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Highlights 

 Fibre laser nitriding in open air conducted on beta titanium alloy TNZT 

 Surface roughness (in microscale) increased and distinct laser induced topography 

created 

 Water contact angle significantly decreased post laser nitriding 

 Nitrided surfaces led to significant antibacterial effect but offered no particular 

advantage to MSC response  

 

 

 



  
 

2 
 

Abstract 

The National Joint Registry reported that the main causes for hip implant revision 

surgery include aseptic loosening, infection and adverse soft tissue reaction to particulate 

debris. There is a great need to improve the implant properties which can be achieved through 

a combined solution of beta titanium alloy (TNZT) with low elastic modulus and laser surface 

nitriding to improve mechanical properties and biological response. While titanium nitride 

(TiN) possesses good biocompatibility and remarkable antibacterial properties; its 

effectiveness as a coating on Ti-35Nb-7Zr-6Ta has not been investigated in relation to stem 

cell response and antibacterial capability. TNZT surfaces were laser-nitrided in incremental 

power, specifically 35, 40 and 45 W. Investigation included surface roughness and topography 

in microscale (WLI and SEM), microstructure (XRD) and wettability (water contact angle). 

Biological studies of the laser-nitrided surfaces included in vitro culture for 24 hours using 

mesenchymal stem cell (MSC) fluorescence staining and Staphylococcus aureus (S. aureus) 

Live/Dead staining. Sample groups consisted of control base metal (BM), laser-nitrided at 35 

W (LT35), 40 W (LT40) and 45 W (LT45). Results revealed that laser nitriding generates 

significantly rougher surfaces (Ra value of BM was 199 nm, LT35 was 723 nm, LT40 was 458 

nm and LT45 was 1180 nm) with distinctive surface features (Rsk < 0 and Rku > 3). Surfaces 

after laser nitriding, regardless of laser power, can be tailored to become hydrophilic (27 – 34°). 

Fibre laser nitriding can be used to create antibacterial surface patterns on TNZT in a high 

power regime. A laser power of 45 W proved to be the most effective in this study, creating an 

overlapping crescent shape which becomes more obvious with increasing power. To 

summarise, laser-nitrided surfaces led to a significant antibacterial effect but offered no 

particular advantage to MSC response.  

Keywords: mesenchymal stem cell (MSC), antibacterial performance, TNZT, beta titanium, 

fibre laser nitriding 
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1. Introduction  

According to the National Joint Registry (NJR), the total number of hip replacements recorded 

since 2003 in England, Wales and Northern Ireland almost totals one million[1]. Titanium and 

its alloys, mainly Ti-6Al-4V, have been used for load-bearing implant applications for decades 

although limitations such as wear, corrosion, aseptic loosening and infection are prevalent and 

result in the need for implant failure and revision surgeries. The failure of the hip implant 

ultimately leads to a revision surgery but the path from failure to revision is due to a number 

of issues which have been widely expressed in literature[2].  

Firstly, wear and corrosion are known to be the cause leading to debris generation. The debris 

can be solubilised in blood and secreted through urine or it can accumulate in the tissue. If it 

accumulates in tissue this can lead to inflammation and tissue damage in the short term while 

long term effects can be more damaging[3]. Apart from the debris generation, implant failure 

can also occur due to fibrous encapsulation whereby the implant is encased in surrounding 

tissue within sufficient in situ anchorage. Equally inflammation can be severe enough to require 

revision surgery. There is a need for biomaterials and surface modification techniques that can 

provide the optimal resistance to infection and this requires an understating of the complex 

interactions at the bone-implant interface. Biomaterial-associated infections due to 

Staphylococcus aureus and Staphylococcus epidermis account for two-thirds of implant related 

infections[4] and of the revision surgeries reported by the NJR 13,885 were due to infection[1].  

Relating to mechanical properties, poor strength and fracture toughness can lead to implant 

fracture. A major reason for failure, which has been addressed in previous work[5], is a 

mismatch of elastic modulus between bone and implant leading to stress shielding and bone 

resorption. A sensible solution to tackle this problem is using a material which has a closer 

modulus to the human bone. Beta Ti alloys, particularly the Ti-Nb-Zr-Ta (TNZT) system, have 

drawn the highest attention among other potential candidates due to its lowest elastic modulus 
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among the beta Ti family and meanwhile contains no toxic elements. However, poor wear 

behaviour is the main concern when applying TNZT system to form the load-bearing 

components (i.e. femoral stem) of the hip implants.  

