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Abstract

Implant failure caused by bacterial infectimextremely difficult to treat andisually requires the
removal of the infected components. Despitee severe consequenaaf bacterial infection research ito
bacterial infection of orthopaedic implants is stillat early stagecompared to the effort on enhancing
osseointegration,wear and corrosion resistance of implant materials. In this study, the effects of laser
surface treatment on enhancing the antibacterfboperties of commercially pure (CP) T&Grade 2)
Ti6Al4Grade 5and CoCrMo alloynplant materialavere studied ad compared for the first timd.aser
surface treatment was performed by a continuous wave (CW) fibre laser with aniesred wavelength
of 1064 nmin a nitrogencontaining environment Staphylococcus aureusommonly implicatedin
infection associated ith orthopaedidmplants wasusedto investigate the antibacterial properties of the
lasertreated surfaces The surface roughness and topography of the ldssated materials were
analysedby a 2D roughness taéag and by AFM. The surfacenorphologes before and after 24 h of
bacterial cell culturewere captured by SEMand bacterial viability wasletermined using live/dead
staining Qurface chemistry was analysed by XPS and surface wettabilityn@asured usinghe sessile
drop method. The findings bthis study indicatd that the lasertreated CP Ti and Ti6Al4Surfaces
exhibiteda noticeablereduction in bacterial adhesion apdssessed bactericidal effect. Sugiroperties
were attributable to thecombined effects of reduced hydrophobicithjcker and stable oxide films and
presence of laseinduced nanefeatures.No similarantibacterialeffect was observed ithe lasertreated
CoCrMo
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1. Introduction

As aconsequence ofthe soaringnumber of trauma cases, e.fjom road accidents and sports
injuries and with anincreasingdy elderly population, there is strong globaldemand fororthopaedic
prosthesesA recentmarket researchieport indicated thatthe global orthomedic implants market was
valued at USD 4.3 billion 2015[1]. Although significant advaementshave beermade to improve the
osseointegratiorand mechanicgbroperties of orthomedic implants in the past two decades, orthopaedic
implantsare stillchallengel by failuresdue to variougeasonsincludingaseptic lo@ening and bacterial
infectionswhich contribute to 30% and 16%espectivelyof total joint revision in the hip and knde].
Implant failure caused by bacterial infectigcostlier, time consuming, and more difficult tdiagnose
than aseptic looseningnd usually requirs the removal of the infected componen{8]. Despitethe
severe consequencassociated with implant failure, researchtanbacterial infection of orthopaeid
implantsis still atanearly stage compad to the research effort on enhancirggseointegration andon
wear and corrosion resistance.

Bacterial infectionis initiated throughbacterial adherence to thenplant surfacs, followed by
bacterialcolonization andiofilm formation. A hofilm is acommunityof microorganismgrotected bya
seltproduced extracellular polymeric substance (ER&Yix. It has been estimated that 99% of bacteria
can exist within a biofilnstate [4]. Surfaces oflifferent conponents of orthopaedic implantsuch aghe
femoral stem, head and acetabular cup are desigftedlifferent purposes. For examplthe stemand
acetabular cugback cup)usually made of a titanium alloy (Ti6Al4&fe designed witta rough exture
to encourageosseointegration while the femoral headusually made of a cobaltchromium alloy
(CoCrMo) is smooth with the aim 6 redudng the friction between intercalating components.
Nevertheless, acteria can adhere to bbtrough ad smoothsurfaces, and to different types of materials
Bacterial adherence and subsequent biofilm development can hampepénformance of thémplants,
for example byinterferingwith the process of osseointegratidf]. Furthermore, biofilmsre extremely
difficult to remove with conventional antimicrobial therapiés.g. antibioticsand act asa reservoir of
bacteria that can lead tohronicand systemiinfection[6]. Therefore strategies to minimisthe chances
of initial bacterial adheence to the implant surfacesre crucialto prevent bacterialnfection.

Bacterid adherence to a surface is dependent on several interrelated surface propetfties
materials such as surface roughnesspography, chemistry andettability. Bacteria prefer to adhert®
a rough surface than a smooth surfd@e8], andto hydrophobiaather than hydrophilisurfaceq9, 10],
while rano-scale surface features are more effectiveredudng bacterial adhesion than micrand
macrascale feature$ll, 12]. Material chemistry can also influence bacterial colonization of a material
surface, for exampleertain metal ionse.g.silver (Ag), cdoon (C), zinc (Zn), copper (Cand some metal
oxides/nitrides, e.g., titanium dioxid@iQ), zinc oxid€ZnO) tantalum nitride(TaN) titanium nitride (TiN),
and zirconium nitride (ZrN9] all exhibit intrinsic antibacterial properties

