter from liquid shear effects which the nano-rough ripple topography is unable to do as 
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seen on SEM micrographs in Figure 31. This similar effect was observed in a study by Wu et 

al. (2011) found that on plasma sprayed titanium surfaces with locally smooth surfaces but 

large depressions and concave features in the micro scale that S. epidermidis was able to 

form colonies within them as they were shielded from hydrodynamic sheer forces 176. Rajab 

et al. (2017) conducted a study on Pico second laser texturing of stainless steel to reduce 

bacterial adhesion of E. coli. It was observed that the surface with a combination of micro 

features in the form of pillars and valleys with local nano topography in the form of ripples 

had the least number of bacteria adhering to it relative to the other surfaces, even though it 

had a higher overall roughness (Sa) 270. AFM data (Figure 21) indicated an increase in nano-

roughness (AR, Ra = 46.1 ± 6.42 nm increased to over Ra = 95.9 ± 23.1 nm on laser treated 

surfaces) but a reduced roughness at the micro level with AR Ra = 0.34 ± 0.02 µm and LP Ra 

= 0.19 ± 0.01 µm (Figure 20). Whilst MP and HP possessed higher Ra than the AR surface, this 

was offset by the droplets, which acted as focal points for bacterial attachment (Figure 31 & 

Figure 33) relative to the nano-rough ripple environment. Thus, it can be said that the surface 

as created by the continuous wave laser treatment creates a less favourable environment for 

bacterial attachment and biofilm growth by altering the surface topography and roughness 

at both the micro scale in creating a topography of 80 – 100 µm wide 2 µm deep valleys and 

nano scale in creating a topography of nano ripples of height around 50 nm and 2 µm spacing.   

Roughness and its associated parameters were measured extensively in this work, but it 

should be addressed that some previous studies have used parameters other than roughness 

values to describe surface features, mainly in the form of aspect-ratio. This allows effective 

characterisation and comparison of the surface with those of similar dimensions, which has 

allowed parallel examination of these aspect ratios and their effects on both bacteria and 

human cells and even been used as a variable parameter in simulations of bactericidal surface 

features 108,271. Whilst this may lend to a clearer interpretation and measurement on certain 

surface features, this is largely limited to notably patterned and regular shaped and spaced 

features, such as those developed by pulse lasers or interference patterning. Due to the 

relatively heterogenous width, height and spacing of the rippling surface features and some 

of the ripples are not lying across a flat part of the surface (e.g., see 2D MP graph Figure 21) 

would make it difficult to make a measurement of aspect-ratio that can be meaningfully 

compared to these studies.  

It is noted that both micro and nano-scale roughness and topographies have direct effects 

on the surface energy and wettability of a surface, which is discussed in a later section.  
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4.3 - Cross-section microstructural changes in the laser-treated 

surfaces  

Cross sectional SEM images (Figure 23) and XRD spectra (Figure 24), indicated that laser 

treatment at all power settings in this study caused a shift from a homogenous α-phase 

structure in BM to a more heterogenous surfaces with acicular α’ and serrated α phases due 

to  the laser re-melting of surface. The presence of the acicular α’ phase and serrated α phase 

have been observed in previous studies that employ laser re-melting techniques shielding by 

Ar 236–238,272. This occurs as the temperature at the Ti surface is raised above melting 

temperature (1668°C) and rapidly cooled (or quenched) preventing the complete growth of 

α phase to its most thermodynamically stable form (as seen in the BM). The Ar prevents O 

contamination, but at higher laser powers, the melt pool reaches higher temperatures and 

increases in size. As the laser head passes over the treated area, environmental gases such 

as O and N which are dissolved in the surface of melt pool will transfer to the deeper side by 

the convection forces, and finally remained in the treated area as it cools.  It is noted that 

some of the grain boundaries are less obvious in the LP surface, particularly the serrated α 

phase near the surface. Kalsoom et al. (2013) observed that laser treatment in an Ar 

environment resulted in less obvious grain boundaries, relative to an O2 environment, as the 

Ar shielding prevents the diffusion of O across the grain boundaries 256. Whilst the MP and 

HP surfaces also experience some less distinct grain boundaries, there are more pronounced 

serrated α phase grains than the LP surface which could suggest that more O was able to 

diffuse into the surface at higher laser energy densities. 

It has also been observed in a previous study by Li et al. (2005) that by adding differing levels 

of O concentration in Ar shielding gas, microstructure changes from coarse serrated alpha 

phase to fine acicular and platelet alpha phase236. In the case of the current laser treatment 

study, using Ar gas has resulted in the prevention of O contamination at the bulk 

microstructure level. No β-phase titanium is observed within the micrographs indicating that 

the cooling rate was sufficient to allow the transition from the β transus (>882°C) into the 

intermediate α’ phase. Similar studies of laser treatment on cp Ti by Sun et al. (2003), Poulon-

Quintin et al. (2012) and Amaya-Vazquez et al. (2012) of a transition from the hexagonal 

shaped grains on the base material, to a mixture of larger grains in the form of serrated α, 

fine acicular α grains and platelet (widmanstätten) α phase titanium in between 237,238,272. 

Martensitic α’ phase was also observed, leading to increased hardness in surfaces, but 

increased brittleness. It is noted that martensitic α’ is unable to be differentiated via XRD 
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spectra as it reflects x-rays at a 2θ value close to α titanium.  Thus it is likely laser surface 

treatment has similarly affected the mechanical properties of the surface as it has in the 

aforementioned studies 236–238,272 by increasing hardness, wear and corrosion resistance, but 

also embrittling the surface. However, mechanical testing of the surface is required to 

confirm this.  

4.4 - Effects of laser treatment on surface chemistry  

XPS survey scans (Table 6) show that aside from the C (due to contamination when exposing 

to air or in handling the samples), that the majority of the surfaces consists of Ti after laser 

treatment, with the presence of low concentration of O and N.  This data also shows there is 

an increasing concentration of O (in the form of  different Ti-based oxides) present in the 

surfaces with increasing laser power, which is confirmed by both XPS narrow scans (Figure 

26) and ToF-SIMS depth profiles (Figure 27). The XPS narrow scans indicated that the AR 

surface lacks the metallic Ti(0)  and exists predominately in the oxide state of TiO2. ToF-SIMS 

depth profiles of the TiO- and TiO2
- ions on the AR surface show that relative to the laser 

treated surfaces, that the AR has the weakest intensity peak over a relative depth of over 50 

nm depth. For the laser-treated surfaces, XPS narrow scans show the oxide species of TiO2 

predominately present, with small amounts of metallic titanium (Ti(0)) and other sub Ti sub-

oxides of TiO2 and Ti2O3, increasing in intensity with increasing laser power. Interestingly, 

ToF-SIMs depth profiles for the oxide ions of TiO- and TiO2
- show an increased intensity for 

LP over the similar relative depth (50 nm for TiO- and 70 nm for TiO2
-) as the AR surface, and 

the MP and HP surfaces show increasing intensities over larger relative depths (up to 300 nm 

and 225 nm of TiO- and TiO2
- respectively). It is noted that the TiO- has higher concentrations 

at larger relative depths compared to its TiO2
- counterpart in the ToF-SIMS depth profiles for 

all tested surfaces. Previous studies have shown that the outermost layer typically consists 

of the TiO2 (Ti4+) species, with TiO (Ti2+) and Ti2O3 (Ti3+) existing closer to the metallic interface 

109,273,274. TiO- which can be assigned to TiO2 is of much higher concentration over a greater 

depth, compared to TiO2
- (which can also be associated with TiO2) which is typical of negative 

ion mass intervals of Titanium dioxide (TiO2) 275. 