In response to these issues, an assortment of surface modifying techniques have been 

implemented and developed for the improvement of wear and corrosion properties (i.e. 

reducing the amount of debris generation by coating implant surfaces with hard and anti-

corrosion layers), osseointegration (i.e. encouraging more bone cell attachment by creating a 

rougher surface on an implant) and antibacterial properties (i.e. reducing bacterial attachment 

and biofilm formation using coatings contained antibacterial agents or surface features).  

Existing surface modification methods include plasma spraying, sand blasting, physical or 

chemical vapour deposition (PVD or CVD), to name a few, see Table 1 (supplementary 

material) for the list of surface modification methods and associated advantages and 

disadvantages. Compared to these methods, laser surface nitriding (LSN) has been shown to 

be an effective method to modify the material surface as well as significantly increase the 

surface hardness and corrosion resistance without altering the bulk properties[6–8]. It is a clean, 

fast and highly repeatable process as well as can be performed in an open atmosphere[9]. The 

improved surface properties post laser nitriding are due to the formation of a titanium nitride 

(TiN) layer. TiN has been proven to be a very hard and anti-corrosive material and intrinsically 

biocompatible due to its ability to inactivate bacterial biofilms[10,11]. The antibacterial effect 

is believed to be due to a correlation between the decrease in surface free charge carriers (i.e. 

responsible for electrostatic bacterial interaction with the surface) and increase in thickness of 

TiN coatings[12]. 

Fibre laser nitriding has been used successfully on TNZT in a low energy regime (i.e. no surface 

melting occurred) to improve wear and corrosion resistance[13], and the nitriding process was 
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performed in a gas chamber which greatly limits the practicality to treat a free-form or curved 

shape implant surfaces. The present study aims at using fibre laser nitriding in a higher energy 

regime and under the open air condition in which surface melting occurs. The effects of changes 

in surface roughness and topography as well as wettability, as a consequence of fibre laser 

nitriding of TNZT, on the early human MSC response and bacterial attachment of S. aureus 

were investigated.  

2. Materials and methods 

2.1 Materials 

The Ti-35Nb-7Zr-6Ta alloy used in this study was sourced from American Element, USA as a 

large plate that was 250 mm2 and 3 mm thick. It was wire cut into smaller plates (30 × 40 mm) 

using electrical discharge machining (EDM). Sample preparation prior to laser nitriding 

involved standard metallographic preparation using silicon carbide (SiC) polishing to 1000 grit, 

to remove any defects from the manufacturing process and pre-existing oxide layer. Before 

material preparation and experimental work the samples were ultrasonically cleaned for 10 

minutes in acetone and then rinsed with deionised water and dried to remove any loosely bound 

contaminants. All experiments were completed with a sample size of n = 3 while, n = 4 was 

used for bacterial attachment.  

2.2 Fibre laser nitriding  

Laser nitriding was performed using a 200 W automated continuous wave (CW) fibre laser 

system (MLS-4030) integrated by Micro Lasersystems BV (Driel, The Netherlands) and 

produced by SPI Lasers UK Ltd (Southhampton, UK) with a wavelength of 1064 nm. Samples 

were irradiated with the laser beam using the following parameters: scanning speed of 25 mm/s, 

1.5 mm stand-off, 100 µm spot size, shielded with high purity N2 (pressure range 5 – 7 bar) in 

open at three different laser powers, 35 W, 40 W and 45 W. Laser-nitrided samples are noted 
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as LT35, LT40 and LT45 while the untreated control group consists of base metal samples 

(1000 grit SiC finish) and are noted as BM. Samples were wire cut into 6 mm diameter discs 

for all studies but plates were used for bacterial attachment. Samples for biological cultures 

were cleaned in acetone twice for 1 hour, deionised water for 30 minutes in an ultrasonic bath 

and then air-dried in a fume hood followed by autoclave sterilisation (Prestige Medical, UK); 

121°C and 1.5 bar for 20 minutes. 