Srategies toreducebacterial adherence cagenerallybe classified int@oating and norcoating
methods.Thebasic concepbf coating methods is to coat the entire implantth the aforementioned
antibacterial materialsHowever, the drawback of using antibacterial materials is plossibility of
cytotoxicityto the host cells and tissuesFor examplegopperis known todisplay cytotoxicitytowards
mesenchymal stem cel[]. Non-coating methods directly modify the surface properties of implants to
achieve antibacterial characteristic¥hese methods includeeducing surface hydrophobicity{10],
creating surfac@ano-features[12] and modifyingsurface chemistry10, 13, 14]
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Laser surfacdreatment is emergng asa promisingnon-coating methodto negate bacterial
adherence. The advantages of laser technology inchidé speed,cleariness high precision and
repeatability, as well as flexibility to modify surfaces in selective dfegsFurther, laser technology can
be usedalong withthree-dimensional D) printing technology Thelaserbased 3D printing techniquef
selective laser sintering (SLSkhacently been appliedto fabricate bone scaffolds with antibacterial
properties[16, 17.

Recent successful examplesusfnglaser surfacéreatment techniquesto fabricateantibacterial
surfaces for metallic implant materials araeviewed as follows GallardeMoreno et al. [10] used UV
irradiation at a wavelength of 258 nm to treat Ti6Al4V alloy. Their results indicate that the
physicochemical changes on the UV treated surface causeedaction in the adhesion ratef
Staphylococcuaureusand Staphylococcuspidermidiscells Kawanoet al. [18] used aUV laser with a
wavelengthof 365nmto treat commercially pur€CP)Ti. Their study suggesthat exposure of CP Ti &
UVlaser candecreasethe number of attached?orphyromonas gingivalisacterialcells this bacterium
being an important cause of dental implant infectiorishey ascribed the antibacterial effect to the
decrease ofwvater contact andge andincrease of theAnatasephasein the surfacelayer ontreated Ti
surface. Gillettet al. [19] employed an excimer laser with a wavelength of 248 nm to surfaceipatt
polyethylene terephthalate (PET). They reported that the surface treatment edaatcro-scale pitsin
surfaceand significantly influenced the distribution and morphology dtfaahed Escherichia cotells.
Cunhaet al.[5] created nandgfeatures onCP Tsurfaceusing a femtosecond las&rith a wavelength of
1030 nm.They found that the narntopography of the laseinduced featureseduced adhesion ofS.
aureuscells and attributed the effect to the reduction of contact areethe interface between individual
bacterium and the metal substrate.

However each of thestudies aboveconcerred only one particular type of materida (i.e. there
wasno directcomparisoracross different materialsandthe majority of themusedlaser radiatiorin the
ultraviolet wavelength rangé.e.less thard00 nm) Studiesusing neadinfrared laser (i.e. 700 to 1800 nm)
for enhancement of antibacterial properties of implant materiafe very limited. In the work reported
here, laser surface treatmenwas performed on three commonlysedorthopaedicmetallic materials,
namely CP Ti (grade 2), Ti6Al4V (grade 5) and CoCrMo using askbvétlaa nearinfrared wavelength
of 1064 nmin a nitrogen containing environmenit is known that TiN forms on the surface when Ti
materials react with high pogr nearinfrared laser ina nitrogen environmentTiN is a highly wear
resistant and biocompatible materigll5]. S. aureus the most common organism responsible for
orthopaedic surgical site infectiorfi20], wasselected as the target bacteria in tistudy. The objectives
of this studyare (1)to compare the antibacterial effect of different orthopaedic materials before and after
lasertreatment with nearinfrared radiation and (2)to explain the difference in antibacterial
performancebetweentreated and untreatedsurfacesin termsof the surface roughness, topography,
chemistry and wettability.
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2. Experimental Details
2.1. Materials

Three different nedical grademetallicmaterialswere used for the laser treatment experiments
namely commercially pure Ti (99.2% pure, Grade 2) and Ti6Al4V (Graael £)oCrMo alloyhey were
sourced fromZapp Precision Metals Gmh8chwerte, Germany)'he Grade 2 and Grade 5 titanium
materialsarelabeled as TiG2 and TiG5 hereaffédresamples were ithe formof discs30 mmin diameter
and5 mminthickness Before laser treatment, the sample surfaces were ground sequentiallyagithies
of SiC papers from 120 to 400 grits following standard metallography procedures to remeeeigineg
oxides and ensure surface homogeneity. The samples were then ultrasonicatigatia ethanol bath for
10 min rinsed in diglled water for another 10 min and finally dried thoroughly in a cold air stream.