After a metal surface cools from laser treatment, the O in the environment that interacts 

with the metal is initially unstable, which then can take up to 15 – 20 days to become stable 

and also increase in thickness 216. The samples having remained at least 30 days in storage in 

air allowed them to create a stable oxide layer. The oxide layer forms on the surface as soon 

as the sample begins to cool. Previous research by Zeng et al. (2020) has shown that O can 
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diffuse via laser treatment in air up to 0.79 µm in depth at laser energy densities of 506 J/mm2 

and 0.1 µm at energy densities as low as 7.91 J/mm2 276. Other  studies by Donaghy et al. 

(2019) and Poulon-Quintin et al. (2012) which also utilised Ar shielding also observed 

increased O concentration on the surface of titanium as a result of laser treatment 187,237. This 

could potentially mean that the increased re-melted zone as a result of increasing laser 

power on the surface would allow an accommodation of more O from surrounding air to be 

introduced to the surface as the melt pool takes longer to cool, enriching this oxide layer as 

the Ar assisted laser head passes over the treated area.  

It has been shown that in Ti surfaces that undergo laser treatment which then exhibit ripples 

or spikes, that the oxide in the surface is concentrated at the maxima of the ripple peaks by 

Zwahr et al. (2019) 210. Whilst there is a ripple formation observed in this study, there are 

other features such as the solidified droplets which may possess different chemistry. 

However, no conclusion can be made on the chemistry of the re-solidified droplets as this 

was not specifically measured.   

4.5 - Bacteria response to the changes in surface chemistry 

after laser treatment 

Laser surface treatment via a continuous wave laser assisted by Ar gas on cp Ti has notable 

effects on the surface chemistry, particularly in regard to the alteration of the oxide layer 

that naturally forms on titanium. The measurement and subsequent attributing of the 

surface chemistry changes in relation to bacterial adhesion in this manner is not 

straightforward as it is closely intertwined with wettability. Titanium and the oxide species 

that form on the surface affect bacteria attachment by altering the surface charge, 

wettability and conditioning film on the surface, all which play a role in affecting bacterial 

attachment.  

Conditioning films which play a key role at the bacteria-material interface. For example, 

implanted medical devices may form a conditioning film of blood plasma proteins, which may 

in turn have a direct influence on the extent of bacterial attachment to a surface. An 

increasing metal oxide thickness has been shown to also increase adsorption of several 

proteins including fibrinogen and albumin 277,278. These adsorbed proteins form part of the 

conditioning film on a surface which can prove to be both beneficial and detrimental to 

bacterial attachment (See section 1.2.3.2.1) 118. Protein adsorption was not measured on the 

surfaces in this study but it would be expected, based on the evidence in the existing 
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literature, that protein adsorption could possibly  be altered on the laser treated surfaces 

with the increased oxide content on the surface of LP as well as the increased thickness in 

MP and HP surfaces, which could affect bacterial attachment 118,277,278.  

Certain Titanium oxide (TiO2) species such as anatase and rutile also exhibit anti-bacterial 

effects, particularly when exposed to UV radiation via a photocatalytic effect 131,155. Whilst 

anatase and rutile TiO2 is normally utilised in the form of particles or crystals in solution, 

Textor et al. (2001) suggested that it was possible for this effect to occur on amorphous TiO2 

on the native surface of titanium 8. Choi et al. (2007) also showed that these phases can exist 

in small quantities on native Titanium surfaces 279 and studies by Del Curto et al. (2005), 

Giordano et al. (2015) and Patil et al. (2018) attributed the presence of rutile and anatase 

TiO2 on the surface (which did not receive any specific UV treatment) to reduced bacterial 

attachment 193,216,219. In a study by Cunha et al. (2016), however, it was noted that whilst S. 

aureus attachment did decrease as a result of laser surface treatment and there were traces 

of anatase TiO2 on the surface, there was also similar amounts on the control surface, 

suggesting that anatase titanium on the surface of titanium did not have a substantial effect 

on bacterial attachment 101. There was no evidence of anatase or rutile phases on the surface 

of any titanium surface based on methods use in the current study  (Figure 24 & Figure 25).   

It cannot be said for certain how much the changes to surface chemistry via laser treatment 

contributed to an anti-bacterial effect on the cpTi. Surface chemistry, of course, though plays 

an important role in the physicochemical interactions on the surfaces and is discussed in the 

next sub-section.  

4.6 - Physicochemical effects of surface after laser treatment  

The contact angle of a liquid on a surface is defined by the physicochemical properties of the 

surface. When a Ti surface irradiated with a laser, this layer is disrupted as material is melted/ 

ablated. When exposed to the atmosphere, the outermost Ti surface immediately begins 

reacting with O and other gaseous elements in the air and a natural oxide begins to form 

again. It has been stated that it can take up to 30 days for this oxide layer to become stable 

again, and within this time it has been shown that the contact angle on the surface can 

change drastically 209.  Whilst it is still unclear from the report studies that how long laser-

treated samples have rested before testing measuring the contact angle or bacterial 

adhesion to a surface, wettability of surfaces can  vary between these 30 days 209.  
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The definition of hydrophobic and hydrophilic titanium surfaces is mostly agreed in previous 

studies to be based around the contact angle of water on a surface being less than 90° for 

hydrophilic and over 90° for hydrophobic 104,241–244. There are, however, some studies which 

do not use the 90° contact angle as the cut off point for a hydrophobic or hydrophilic surface. 

Ivanova et al. (2010) stated that at contact angle of 81° on a thin film titanium surface was 

“moderately hydrophobic” 178. Giraldez et al. (2010) and Chan et al. (2017) have even quoted 

a water contact angle of 50° as hydrophobic 2,280. Law et al. (2014) proposed that instead of 

a static water contact angle being used to gauge the hydrophobicity or hydrophilicity of a 

surface, the angle should be measured as the water droplet recedes from the surface as a 

more accurate representation of wettability 281. Regardless, water contact angles on surfaces 

across the majority of previous studies have been measured statically and many use the 

water contact angle of 90° as the transition between hydrophilic to hydrophobic.  

Over 30 days after receiving laser treatment and having the contact angle of water measured, 

the wettability of the all the laser treated surfaces did not vary significantly from the 

hydrophilic AR surface, with only a maximum of 5.84% change in contact angle (Figure 28). 

This was despite the notable differences in roughness at the micro (Figure 20) and nano 

(Figure 21) levels and oxide thickness (Figure 27) between the AR surface and within the 

laser-treated surfaces themselves. This is contrary to many studies that surface treated Ti 

with lasers or similar methods, which when allowing Ti to rest in atmospheric conditions, 

cause it to transition from hydrophilic to hydrophobic as the natural oxide film develops 216. 

However there are some studies that state without the use of cleaning agents after surface 

treatment, the Ti can remain in its hydrophilic state 211,282. The  hydrophilicity of the laser 

treated surfaces may also be attributed to the laser induced tracks creating “channels” for 

the water to spread along, which has been observed in previous work 205. The native oxide 

film on Ti surfaces has typically been shown to be hydrophilic with wetting angles of 70 ± 10° 

195,283 which due to titanium oxides on the surface possessing large numbers of polar sites 

which is beneficial for hydrophilicity 284. Some studies adopting similar CW laser techniques 

have shown the surface to remain hydrophilic after treatment 2,215,220. These studies have 

investigated the contact angle of laser-nitrided surfaces rather than Ar assisted treatment 

and they have exhibited similar topography patterns involving ripples and laser tracks, 

possibly suggesting that the contact angle in this surface is dominated by the topography. 

Whilst it is noted that there was some carbon contamination at the surface level as evidenced 

by XPS scans (Table 6), a similar study has reported this as naturally occurring environmental 

contamination 211. 



134 
 

4.7 - Bacterial response to the physicochemistry of laser 

treated titanium 

It is generally accepted that bacteria possess hydrophobic cell surfaces and will therefore 

preferentially attach to hydrophobic surfaces though hydrophobic interactions 90. Aside from 

the strain of the bacterium itself and structures present on it, the wettability of a cell’s 

surface depends on its age and the medium it is present in 89,285. Previous studies have shown 

that the tested species, S. aureus, 110,191,286 S. epidermidis, 86,191,287 E. coli 110,116,286 P. mirabilis 

288 and P. aeruginosa 86,110 to be hydrophilic.  