2.3 Surface roughness and topography  

White light interferometry (WLI) (Talysurf CCI 6000, UK) was used to capture the surface 

roughness and profiles of the untreated and laser-nitrided surfaces (perpendicular to the laser 

track orientation). The following parameters were used to assess the roughness: arithmetic 

mean (Ra), maximum profile height (Rz), surface skewness (Rsk) and surface kurtosis (Rku). 

Values were assessed based on the 2D profile 1.2 mm2 scan areas. Surface topography was 

captured using scanning electron microscopy (SEM) (FlexSEM 1000, Hitachi, UK) to image 

the surface features on the laser-nitrided samples. Images were captured using a 20 kV beam 

at various magnifications in the backscattered electron compositional (BSE-COMP) mode 

detection. 

2.4 Phase identification 

X-ray diffractometry (XRD) using the PANanalytical X’Pert Pro MPD (PANalytical, UK) was 

used to identify the phase of the untreated and laser-nitrided surfaces. XRD was performed in 

the 2-theta (2θ) range between 10° – 90° with a copper-Kα radiation source (40 kV and 40 mA) 

and nickel filter operated at fixed slit (½°), 10° anti-scatter slit and 0.02 step size. 

2.5 Surface wettability  

Surface wettability was assessed at room temperature using the sessile drop method and images 

were captured with a video-based contact angle analyser (FTA 200, First Ten Angstroms Inc., 
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USA) to measure the contact angle of a liquid drop of deionised water on the untreated and 

laser-nitrided samples. Droplet profiles were captured using the FTA32 video software and the 

testing liquid was controlled using a microlitre syringe to produce 7-µl drops. Images were 

captured perpendicular to the laser track orientation. 

2.6 Biological attachment  

Cell and bacterial attachment were assessed at 24 hours and performed as described in the 

author’s previous study[5]. Mesenchymal stem cell attachment was assessed using direct 

immunofluorescent staining with αSMA and DAPI while Staphylococcus aureus attachment 

was assessed using fluorescent live/dead staining. Briefly, an 18 hour culture of S. aureus 

(ATCC 6538) was adjusted to approximately 1x106 cfu/ml (as verified by viable count) in 

Mueller Hinton broth. Sterile TZNT samples were placed in individual wells of a sterile 6-well 

plate, submerged in the inoculum, and incubated in a gyratory incubator for 24 h at 37°C. After 

this time, samples were removed from the bacterial culture and washed three times in sterile 

phosphate buffered saline to remove loosely adherent planktonic bacterial cells. Sessile, 

surface-adhered bacteria were stained using Live/Dead® BacLightTM (Molecular Probes) in 

order to distinguish viable (stained green) from non-viable bacterial cells (stained red), and 

also to quantify the extent of bacterial adherence. Stained samples were examined using 

fluorescence microscopy. Twenty-four random fields of view were captured per sample, and 

image analysis was conducted using ImageJ software (NIH, USA). 

2.7 Statistical analysis  

The statistical significance of the data were expressed as mean ± standard error (SE) and were 

tested and compared by one-way ANOVA using Prism software (GraphPad Prism Software 

Version 7, USA). A significant difference was calculated, with a p-value of ≤ 0.05 considered 

significant; (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.  
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3. Results  

3.1 Surface roughness by WLI and topography by SEM 

The 3D and 2D profiles of the untreated and laser-nitrided surfaces, captured by WLI, are 

shown in Figure 1. The BM sample has the typical variation in surface roughness as a result 

of the metallographic SiC polishing process. The laser-nitrided samples had an overlapping 

crescent effect evident in Figure 1 (A) and (B). The roughest regions are prominent on the 

LT35 sample within the overlapping crescent shape while on LT40 it appears to be at the edges 

of the overlapping tracks. The overlap becomes more obvious as the laser power increases; 

LT45 had the roughest regions at the edges of some, but not all, track edges, which are indicated 

by the black and red locations of the 3D and 2D scans, respectively.  

 

Figure 1. Laser nitriding creates an overlapping crescent pattern which becomes more obvious with 

increased laser power. WLI surface profiles (A) 3D (1.208 mm2 scan area) and (B) 2D (1.2 mm2 scan 

area) for the untreated and laser-nitrided samples with the colour scale to the left of each scan. (C) 

Surface roughness results; Ra, Rz, Rsk and Rku, extracted from 2D profile.  