All surfaces, including the as-received surface, exhibited similar water contact angles, despite 

differences in roughness and oxide content (Figure 28). Biofilm coverage of all tested species 

was significantly reduced as a result of laser, with no significant difference between the laser 

powers tested (Figure 30). Despite similar water contact angles, the biofilm coverage on the 

as-received surface is much greater than that of the laser treated surfaces, which would 

suggest that wettability did not substantially affect bacterial attachment and resulting biofilm 

coverage. When tested on surfaces with increasing hydrophobicity, some of these species 

have shown to have increased bacterial adhesion and  for more hydrophilic surfaces, and 

decreased adhesion for hydrophobic surfaces (a trait associated with hydrophobic bacteria). 

Lorenzetti et al. (2015) used hydrothermal etching techniques to alter the surface of titanium 

to reduce the attachment of E. coli. Despite surfaces becoming more hydrophilic as a result 

of treatment, bacterial coverage reduced. Topographical changes at the nano-scale were said 

to be the determining factor in this reduction in coverage 116. Cunha et al. (2016) applied 

femto-second laser treatment to cp Ti resulting in a more hydrophilic surface, and reduced 

the coverage of S. aureus 101. Conversely Patil et al. (2018) investigated attachment of S. 

aureus and E. coli on superhydrophobic laser ablated titanium and both species experienced 

reduced adhesion 216. All species tested in this study, S. aureus, S. epidermidis, P. aeruginosa, 

P. mirabilis and E. coli were observed to have statistically significant reduced coverage on 

laser treated titanium with only a 5.84% reduction in wetting angle. Thus, it can be said that 

wettability changes did not impact biofilm coverage of the tested species.  

4.8 - Reduction of bacterial attachment and subsequent biofilm 

formation induced by laser surface treatment 

When comparing literature of surface treatments to reduce bacterial adhesion on titanium, 

and even more specifically, laser treated titanium, there is a recurring trend that despite 
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changes in surface chemistry and hydrophobicity, that the topography of the surface is a 

dominating factor in the reduction (or increase) of bacterial attachment and biofilm coverage 

109,110,112,116,177,180,216,221,228. With no notable change in wettability on the laser treated surfaces 

and the differences in oxide concentration not appearing to have a substantial effect on 

biofilm coverage, it may be suggested that the micro scale and nano scale topography and 

roughness created by the laser surface treatment was the main reason for the reduction in 

biofilm coverage relative to the as-received surface.  

As discussed previously, micro scale and nano scale topography can have multiple interlinking 

effects on bacterial adhesion. At the micro scale, topography affects larger interactions such 

as the flow of the bulk liquid, the ordering and gathering of bacterial cells and how the surface 

can be conditioned. It is noted that all of the tested bacterial species were incubated in a 

gyratory incubator (90 rpm) for 24 hours in approximately 10 ml of MHB within a 6 well plate 

with their associated surface condition. Whilst this flow condition is relatively high, a short 

study using flow cells was conducted on the effect of reducing the flow rate to one more 

applicable to the environment in the body. It was found that whilst bacterial adhesion 

increased overall, the same effect of reduced bacterial adhesion was observed on the laser 

treated surface (see section 6.3). WLI scans of the LP surface show a representative profile 

of the microenvironment, which is similar for MP and HP surface aside from the increased 

number of droplets (Figure 20). The surface is divided in laser tracks with peak to peak 

distance at approximately 80 µm and max height value of 2 µm, with some amplitudes being 

as little as ~ 1 µm. With the width of bacteria being within this micro-scale, there is relatively 

little shelter from shear forces exerted by the fluid velocity of the MHB as it is mixed in the 

gyratory incubator. The exception of this being the re-solidified droplets of up to 10 µm in 

height which are notably more present on the MP and HP surfaces and which are shown to 

have small colonies of bacteria around them (Figure 31)  

It is noted the nano roughness and height increases in the laser treated surfaces relative to 

the as-received material. With heights as high as over 600 nm over a 10 µm x 10 µm scan 

area, there is sufficient height to potentially interact with and affect the ordering of bacteria 

(Figure 21), as evidenced by the ordering of bacteria around some ripple patterns (Figure 31). 

However, this is only around some rippling patterns and localised clustering occurs mainly in 

the tested Gram-positive cocci species compared to the more spread out Gram-negative 

bacilli species. Cocci shaped cells require less surface area to attach so the extra surface area 

induced by the ripples has a greater effect on them 221. Two of the bacilli species, E. coli and 

P. mirabilis are spread across the whole surface of each laser surface condition as single cells 



136 
 

and some small clusters, compared to the larger clustered colonies and biofilms present on 

their respective as-received surface. This would suggest that these bacilli species are 

attaching and unable to transition from the planktonic state to the sessile state and are 

unable to multiply by binary fission to form colonies and biofilms. P. aeruginosa cells were 

seen to have spread more aggressively in certain areas as shown in Figure 31. It is known that 

P. aeruginosa can secrete certain proteins and high amounts of EPS that act as a favourable 

conditioning film to promote attachment 78,221. Whilst the nano topography appeared to 

affect the ordering of cocci shaped bacteria to a greater degree than the bacilli shaped 

species, the micro-scale sized droplets were shown to act as niche points of attachment for 

the Gram-negative species. Gram-negative species also possess a thinner cell wall and are 

more susceptible to membrane damage and rupture than Gram-positive cells. Live/Dead 

staining indicated greater intensity of red fluorescence across the laser treated surfaces, and 

magnified FEG-SEM images of the of both Gram-positive and -negative cells show distorted 

cell morphology. Whilst it appears there is a potential anti-bacterial effect caused by  

the surface, it is unclear from the data gathered in the current study how this is achieved. 

FIB-SEM was used to investigate the cross-section of the bacteria material interface to 

determine if any nano-sized topography was interfering with cell membranes and causing 

lysis but did not possess significant magnification to do so. 

4.9 – Limitations and future considerations 

All experiments relating to bacteria in this work were conducted in vitro. Any work relating 

to device associated infection is generally accepted to be of greater significance when 

conducting in vivo testing, due to the more representative conditions medical devices 

experience in the body. There are obvious limitations and ethical problems associated with 

testing the anti-bacterial effect of surface treatment on dwelling medical devices in animals 

or humans, but evidence of in vivo success is necessary for the surface treatment to progress 

to clinical trials and eventually regulatory approval.  

In addition to the previous point of seeking regulatory approval, sterilisation techniques and 

how they may affect the surface even further after laser surface treatment would need to be 

considered and investigated. There are multiple methods used to passivate or sterilise 

surfaces prior to implantation, including autoclaving, radiation, and hydrogen peroxide 

techniques. Autoclaving has been shown to increase water contact angle, increase oxide 

thickness and reduce the roughness of micro-rough titanium. Contaminants including 

hydrocarbons, Fe and Cl present in the water used to autoclave these surfaces alters the 
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surface chemistry and adds an additional layer of chemicals to the surface, modifying the 

roughness. Radiation techniques such as gamma radiation increases the oxide layer, 

decreases water contact angle, and doesn’t significantly impact roughness. Sterilization 

through UV irradiation causes slight increases in the oxide layer, increases to roughness and 

slight decreases to water contact angle. Ethylene oxide treatment can leave behind chemical 

residue on the surface which would significantly change the surface chemistry. Plasma 

techniques, which typically strip away layers at the very surface, increasing roughness, 

reducing water contact angle and dramatically altering the surface chemistry. It should be 

noted that none of the above sterilisation techniques have been shown to significantly 

impact the morphology of the titanium surface as observed via SEM.  