The surface roughness results, specifically Ra, Rz, Rsk and Rku, which were based on the 2D 

profiles are shown in Figure 1 (C). The Ra values range from the lowest 199.3 nm on BM and 
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increases on the laser-nitrided samples. There is not an increasing trend as the laser power 

increases; LT40 had the lowest Ra among the laser-nitrided samples (458.4 nm) followed by 

LT35 with 722.8 nm and LT45 has the highest Ra with 1180.2 nm, significantly higher than 

BM. The Rz values display the same pattern as the Ra values, with the lowest maximum profile 

height belonging to the untreated BM surface (1900.3 nm) followed by LT40 (4368.7 nm) 

while LT35 and LT45 were 7057 and 11152.3 nm, respectively. Laser nitriding significantly 

increased the Ra and Rz in comparison to BM due to the intricate topography created by the 

laser.  

Surface skewness (i.e. spikes; Rsk > 0 or valleys; Rsk < 0) and kurtosis (i.e. peaks; Rku > 3 or 

flat; Rku < 3) values of the untreated and laser-nitrided samples were used as quantification 

parameters. There is a decreasing trend in Rsk while the Rku values are quite similar, as shown 

in Figure 1 (C). The BM had the largest Rsk (1.229) and this drops significantly to −0.92 for 

the LT35 surface and almost halves to −0.518 for LT40 and almost halves again for LT45 

(−0.289). The laser-nitrided surfaces are flat in comparison with BM. All Rku values are > 3 

with BM being the highest at 5.749 by a small margin and slightly decreasing with laser power. 

The similar trend follows but in the negative direction of LT40 being the highest among the 

laser group at 5.142 followed by LT35 (5.109) and LT45 (4.145). All the laser-nitrided surfaces 

had a Rsk < 0 and Rku > 3, showing that they are not as spiky as their argon counterparts[5] and 

have peaks, correlating with the higher roughness values.  

SEM images of the BM and laser-nitrided surfaces are shown in Figure 2. The overlapping 

crescent effect shown in Figure 1 (A) and (B) is clearly visible in the SEM images. The typical 

variation of the topography is visible on the BM surface and on LT35 (most notable at × 1500 

magnification) and partly LT40 in between the laser tracks and is not visible on the LT45 

surface due to the complete overlapping of the laser tracks. This overlap becomes more obvious 

with increasing power as shown in the × 150 magnification images. There are more detailed 
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features present on the edges of the surfaces nitrided at lower power, LT35 and LT40, shown 

by the fanned dendritic pattern (as indicated by solid white arrows in Figure 2 at × 3000 

magnification) along the overlapped crescents, showing the effects of the melt pool created by 

the laser. The ripple effect is not seen on the laser-nitrided samples although there are lamellae 

(as indicated in Figure 2 by dashed white arrows at × 1500 magnification) seen emanating 

from the centre of the crescent shapes. 

 

Figure 2. Distinct surface topography created by laser nitriding. SEM images at various magnifications 

of the base metal and laser-nitrided TNZT surfaces. Magnifications shown on vertical and scale bars 

are shown for each magnification. Dashed white arrows indicate fanned dendritic pattern emanating 

from crescent centre. Solid white arrows indicate lamellae, a feature of laser nitriding.  
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3.2 Phase identification by XRD 

Phases present in the untreated and laser-nitrided surfaces were analysed with XRD (Figure 

3). Blue dot is indicative of phase present on all surfaces. Each surface has a peak present at ~ 

38.5° β (110), ~ 56° β (200) and ~ 69° β (211); all of which are associated with beta phase and 

due to the presence of Nb and Zr (beta stabilising elements), alpha phases are not present, as 

phase formation is suppressed. BM has a prominent sharp peak (~ 56° β (200)) with two smaller 

peaks present (~ 38.5° β (110) and ~ 69° β (211)). TiN was detected and the crystallographic 

plane shifts to ~ 43° TiN (200) after laser nitriding. There is a prominent crystallographic plane 

shift post laser nitriding with the same three peak pattern present in all the laser-nitrided 

samples, in decreasing peak sharpness; TiN (200), β (110), and TiN (111). β (220). 
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Figure 3. Prominent three peak pattern present in laser-nitrided samples. XRD patterns of the untreated 

and laser-nitrided samples. Scanning angles of 2 theta (2θ) range between 10° – 90°. Intensity (a.u.) 

shown on y-axis. 