Whether future work is conducted in vitro or in vivo, it may help to design experiments with 

a more hypothesis-based focus, rather than the more foundational and exploratory focus 

used in this thesis.  Parametric testing of how laser surface treatment at different powers, 

speeds or geometries and their effect on micro and nano-roughness, oxide thickness and 

wettability can help build a more robust understanding of the laser material interaction. This 

combined with bacterial testing would help pinpoint optimal surface conditions for reduced 

bacterial attachment and biofilm coverage. Whilst this may help identify optimal parameters 

for reduced attachment, to gain greater insight into the actual mechanism of how the 

bacteria is being reduced, gene-expression and RNA testing of the bacteria would be required 

to give a more quantitative output, rather than qualitative methods. Such tests have been 

carried out on functionalised titanium surfaces with TiO2, silver and graphene oxide 156,192,289 

and indicate if genes associated with signalling, cell wall or membrane structure and ion 

transport, giving detailed insight into how the bacteria changes as a result of changes to the 

surface. Hypothesis focussed testing will reveal more of the overall mechanism of reduced 

bacterial attachment as built on by this study. 

As mentioned in section 4.3, studies that observed similar microstructure and the presence 

of α’ phase Ti after laser treatment, showed that these changes led to an embrittling effect 

of the surface 237,238,272. Mechanical testing of the surface and cross-section of the laser 

affected zone are necessary to confirm the mechanical properties of the surface, including 

wear resistance, hardness and corrosion properties. Should it be apparent that there are 

significant alterations to the mechanical properties, consideration must be taken into both 

the short- and long-term consequences of these changes. For example, should small micro 

cracks form on the surface as a result of embrittlement, they may expose an area of the 

implant that now has no conditioning film, allowing for bacteria to gather within it and form 
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a biofilm. This could also lead to crack propagation, especially on load bearing parts 

experiencing cyclical loading. There is also the risk of changes to wear and corrosion, 

releasing sufficient Ti particles into the body to trigger an inflammatory response. This should 

especially be considered for the presence of the re-solidified droplets on the surface which 

could trigger a foreign body response. Comprehensive mechanical and tribological testing, 

including cross-sectional and surface hardness testing, wear resistance, corrosion testing and 

even tensile and compressive testing should be carried out to test the treatment to its limits. 

TEM and EBSD techniques could also be advantageous in gaining more detailed 

understanding of how the laser has affected the underlying microstructure, allowing for more 

detailed calculations of residual stresses. Finally, it may be useful to investigate how bacteria 

or biofilms form around any mechanical defects that may arise, such as around these cracks, 

to ascertain any risk of infection that is directly caused by mechanical changes to the surface 

as a result of laser surface treatment. 
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AS-RECEIVED COMMERCIALLY PURE TITANIUM OPEN-AIR LASER TREATED COMMERCIALLY PURE TITANIUM 

 

 

  

Figure 35: Executive summary of the various properties and anti-bacterial performance of as-received cpTi (left) and laser treated cpTi (right) 
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CHAPTER 5 – CONCLUSION 

The thesis presented here investigated how laser surface treatment of cp Ti changed the 

surface properties in terms of topography, roughness, surface chemistry and wettability and 

the resulting effect on bacterial attachment. The technique proved itself to be effective in 

the significant reduction of biofilm coverage of all tested species of bacteria. 

5.1 - Overall Conclusions 

CpTi was treated with an open-air CW fibre laser system (1064 nm wavelength) at a constant 

scanning speed of 100 mm/s, assisted by Ar gas at three distinct laser power: 35, 40 and 45W 

which corresponded to the energy densities of 13.9 J/mm2 (lower power), 19.8 J/mm2 

(middle power) and 28.2 J/mm2 (higher power). In-vitro bacterial testing indicated a 

statistically significant reduction in biofilm coverage for five different species of bacteria 

associated with orthopaedic implant infection.  

Key findings determined from this study were: 

➢ Open air CW laser treatment induced changes to both micro and nano-topography 

of CpTi in the form of laser tracks (micro-scale) and ripples (nano-scale). Higher laser 

densities above 19.8 J/mm2 also created re-solidified droplets in the laser-treated 

surfaces. 

➢ Results of WLI showed show that laser surface treatment reduced micro roughness 

at lower laser energy densities 13.9 J/mm2 but increased overall roughness at higher 

laser energy densities 19.8 J/mm2 and 28.2 J/mm2 due to the formation of re-

solidified droplets.  

➢ Results of AFM showed that laser surface treatment increased nano-roughness as a 

result of the formation of ripple patterns of the re-melted surfaces.  

➢ Results of XRD indicated that only α-phase Ti existed after laser treatment with a 

change from HCP alpha phase to a combination of serrated and platelet acicular α 

phases in the bulk material.  

➢ Results of XPS indicated that an increase in concentration of O in the outermost 

surfaces was observed as a result of laser surface treatment, with an increasing 

thickness of oxide layer with increasing laser energy density as indicated by ToF-

SIMS. 

➢ Laser surface treatment did not have a significant effect on wettability with the 

surface remaining relatively hydrophilic between 58.0 ± 1.0° and 59.6 ± 2.1°. 
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➢ Biofilm coverage of 5 species of bacteria including Gram-positive (S. aureus and S. 

epidermidis) and Gram-negative (P. aeruginosa, E. coli and P. mirabilis) species, 

decreased significantly when comparing surfaces treated at all laser energy densities 

to the as-received material.  

In summary, the improved surface chemistry (i.e., increased oxide concentration and 

thickness in the outermost surfaces) with the creation of hierarchical micro-nanostructures 

(i.e. reduced micro-roughness and increased nano-roughness) via laser treatment in this 

study resulted in the reduction of multiple species of aforementioned bacteria, with no 

significant differences between each energy density (between 13.9 and 28.2 J/mm2).  

5.2 - Future work 

With a greater understanding of the process of how continuous wave laser surface treatment 

under Ar gas can alter the surface of cp Ti and how these changes contribute to reduced 

biofilm coverage of multiple species of bacteria, a foundation has been laid to build on the 

knowledge generated by this study. 

➢ Laser processing: With only a small range of settings being tested, additional work 

into processing parameters and their effect on bacterial adhesion could be 

conducted. Work has also only been conducted on mainly flat surfaces, with some 

preliminary work conducted on curved surfaces (See appendices). Recording of the 

laser treatment process via an appropriate camera will give better understanding of 

the process and will give insight into the formation of the re-solidified laser droplets. 

➢ Material characterisation: Whilst extensive work was conducted to characterise 

properties of the surface that affect bacteria attaching to the surface, mechanical 

properties such as hardness and wear performance should be investigated, along 

with corrosion tests. EBSM would provide important data on residual stresses within 

the laser treated surface and TEM analysis should be conducted on the laser treated 

zone. Characterisation of the re-solidified droplets on the surface should be 

conducted to investigate any changes in roughness or chemistry. 

➢ Bacterial studies: Several species of bacteria were tested in terms of fluorescence 

microscopy, scanning electron microscopy and focused ion beam (FIB) microscopy 

(for S. aureus). Additional work investigating FIB microscopy would prove useful, 

especially on Gram-negative species. Measuring bacterial adhesion at separate time 

intervals will give insight into how long the surface resists bacterial attachment. 

Determination of protein adsorption on laser treated surface would prove useful 
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insight to the conditioning film that forms. The use of blood serum as a medium in 

in-vitro testing would give a more representative environment of the body, with the 

end goal of in-vivo testing.  

APPENDICES 
 

 
Appendix 1: Comparison of shear layer development of assisting gas exiting the laser nozzle at different 
standoff distances 

6.0 - CASE STUDIES 

Preface 

This chapter details related case studies conducted during the PhD timeframe, in addition to  

the main body of work, such as laser surface treatment conducted on Ti-6Al-4V, flow cell 

testing and laser nitriding on Ti-6Al-4V.  