3.3 Surface wettability by contact angle 

The water contact angles of the untreated and laser-nitrided surfaces are presented in Figure 4. 

The results show that BM and the whole laser-nitrided group are hydrophilic with the latter 

being notably more hydrophilic, as shown in Figure 4 (A). In comparison with the BM, the 

contact angle of the laser-nitrided samples decreases approximately by two-thirds. There is 

significant difference between all samples (p < 0.001), except for LT35 and LT40 where there 

was no significant difference, as shown in Figure 4 (B) and (C). The contact angle results have 

shown that laser nitriding with any laser power can be used to create a hydrophilic surface. 
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Figure 4. Laser nitriding created a hydrophilic surface. (A) Representative images of liquid water drop 

on each surface. (B) Graph of mean water contact angles and SE measured on the untreated and laser-

nitrided surfaces calculated using ImageJ. Error bars are the SE of n = 3. (C) Tabulated water contact 

angles. 

3.4 Cell attachment response  

Cell attachment was assessed with fluorescently stained MSCs using α SMA and DAPI at 24 

hours to analyse cell morphology. At the early time point it is clear cells behaved differently 

on the laser-nitrided surfaces compared to the BM surfaces, as shown in Figure 5. MSCs 

display the same morphology and behaviour on BM and tissue culture plastic (TCP) as in a 

previous study[5]. The cells are spindle shaped and stretch in no particular direction (as 

indicated by white arrows in the × 200 magnification images) due to the random metallographic 

process and the characteristics of TCP. At 24 hours on all the laser-nitrided surfaces the MSCs 

appear to be in abundance due to the number of nuclei seen at × 50 magnification, although the 

cells appear to have burst leaving a halo of debris. It is evident that the surface characteristics 

are not ideal for cells and causes cell death. 
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Figure 5. Laser nitriding offers no particular advantage to MSC response. Merged fluorescence images 

of MSCs stained at 24 hours at × 50, × 100 and × 200 magnification. Red represents αSMA actin fibres; 

Blue represents DAPI nuclei stain. Scale bars are shown for each magnification. Representative images 

of coverage on whole entire surface. White arrows indicate cells spreading in no particular direction.  

Cell ID and nuclei count are used to quantitatively analyse the cell attachment at 24 hours, as 

shown in Figure 6. The nuclei count shows that there is no significant difference between 

samples but the cell ID is much lower on the laser-nitrided samples. The cell ID on the BM 

surface is significantly different to all laser-nitrided groups at the 24 hour time point. BM and 

the lowest laser power surface, LT35, have a significance of p < 0.01 while this significance 

increases with the remaining two groups (p < 0.001). There is no significance within the laser-

nitrided group. The notable decrease in cell ID on the laser-nitrided surfaces in comparison 

with BM, supports the qualitative results, where only the nuclei remains with a halo of cell 

debris. 

 

Figure 6. Laser nitriding causes decrease in cell integrated density. MSC attachment quantification at 

24 hours on untreated and laser-nitrided samples. (A) Graph of cell integrated density based on αSMA. 

(B) Graph of nuclei count based on DAPI. Data based on nine images per surface using ImageJ software. 
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3.5 Bacterial attachment  

The bacterial attachment results are shown in Figure 7, where analysis was performed using 

fluorescence images and quantitatively using bacteria coverage and live-to-dead ratio (i.e. ratio 

between green and red stained cells) to determine which surfaces, if any, had elicited reduced 

biofilm coverage and/or an antibacterial response. There were more green stained S. aureus 

cells present on the BM surface with some micro-colonies, the beginning of biofilm formation 

(as indicated by white arrows in Figure 7 (A). Laser nitriding was able to effectively produce 

a surface where bacteria were significantly less capable of forming biofilms in the early stages 

of attachment (i.e. 24 hours) in comparison to BM. Quantification results show that bacteria 

coverage on BM was significantly different from LT40 and LT45 (p < 0.01 and p < 0.001, 

respectively), see Figure 7 (B). Within the laser-nitrided group there was a significant 

difference between LT35 and LT45 (p < 0.01). The live-to-dead bacteria ratio on all samples 

showed a stepping decrease, see Figure 7 (C). 
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Figure 7. Laser nitriding at higher power significantly decreases bacterial adherence. (A) Merged (red 

and green) live/dead stained fluorescence images of S. aureus bacteria at 24 hours. Scale bar = 50 µm. 