6.1 - Laser surface treatment of Grade 5 Ti 

Purpose of study 

The following study was conducted to investigate the effect of laser surface treatment across 

a range of different input voltages (3700 mV – 4000 mV) and the effect it has on the 

topography of Ti-6Al-4V as observed via SEM imaging. The coupons as received possessed a 

surface topography typical of a material turned in a lathe and thus was ground prior to laser 

treatment.  
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6.1.1 - Methodology 

6.1.1.1 - Material preparation and surface treatment 

Ti-6Al-4V (grade 5 Ti) was supplied by Stryker Orthopaedics (Mahwah, NJ). The coupons were 

ground sequentially using 80 grit, 140 grit, 240 grit and 400 grit silicon paper. After grinding, 

the coupons were cleaned in an ultrasonic water bath with 70 % ethanol in DI water for 15 

mins and finally dried in air before fibre laser treatment. An automated CW 200 W, 1064 nm 

wavelength fibre laser system (MLS-4030), of which the laser system was integrated by Micro 

Lasersystems BV (Driel, The Netherlands) and the actual fibre laser was manufactured by SPI 

Lasers UK Ltd (Southampton, UK) was used. The laser input voltage was varied across 3700 

mV – 4500 mV at intervals of 100 mV and laser power was measured via a handheld power 

meter (Gentec-eo, Quebec, QC, Canada).  The ground coupons were mounted to the laser 

machine axis, at a stand-off distance (distance between the laser nozzle and sample surface) 

of 1.5 mm and using Ar (Pureshield Argon) as the shielding gas at a flow rate of 30 L/min. 

Scanning speed of the laser head was set to 150 mm/s. Scanning pattern consisting of lines 

100 µm apart, forming squares of 5 mm x 5 mm on the sample surface, was set as the 

scanning geometry. Once the laser was aligned appropriately, the laser was switched on 

before activating the program. The coupons were allowed to rest for 10 minutes to ensure 

any heat had dissipated from the coupons. 

6.1.1.2 - Scanning electron microscopy 

Samples were placed in a Scanning Electron Microscope (FlexSEM 1000, Hitachi, UK) and 

images of the surfaces were acquired at an accelerating voltage of 5KeV and magnification 

of x140.   

4 ml Nitric acid and 5 ml deionised water was mixed (Kroll’s reagent) and slowly applied 

before washing with deionised water. The resulting cross-sectional microstructure was 

viewed under an optical microscope at x100 magnification. 

6.1.2 - Results 

6.1.2.1 - Laser power settings 

Laser power ranged from 34.1 W to 63.2 W according to averaged recordings taken for each 

setting (n=5). At a processing speed of 150 mm/s, laser spot size of 100µm, laser energy 

densities were calculated between 7.24 J/mm2 – 13.41 J/mm2 (Table 7).  
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Table 7: Laser processing parameters for treatment of grade 5 Ti 

Input 
voltage 

(mV) 

Measured 
power (W) 

Laser 
spot 
size 

(mm) 

Laser spot 
area 

(mm2) 

Laser 
scanning 

speed 
(mm/s) 

Power 
intensity 
(W/mm2) 

Laser 
energy 
density 
(J/mm2) 

3700 34.1 0.1 3.14E-02 150 1.09E+03 7.24 

3800 37.1 0.1 3.14E-02 150 1.18E+03 7.87 

3900 40.2 0.1 3.14E-02 150 1.28E+03 8.53 

4000 43.6 0.1 3.14E-02 150 1.39E+03 9.25 

4100 47.1 0.1 3.14E-02 150 1.50E+03 9.99 

4200 48.9 0.1 3.14E-02 150 1.56E+03 10.38 

4300 54.7 0.1 3.14E-02 150 1.74E+03 11.61 

4400 58.9 0.1 3.14E-02 150 1.87E+03 12.50 

4500 63.2 0.1 3.14E-02 150 2.01E+03 13.41 

 

6.1.2.2 - Surface topography 

SEM micrographs of each surface showed parallel patterns reflecting the parallel scanning 

directions of the laser treatment. From energy densities 7.24 J/mm2 to 9.99 J/mm2, laser 

tracks appeared to have relatively wavy topography with wide tracks and edges. When 

moving from 10.38 J/mm2 to 13.41 J/mm2, the trac edges become notably less prevalent and 

begin to exhibit a pronounced rippling effect on the surface. It is also noted that re-solidified 

droplets begin to appear from 10.38 J/mm2 onward, showing in varying amounts.  
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Figure 36: SEM micrographs of laser surface treated Ti-6Al-4V at a range of laser energy densities. 
Micrographs show typical laser induced "tracks" along with re-solidified droplets across some of the images. 

6.1.3 – Discussion 

Laser surface treatment of grade 5 Ti from laser densities of 7.24 J/mm2 – 13.41 J/mm2 

produced parallel laser tracks similar to those observed on cp Ti. The main notable difference 

observed between grade 5 Ti and cp Ti is the increased presence of re-solidified droplets at 

the same laser energy density (i.e. 13.41 J/mm2) on grade 5 Ti. However, this can be explained 

due to the laser input voltage being higher for the grade 5 Ti at 4500 mV and the scanning 

speed also being higher at 150 mm/s compared to the settings of 4000 mV and 100 mm/s 

used on cp Ti in Section 2.3.1. As observed previously in section 3.2.1, higher input voltage 

and therefore, laser power, results in an increased presence of these droplets. An overall 

count of the droplets across the treated area was not gathered.  

7.24 J/mm2 7.87 J/mm2 8.53 J/mm2 

9.25 J/mm2 9.99 J/mm2 10.38 J/mm2 

11.61 J/mm2 12.50 J/mm2 13.41 J/mm2 
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Figure 37: Cross-sectional schematic diagram of re-melted titanium droplets ejected from the larger melt pool 
formed at higher levels of laser power. 

Apart from the obvious difference in droplet presence and some darker edges on the laser 

treated tracks from 10.38 J/mm2 – 12.50 J/mm2, grade 5 Ti and cp Ti present largely similar 

topography after open-air laser treatment including the presence of laser induced tracks, 

ripples and re-solidified droplets. It was determined by observation of SEM that grade 5 Ti 

laser treated in open-air exhibited similar surface features as seen on cp Ti. Further work 

should be conducted on the characterisation of the laser treated grade 5 Ti, particularly in 

terms of roughness (physical), surface oxide concentration/ thickness (chemistry) and 

wettability (physicochemistry). The microstructure at the surface level of grade 5 Ti would be 

expected to be much different than that of the purely α phase cp Ti. 

6.1.4 – Conclusion 

➢ Open-air laser surface treatment of grade 5 Ti produced surface features similar to 

cp Ti, including laser induced tracks, ripples and re-solidified droplets.  

➢ An increased number of droplets were observed on grade 5 Ti compared to cp Ti at 

the same laser energy density. 

6.2 - Attachment of MRSA to laser surface treated Grade 5 Ti 

Purpose of study 

The following study was conducted to investigate the efficacy of a similar laser surface 

treatment as detailed previously for cpTi on Ti-6Al-4V coupons (similar to the lower power 

condition i.e., 4000 mV input voltage), in reducing biofilm coverage. Methicillin resistant 

Staphylococcus aureus (MRSA) (ATCC 43300) was selected as the species to be investigated. 

The as-received surface (untreated) possessed a surface finish typical of a coupon turned in 

a lathe, which was required to be ground to a more uniform surface finish (ground surface) 

prior to laser treatment. All three of these surfaces were compared.  
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6.2.1 - Methodology 

6.2.1.1 - Material preparation and Laser surface treatment 

Ti-6Al-4V (grade 5 Ti) was supplied by Stryker Orthopaedics (Mahwah, NJ). The coupons were 

ground sequentially using 80 grit, 140 grit, 240 grit and 400 grit silicon paper. After grinding, 

the coupons were cleaned in an ultrasonic water bath with 70 % ethanol in DI water for 15 

mins and finally dried in air before fibre laser treatment. An automated CW 200 W, 1064 nm 

wavelength fibre laser system (MLS-4030), of which the laser system was integrated by Micro 

Lasersystems BV (Driel, The Netherlands) and the actual fibre laser was manufactured by SPI 

Lasers UK Ltd (Southampton, UK) was used. The laser input voltage was set to 4000 mV and 

a handheld laser power meter was used to measure the laser power. The ground coupons 

were mounted to the laser machine axis, at a stand-off distance (distance between the laser 

nozzle and sample surface) of 1.5 mm and using Ar (Pureshield Argon) as the shielding gas at 

a flow rate of 30 L/min. Scanning speed of the laser head was set to 100 mm/s. Scanning 

pattern consisting of lines 100 µm apart, forming a single square of 10 mm x 10 mm on the 

sample surface, was set as the scanning geometry. Once the laser was aligned appropriately, 

the laser was switched on before activating the program. The coupons were allowed to rest 

for 10 minutes to ensure any heat had dissipated from the coupons. 

6.2.1.2 - Bacterial adhesion tests 

After laser treatment, the plate was cleaned in pure ethanol (Sigma Aldrich UK) for 15 

minutes in an ultrasonic bath, washed in deionised water and left to air dry. Methicillin 

Resistant Staphylococcus Aureus (MRSA) (ATCC 43300) was cultured in Müller Hinton Broth 

(MHB; Oxoid) overnight (20 h) at 37 °C on a gyratory incubator at a setting of 100 rpm. After 

overnight incubation, the culture was adjusted to an optical density of 0.3 at 550 nm, using 

sterile MHB, before being diluted to 1 in 50 in fresh sterile MHB to provide a bacterial 

inoculum of approximately 1 x 106 Colony Forming Units (CFU)/ ml, and verified by Miles and 

Misra viable count245. A coupon was placed in the 3D printed chamber before it was sealed 

and attached to the rest of the rig, including a reservoir that contained the aforementioned 

inoculum. Coupons were immersed in this inoculum and incubated for 24 h at 37°C on a 

gyratory incubator at a setting of 100rpm. 

The coupons were then removed from the inoculum (prepared as above) after 24 h and 

washed 3 times in sterile PBS solution to remove non-adherent bacteria from the coupons. 

The coupons were then stained with fluorescent Live/Dead® BacLightTM solution (Molecular 

Probes) for 30 min at 37°C in a dark environment. Stained bacteria were then observed using 
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a fluorescence microscope (GXM-L3201 LED; GX Optical), with green fluorescence indicating 

intact bacterial membranes and red fluorescence indicating damaged bacterial membranes. 

24 images (n=24) were randomly acquired across each surface condition. ImageJ (National 

Institutes of Health, Bethesda, Maryland, U.S.) was used to individually measure the area 

covered by both the green and red fluorescence. For each surface condition total biofilm 

coverage (%) was calculated using the sum of the areas of the green and red fluorescence as 

a percentage of the total area of a given image. Statistical analysis was conducted using 

software (Prism 5, GraphPad software) and individual t-tests were conducted to compare 

means with a statistical significance of p < 0.05.  

6.2.2 – Results 

Biofilm coverage as determined by fluorescence microscopy indicated that relative to the 

untreated surface, the ground and laser treated surfaces had statistically significantly (p < 

0.05) reduced biofilm coverage with the laser treated surface having the most reduced 

biofilm coverage. There was also a notable increase the proportion of dead/ live cells on the 

laser treated surface relative to the ground and untreated surfaces. 

 

 

Figure 38: Mean biofilm coverage of MRSA on untreated, ground and laser treated Ti-6Al-4V surfaces. 
Fluorescence micrographs of each image is shown on the right-hand side of each bar plot, and each bar plot is 
coloured green and red (relating to live and dead area) 

6.2.3 – Discussion 

Whilst there was a reduction in biofilm coverage of MRSA on laser treated grade 5 Ti relative 

to the untreated and ground surfaces, it was notably more coverage than that of several 

species of bacteria (not including MRSA) on cp Ti (Figure 30). Laser surface treatment not 
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having as potent an effect on the reduction of bacterial attachment and biofilm formation on 

grade 5 Ti may be due to differences in the chemistry of grade 5 Ti compared to cp Ti. Laser 

treatment of grade 5 Ti under the same laser processing parameters has shown to produce 

a similar topography to that of cp Ti (as seen in section 6.1), but there may be differences in 

micro and nano-roughness which were not measured. Regardless, open-air treatment of 

grade 5 Ti lead to a similar reduction in bacterial attachment and biofilm coverage as 

treatment of cp Ti. 

6.2.4 – Conclusion 

➢ Open-air laser surface treatment of grade 5 Ti lead to a reduction in biofilm coverage 

of MRSA relative to the untreated and ground surface of grade 5 Ti. 

6.3 - Flow cell test rig 
Purpose of study 

With the effects of fluid flow having an important effect on bacterial adhesion, studies have 

used in-vitro models that reflect flow conditions similar to or closer to that representative of 

a human body. Flow test cells used in previous studies have used flow rates at little as 3 ml/hr 

for gathering data in biofilm formation 290291292. A small 3D printed chamber was designed to 

house both a ground and laser treated titanium coupon supplied by Stryker Orthopaedics 

(Mahwah, N.J., U.S.) under flow conditions similar to flow test cells and a control test was 

run as per standard incubation in a gyratory incubator as detailed in Chapter 2. Flow was 

controlled via a peristaltic pump. Note that the chamber and all associated parts were 

sterilised via autoclave before use.  

 
Figure 39: Flow test chamber for titanium coupon 
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6.3.1 - Methodology  

6.3.1.1 - Material preparation and Laser surface treatment 

Ti-6Al-4V (grade 5 Ti) was supplied by Stryker Orthopaedics (Mahwah, NJ). The coupons were 

ground sequentially using 80 grit, 140 grit, 240 grit and 400 grit silicon paper. After grinding, 

the coupons were cleaned in an ultrasonic water bath with 70 % ethanol in DI water for 15 

mins and finally dried in air before fibre laser treatment. An automated CW 200 W, 1064 nm 

wavelength fibre laser system (MLS-4030), of which the laser system was integrated by Micro 

Lasersystems BV (Driel, The Netherlands) and the actual fibre laser was manufactured by SPI 

Lasers UK Ltd (Southampton, UK) was used. The laser input voltage was set to 4000 mV and 

a handheld laser power meter was used to measure the laser power. The ground coupons 

were mounted to the laser machine axis, at a stand-off distance (distance between the laser 

nozzle and sample surface) of 1.5 mm and using Ar (Pureshield Argon) as the shielding gas at 

a flow rate of 30 L/min. Scanning speed of the laser head was set to 100 mm/s. Scanning 

pattern consisting of lines 100 µm apart, forming a single square of 10 mm x 10 mm on the 

sample surface, was set as the scanning geometry. Once the laser was aligned appropriately, 

the laser was switched on before activating the program. The coupons were allowed to rest 

for 10 minutes to ensure any heat had dissipated from the coupons. 

6.3.1.2 - Bacterial adhesion tests 
After laser treatment, the plate was cleaned in pure ethanol (Sigma Aldrich UK) for 15 

minutes in an ultrasonic bath, washed in deionised water and left to air dry. S. aureus (ATCC 

35984) was cultured in Müller Hinton Broth (MHB; Oxoid) overnight (20 h) at 37 °C on a 

gyratory incubator at a setting of 100 rpm. After overnight incubation, the culture was 

adjusted to an optical density of 0.3 at 550 nm, using sterile MHB, before being diluted to 1 

in 50 in fresh sterile MHB to provide a bacterial inoculum of approximately 1 x 106 Colony 

Forming Units (CFU)/ ml, and verified by Miles and Misra viable count245. A coupon was 

placed in the 3D printed chamber before it was sealed and attached to the rest of the rig, 

including a reservoir that contained the aforementioned inoculum. The peristaltic pump was 

set to 1.8rpm which equated to a flow rate of 3 ml/hr – comparable with similar tests 290291292. 

As a control, a coupon was immersed in this inoculum and incubated for 24 h at 37°C on a 

gyratory incubator at a setting of 100rpm.  