Representative images of coverage on whole entire surface. White arrows indicate micro-colony 

formation. (B) Total bacteria coverage (sum of red and green fluorescence); SE of n = 24. (C) Live-to-

dead ratio (average red and green fluorescence); SE of n = 24. Data calculated using ImageJ software. 

4. Discussion 

It has been widely reported that the two main surface attributes which can be improved, using 

laser nitriding, are increased resistance to wear and corrosion[7,13]. Poor tribological 

behaviour can cause adverse reaction to particulate debris and results in the need for revision 

surgery according to the NJR. The tribological effects were investigated in a previous study[7], 

while the work detailed in this paper focuses on the investigation of surface topographical 

characteristics effects on biological response, namely initial MSC attachment and bacterial 

attachment.  

Bacterial adherence results demonstrate an antibacterial effect after applying fibre laser 

nitriding to the surface. The mechanisms of biofilm formation on an implant involve a process 

that is initiated through three fundamental steps: initial adherence, colonisation and biofilm 

formation. Under DLVO[14] (a widely accepted theory in determining early stages of bacterial 

attachment) surface energy and subsequently surface wettability play an important role in 

determining the initial bacterial attachment. It has been reported that laser nitriding can reduce 

bacterial attachment[8], with the hydrophilic nature of the laser-nitrided surfaces inhibiting the 

attachment of hydrophobic S. aureus cells, as previously reported in literature[15]. The 

significantly lower number of bacteria, after 24 hours, on the laser-nitrided surfaces, compared 

to BM, proposes that fibre laser nitriding would create a less hospitable surface for the bacteria, 

(see Figure 7), resulting in reduced viability, in comparison with the previous results[5].  
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The effect of using a nitrogen shielding environment during the laser nitriding creates a vastly 

different surface in comparison with the previously reported argon samples[5]. The relationship 

between bacterial attachment and surface roughness is complex and not completely understood 

according to reports in the literature[16–18]. However it has been reported that nanoscale 

surface features help minimise infection[19–21] and enhance osseointegration[22], whilst 

microscale features have more of an effect on the hydrodynamic environment as the bacteria 

approached the surface[23,24]. Roughness values alone are not enough to correlate to bacterial 

early bacterial attachment and needs to be considered alongside topography and physico-

chemical effects[25,26]. Overall fibre laser nitriding significantly increased Ra and Rz in 

microscale, compared to BM, due laser-induced topography, with a five-fold increase in Ra 

and Rz. The LT45 group had the highest Ra and Rz while the SEM images show the unique 

laser induced surface topography in microscale. Nanoscale features could be present but are 

beyond the resolution of the SEM used for characterisation in this study.   

A unique surface pattern appears, post fibre laser nitriding, which overlaps more as the laser 

power increases. The prominent overlapping crescent effect on the laser-nitrided samples as 

shown in Figure 1 (A) and (B); the roughest regions of which are prominent within the 

overlapping crescent shape on LT35, while on LT40 it appears to be at the edges of the 

overlapping tracks. The unique surface features on the lower power surfaces, LT35 and LT40, 

is evident from the characteristic trait of a fanned dendritic pattern along the overlapped 

crescents, showing the effects of the melt pool created by the laser, as shown in Figure 2 at × 

1500 magnification. LT45 has the roughest regions at the edges of some, but not all, track edges 

(as indicated by the black and red locations of the 3D and 2D scans, respectively). The ripple 

effect is not present on the laser-nitrided samples, as previously seen in the laser-treated 

TNZT[5] under the argon shielding environment, although there is lamellae (puckered effect) 

seen emanating from the centre of the crescent shapes. Similar lamellae protruding in the radial 
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directional, described by Kloosterman et al., was seen on the solidification front of the laser 

melt pool, increasing with laser power as the presence of ripples decreases[27].  