The coupons were then removed from the inoculum (prepared as above) after 24 h and 

washed 3 times in sterile PBS solution to remove non-adherent bacteria from the coupons. 

The coupons were then stained with fluorescent Live/Dead® BacLightTM solution (Molecular 
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Probes) for 30 min at 37°C in a dark environment. Stained bacteria were then observed using 

a fluorescence microscope (GXM-L3201 LED; GX Optical), with green fluorescence indicating 

intact bacterial membranes and red fluorescence indicating damaged bacterial membranes. 

9 images (n=9) were randomly acquired across each surface condition. ImageJ (National 

Institutes of Health, Bethesda, Maryland, U.S.) was used to individually measure the area 

covered by both the green and red fluorescence. For each surface condition total biofilm 

coverage (%) was calculated using the sum of the areas of the green and red fluorescence as 

a percentage of the total area of a given image. 

6.3.2 - Results 

6.3.2.1 - Bacterial adhesion 

Biofilm coverage is plotted in Figure 3. It was found that biofilm coverage increased as a result 

of inoculation under the flow test cell conditions. It should be noted that in both conditions, 

the laser treated surface demonstrated a reduced bacterial adhesion. The more laminar flow 

regime allowed bacteria more time to attach to the surface compared to that of the more 

turbulent flow regime in the gyratory incubator.  

 
Figure 40: Laser treated surfaces reduced biofilm coverage relative to the ground/control surface in both the 
gyratory incubator and flow test cell. 
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6.3.3 – Discussion 

A reduction of coverage of S. aureus was observed after laser treatment compared to the 

ground surface for each respective flow condition, i.e., the gyratory incubator and flow 

chamber. It is noted that when comparing the results of the control condition with that of 

the MRSA study in section 6.2, which also used a gyratory incubator, that the coverage of S. 

aureus on grade 5 Ti is less than that of MRSA. It is unclear why this difference occurs, but 

differences between the species (S. aureus ATCC 35984 and MRSA ATCC 44330) may 

influence this behaviour. As to be expected, the coverage of S. aureus on the surfaces 

incubated in the flow chamber was increased due to the bacteria having less disruption from 

shear forces within the liquid when attempting to attach to the surface. As discussed in 

section 1.2.2, fluid mediums with less flow rate exert less shear force on bacteria attaching 

to the surface and have a much larger boundary layer of reduced flow velocity, allowing 

bacteria to attach to the surface more readily 87,88. Despite this, the laser treated surface has 

a reduced coverage relative to the ground surface within the same condition, indicating that 

in a more representative flow cell test, the laser treatment is still effective in reducing biofilm 

coverage on grade 5 Ti. 

6.3.4 – Conclusion 

➢ Biofilm coverage of S. aureus increased on both ground and laser treated surfaces 

when incubated in a flow chamber compared to a gyratory incubator. 

➢ Laser treatment was still effective in reducing the coverage of S. aureus relative to 

the ground surface within the flow chamber. 

6.4 - Circular surface laser surface treatment 

Purpose of work 

Laser surface treatment under a nitrogen assisted environment was performed on curved 

surfaces to compare laser/ material interaction and resulting laser treated surface with that 

of laser treatment performed on a flat surface. Surfaces were compared in terms of track 

width, shape/consistency and coloration. An optical microscope was used to visually 

compare laser treated tracks. This work was conducted with the assistance of a final year 

project student, who helped design, assemble and program the rotary axis. The student 

planned and carried out the experiments alongside the author, before conducting image 

analysis. Samples have been retained for further potential characterisation in the future. 
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Surfaces were not ground prior to laser surface treatment to ensure a similar surface finish 

was present on both the flat and curved surfaces.  

6.4.1 - Methodology 

6.4.1.1 - Material preparation 

Grade 5 Ti coupons (Ti-6Al-4V) were supplied by Stryker Orthopaedics (Limerick, Ireland). 

Coupons were received at 25.4mm diameter (1 inch) and approximately 7mm thick and had 

a surface finish which resembled material that had been turned in a lathe. Prior to laser 

treatment, the coupons were cleaned in ethanol (70%) in an ultrasonic bath for 15 mins 

before rinsing with de-ionised water for 15 minutes and left to dry completely under a 

laminar flow fume hood.  

6.4.1.2 - Laser surface nitriding and rotational rig setup 

Laser surface treatment for all samples was performed on a 200W continuous wave fibre-

laser system with a wavelength of 1064nm manufactured by Micro Lasersystems BV (Driel, 

Netherlands) with the actual fibre laser manufactured by SPI Lasers UK (Southampton, U.K.). 

Laser processing was assisted by N gas at a pressure of 7 bar.  

Laser processing parameters which were chosen as variables, were laser power, processing 

speed and standoff distance. Variables were investigated independently of one another (i.e., 

when speed was changed, all other variables remained constant). Three different values 

were used for each setting, detailed in Table 1. Experiments were performed on both the flat 

and curved faces of the coupons for all variables. Note that as stand-off distance was varied, 

changes to the laser spot size were not measured and hence laser energy density is not 

reported here.  

 

Table 8: Processing parameters of laser surface nitride samples. 

 
 

For laser surface nitriding, the laser was setup under standard conditions with the coupons 

secured accordingly. Rotational surface treatment was conducted with coupons attached to 
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a rotational axis rig (Figure 41). The rig was secured to the laser machine base plate, with a 

stepper motor controlling the rotation of the coupon (externally via Arduino), while any x/y 

translations were performed by the laser system axis. Alterations in standoff distance were 

handled by the integrated laser system. Scanning speed was controlled by the stepper motor, 

with initial tests carried out to calibrate the rotational velocity to ensure it matched the 

normal velocity carried out by the laser systems y axis. Laser scans were performed for up to 

5 tracks with an overlapping ratio of 50%. 

 
Figure 41: Rotational rig setup on laser treatment platform with coupon attached. 

6.4.1.3 - Image acquisition and analysis 

Images were acquired using an optical microscope (Nikon ECLIPSE ME600) at a constant 

magnification of each surface condition. ImageJ was used to scale and measure the width of 

the laser tracks in 10 different locations along multiple tracks (n=10). Averages of track width 

and their respective error bars were plotted using Microsoft excel.  

6.4.2 - Results 

Images captured of the laser surface treatment are listed below in Figure 42Figure 44Figure 

46 with respective measurements of track width in Figure 43,Figure 45Figure 47. When 

comparing any laser treated flat surface with its curved surface counterpart, there are visible 

differences in each of them, showing that laser treatment on a curved surface is not identical 

to that of a flat surface.  
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6.4.2.1 - Power variation 

Figure 42 depicts the comparison of surface treatment on both flat and curved surfaces with 

varying power. Width of tracks is shown in Figure 43. On the flat surface, a brownish/ gold 

surface is observed for both 40W and 45W treatments, with the 50W treatment indicating 

some traces of blue/ pearlescent colouring indicating the formation of TiN on the surface. In 

comparison, at 40W, the curved surface presents a much darker colouration than its flat 

counterpart, with the 45W treatment on the curved surface also presenting some darker 

colouration. This could indicate possible oxidation on the surface. For the 50W treatment on 

the curved surface, the brownish gold colour covers most of the surface, with traces of blue/ 

pearlescent colouration on the edges of the laser tracks. It is notable the difference between 

the flat and curved surfaces of 50W with most of the tracks on the flat surface presenting a 

blue/ pearlescent colouring on the whole track, whilst they are only present on the edges of 

tracks on the curved surface. 

The 40W and 45W treatments on the flat surface present a mostly uniform pattern of linear 

laser tracks with expected “ripples” in the laser tracks, with some slight deviations in the 45W 

treatment. The 50W treatment presents a comparatively wider laser track than those of the 

lower powers. The notable increased width is due to the increased laser power inducing a 

larger melt pool and resulting laser track. For the curved surface treatments, there is a 

distinct and uniform “pulsing” pattern where the laser treated tracks have repeating 

segments of thinner and wider tracks. This is most like due to the nature of the stepper motor 

having a clock like rotation, especially at lower rotational velocities. The segments are mostly 

uniform for both 40W and 50W surfaces, but there is some variation in the 45W surface. 
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Figure 42: Optical micrographs of flat and curved titanium surfaces with varying power settings. 

The width of the tracks remained almost consistent between flat and curved surfaces with 

varying power, with more notable difference between the 45W surfaces (0.13 mm average 

width for flat and 0.11mm average width for curved). It is noted that the error bars are higher 

for the curved surfaces, which is to be expected with the segmented “pulse” patterning of 

the curved surface laser tracks. 
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Figure 43: Differences in laser track width when varying power on flat and curved surfaces. 

6.4.2.2 - Speed variation  

Figure 44 depicts the surfaces that have undergone laser treatment at varying speeds and 

Figure 45 has the average width of the respective tracks plotted. Colouration across all the 

flat surfaces and their respective curved surfaces is relatively consistent with slightly darker 

patches in some of the curved surfaces. For the flat surface, uniform straight laser tracks are 

observed across all speeds (25 mm/s, 50 mm/s and 100 mm/s) with the usual laser induced 

ripples along the tracks. At a laser scanning speed of 25 mm/s on the curved surface, there 

are the same characteristic pulsed segments of varying width, which becomes less defined 

as the speed is increased to 50 mm/s and 100 mm/s. This could be due to the pulsing effect 

of the stepper motor having less of an obvious effect as the speed is increased. 
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Figure 44: Optical micrographs of flat and curved titanium surfaces with varying scanning speed settings. 

The width of the laser treated track varies between the flat and curved surfaces at different 

laser scanning speeds, particularly at lower speeds. Again, the increased size of the variation/ 

error bar can be attributed to the segmenting effect on the laser tracks by the stepper motor.  
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Figure 45: Differences in laser track width when varying scanning speed on flat and curve surfaces. 

6.4.2.3 - Stand-off distance variation 

Figure 46 shows the effect of varying stand-off distance (SOD) from 1.5mm, 3mm and 4.5mm 

on both laser treated flat and curved surfaces. Colouration of all of the surfaces varies greatly 

as SOD is increased for both flat and curved surfaces. At a SOD of 1.5 mm on both the flat 

and curved surface, the laser tracks present brownish gold colours with darker tones around 

the edges of the tracks on the curved surface and in between the ripples. When increasing 

SOD to 3 mm, the flat surface presented a brownish red laser track with pearlescent colouring 

on adjacent laser tracks. The curved surface at the same SOD had similar brownish red 

colouring, but this covered most tracks and the blue/ pearlescent colour was only observed 

on the edge of the tracks. When moving to a SOD of 4.5mm the flat surface presents lighter 

coloured gold/ brown tracks, with a notable blue colour at the edge of the tracks. A similar 

effect is observed on the curved surface with the blue seen on the edges in the flat one 

covering the actual laser treated track. The shape and consistency of the tracks follow a 

similar pattern to that of varying the powers on the surfaces i.e. straight laser tracks with 

ripples throughout on the flat surface and segmented “pulses” of varying width on the curved 

surfaces. 
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Figure 46: Optical micrographs of flat and curved titanium surfaces with varying stand-off distance (SOD) 
settings. 

In Figure 47, the width of the of the tracks between the flat and curved surfaces was 

consistent at both 1.5 mm SOD and 4.5 mm SOD with a notable difference between the width 

of the tracks on the surfaces at 3 mm SOD. It should be noted that for the curved surface 

which received laser treatment at 3 mm SOD, there is a missing laser track, which was caused 

by an error in the code of the laser programming software.  
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Figure 47: Difference in laser track width when varying stand-off distance (SOD) between flat and curved 

surfaces. 

6.4.3 – Discussion 

Laser surface treatment, and more specifically laser nitriding of titanium and its alloys has 

been investigated in many previous studies to improve the properties of material surfaces in 

a variety of applications. The vast majority of these studies have been conducted under 

standard laboratory conditions with laser treatment being applied to a flat surface, with very 

few investigating different geometries 2,220,293–300. Depending on the application of the 

technique (e.g. titanium hip implants) the surface’s geometry may not be flat and the 

additional complexities should be considered. Whilst there has been an advance of 

technologies such as robot arms, distance regulators etc. that would solve this problem, this 

is comparatively more expensive than that of a simple x-y axis control that a laser machine 

can typically present. This study investigated the effect of applying a laser nitriding technique 

to a curved surface which was manipulated by a stepper motor and investigated visual 

differences in the resulting surface.   

Whilst the stepper motor appeared to have an effect on the shape of the laser track due the 

nature of a stepper motor having its rotation divided into a number of equal steps, there 

were clear differences outside of this effect which may be attributed to the laser/ gas 

interacting with the curved surface. It should also be noted that the width of the laser tracks 

on the 40 W sample on the power variation settings, the 25 mm/s sample on the speed 

variation settings and 1.5 mm SOD on the SOD settings are technically all the same setting. 

Despite this there is variation in the width of these laser tracks (particularly on the speed 
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setting), which could be attributed to human error, particularly in the programming of either 

the laser program or the Arduino program controlling the rotation of the stepper motor. 

Despite this varying speed seemed to have the least visual difference between treatment on 

the flat surface and the curved surface and increasing speed in fact appeared to decrease the 

“segmenting” effect of the stepper motor on the laser track. This is to be expected as the 

curved surface has less time to pause between steps of the motor rotating, resulting in a less 

segmented effect.  

For both of the SOD and power variation sets of data, it is apparent that the main difference 

between the flat and curved surfaces is the colour variation or at least, where the colours are 

located within the laser tracks. Golden colours typically indicate the formation of TiN on the 

surface 208,276,301 and the pearlescent/ blue colours typically indicate formation of oxides on 

the surface 9,302. This indicates that different concentrations of N and/or O are being absorbed 

in the surface of the titanium. This could be due to the nature of the gas flow around the 

surface varying between a flat surface and curved surface (Figure 8). The pressure and stand-

off distances have been applied to the laser surface treatment technique based of simulation 

results in a previous study that only investigated the gas flow dynamics on a flat surface 

(Appendix 1). Shear/mixing regions could form more readily as a result of the gas flow on a 

curved surface as well as the distribution of pressure as the gas interacts with the surface, 

creating variations in N or O in the area around the laser melt pool.  
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Figure 48: Differences of gas flow dynamics on the surface of flat and curved titanium undergoing laser surface 

treatment. 

Another difference as a result of laser treating a rotating curved surface, is that only the outer 

surface is actually moving at the same speed as the flat surface. Due to the rotation, the inner 

parts of the curved surface are moving at a different effective speed, meaning that the 

deeper parts of the melt pool are moving slower. As a result, these deeper parts of the melt 

pool are in contact with the laser/ heat resulting from the laser interaction for longer periods 

of time, which can allow for a larger melt pool to form and hence, the widening effect of the 

laser tracks on the curve surface. Gravity could also play a role in this interaction as the 

curved surface rotates the laser treated surface causing gravity to act in a different direction 

in comparison to the flat surface. 

It is proposed that a combination of different gas mechanics, effective speed at the inner 

parts of the curved surface and gravitational effects may cause differences as a result of 

switching from a flat surface treatment to a curved surface treatment. Whether the 

interaction time would be long enough to cause a differing effect would need to be 

investigated by a more thorough characterisation of the material (i.e. cross-sectional 

microstructure, XRD etc.) and simulation of the gas flow. Any further experiments are 

recommended to be conducted on a rotational axis with a more continuous rotation speed 

other than a stepper motor (e.g. DC motor) 

6.4.4 - Conclusion 

➢ Laser nitriding of a curved surface presented differing colours and a difference 

laser track width compared to treatment of a flat surface 

➢ It is proposed that this is due to a combination of differences in gas dynamics, 

laser penetration as a result of rotational velocity and potential gravitational 

effects. 
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