Fibre laser nitriding significantly enhanced the hydrophilicity of the surface (contact angle 

range; 27 – 34°) in comparison with the BM contact angle (83°); with a decrease of 

approximately two-thirds (Figure 4). As hydrophilicity increases the bacterial attachment 

decreases (as indicated by the bacterial coverage measurements in Figure 7). LT35, the lowest 

power, has a contact angle of 31.82° and bacterial coverage of 3.87% while at a higher power, 

LT45, the contact angle is 27.06° but the bacterial coverage and significantly decreased to 

0.72%. S. aureus has been described as hydrophobic in the literature[28] and has a water 

contact angle of over 70°. This could suggest that the decreased hydrophobicity of the laser-

nitrided samples compared to BM is a contributing factor to the reduced bacterial adhesion and 

subsequent biofilm coverage. Hydrophilic surfaces resist protein adsorption while hydrophobic 

surfaces support the opposite, favouring protein adsorption[29]. As cells directly interact with 

this protein layer the proteinaceous film is crucial in subsequent cell adhesion and cellular 

response[30]. S. aureus has been observed to preferentially localise fibronectin-binding protein 

in literature[31,32]. This could potentially mean that a result of the hydrophilic surface 

reducing protein adsorption, S. aureus has less such surface proteins with which to 

preferentially bind. Perhaps the hydrophilicity in combination with the surface topography 

elicits a poor cellular response but an excellent antibacterial effect. At 24 hours on all the laser-

nitrided surfaces the MSCs appear to be in abundance due to the number of nuclei seen at × 50 

magnification, although the cells appear to have burst leaving a halo of debris, as shown in 

Figure 5. It is evident that the surface characteristics are not ideal for cells and causes cell 

death. There is no significant difference within the laser-nitrided group. The notable decrease 

in cell ID (Figure 6) on the laser-nitrided surfaces as compared to BM, supports the qualitative 

results, where only the nuclei remains with a halo of cell debris. Cells typically respond with 
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proteolytic burst when proteins are strongly adsorbed (hydrophobic surface) onto the 

substrate[30], although the opposite occurred in the results with the laser induced hydrophilic 

surfaces causing cell death.  

There is another notable preferential crystallographic plane shift post fibre laser nitriding with 

the same three prominent three peak pattern present in all the laser-nitrided samples, in 

decreasing peak sharpness; TiN (200), β (110), and TiN (111), shown in Figure 3. The same 

TiN peaks were found in the previous study[7] using Grade 2 and 5 titanium alloys, the 

presence of which is due to the controlled nitrogen rich environment. Additionally TiN (220) 

is found at ~ 63°, TiN (311) at ~ 73° and TiN (222) at ~ 78°, similar to the findings reported 

by Kami[33]. The presence of TiN, as shown by XRD, may be a contributing factor in the 

antibacterial effect, as seen in literature[5,34–36], contributing to the improved antibacterial 

performance.  

The results have shown that fibre laser nitriding within the reported laser power range, namely 

35, 40 and 45 W can be used to create an antibacterial surface. Such antibacterial effect is 

believed to be a consequence of the fibre laser nitriding process altering the surface roughness, 

topography (i.e. presence of unique laser created surface features) and wettability (i.e. surfaces 

become hydrophilic).  

5. Conclusions 

The beta TNZT alloy modified using fibre laser nitriding has been shown to be a suitable 

candidate for hip implant applications. The laser-nitrided TNZT implant possesses improved 

antibacterial performance as well as wear and corrosion resistance, which are the main 

concerns in the implant design. The major findings of the fibre laser nitriding results are 

summarised below:  
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 Fibre laser nitriding can be used to create distinct surface patterns on TNZT in a high 

power regime, with the laser power of 45 W being the best performer;   

 Laser-nitrided surfaces, regardless of laser power, can be tailored to become 

hydrophilic (27 – 34°); 

 Laser-nitrided samples showed only beta Ti and TiN phases (the sharpest and hence 

most crystalline being, TiN (200), and TiN (111)). 

 Laser nitriding produced a rougher surface (Ra value of BM was 199 nm, LT35 was 

723 nm, LT40 was 458 nm and LT45 was 1180 nm) with unique laser-induced surface 

features (Rsk < 0 and Rku > 3) potentially encouraging the antibacterial effect.  

To further summarise, the bacterial attachment results indicated that that all the laser-nitrided 

samples drastically reduced bacterial attachment with LT45 being the ideal condition to modify 

TNZT to produce the greatest significant reduction in bacterial coverage.  
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