2.2. Laser Treatment Experiments in Nitrogen Environment

The laser treatment process was performed usimgautomated continuous wave (CW) 200W
fiber laser systen{iMLS4030) The laser syetm was integrated bWlicro Lasersystems BV (Driel, The
Netherlands)and the fibre laser was manufactured I8P1 Lasers UK Ltd (Southampton,. UK
wavelength of the laser was 1064 nm. The samples were irradiated with the laser beam ussetgpted
processing parameteis: laser power of 40 W, scanning speed of 25 mfmeandered scan with lateral
movement of 100 um ithe x direction), stanebff distance of 1.5 mm (laser spot size was measured as
100 pm) and shielding with high purity &t 5 bar[21]. The N gas was delivered coaxially with the laser
beam via a standard laser nozzle with outlet diameter of 2 mm. The-il@adrated area on the disk
samples was 18 mm x 18 mm and fully covered by laser tracks with overlaatpingf about 50% inraick
width.

2.3. Surface Morphology, Roughness and Topography Analysis

The surface morphology of the untreated and laseated samples was capturedsing a
scaming electron microscopeSEM(Model 6500F, JEOL, Japalt)e surface roughness and topography
of the untreated and lasetreated samples were assessed usingoatable roughnessgauge(Rugosurf
10G,Tesa Technolog@nd a commerciatomic force microscope (AFN) tapping modgD500Q Veeco
Digital Instruments)The surface roughness tester was used to measure the 2D large step surface profiles
(in macrascale) whilst the AFM served to characterize the 3D micro/rauade features in local areas of
the surface. The scan length of the surface roughness tested%asm whilst the scan size of the AFM
was 2 um x 2 pnBasic roughness parameters, namely Ra (arithmetic mean roughness) and Rz (maximum
height of profile) were measured using the surface roughness tester. At least 12 measurements were
taken at differentlocationsfor each sample in the direction perpendicular to the laser track orientation.
The additional surface roughness parameters, namely Rsk (skewness of profile) and Rku (kurtosis of profile)
were measured by AFM. At least two measurements were tdkereach sample. The locations of
measurements were randomly selected from the untreated surfaces whilst the measurements were taken
at the region near the centreline of laser tracks in the laseated surfacesTopographic analysisas
performed viathe WSxM softwarg22].

2.4. Surface Wettability Analysis

Thesessile drop methodvas used to measure the contact angleadifjuid drop on the untreated
and lasettreated samples using\adeo-based contact angle analyz@&TA 200, First Ten AngstreuT he
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image capture and analysieve performed usinghe FTA 32 video softward®eionized water was used
as the testing liquid, and the volume of each sessile drop was contrdliedlausing a microlitre syringe.
Droplet images were captured in the direction perpendicular to the laser track orientation at fixed time
intervals, counting since the start of droplet deposition to the cessation of droplet spreading or at least
60 s. Ateast eight measurements were taken at different locations for each sample at room temperature.

2.5. Surface Chemistry Analysis

X-ray photoelectron spectroscopy (XBpgctra were acquired using a bespoke ultigh vacuum
system fitted with anonochromaf R ! fray ¥durcegSpecs GmbH Focus 5@erlin)with a photon
energy of 1486.6 eM,50 mm mean radius hemispherical analyser witth@nneltron detectionSpecs
GmbH Phoibo450, Berlin) and a charge neutralising electron g(Bpecs GmbHG20,Berlin) The
analysis area was approximately 2 nmdiameter.urvey scans were acquired over the binding energy
range between 0 and 1100 eV using a pass energy of Hne\thehighresolutionscans over the Ti 2p
(for TiG2 and TiGBAI 2p (for TiIG5)Co 2p and Cr 2p (for CoCrMo), ands(for all types of sample)ines
were made using a pass energy of 15Bata were quantified usingcofield crossectionscorrected for
the energy dependencies of the effective electron attenuation lengths and the analyser transmission. Data
processing and curve fitting were carried out using @esaXPS software v2.3({EasaXPS, Teignmouth,
UK)

2.6.Bacterial Cell Cultw

Both the laseitreated and untreated control samples of TiG2, TiG5 and CoCrMo alloys were used
for bacterial adherence and biofilm formation assays. The samples were cut in the form of circular discs
with 8 mm diameter byelectric discharge machiningil). Samples were cleaned wiffure ethanol
(Sigma Aldrich, UKD an ultrasonic bath for 15 min prior to bacterial cell culture. The dry, clean samples
were then placednto a 24well tissue culture plate. They were then sterilized with 70% ethanol for 10
min and washed three times with sterile phosphate buffered saline (FB3ureugATCC 6538)as
cultured inMdiller Hinton Broth(MHB; Oxoidpvernight (18 h) at 37 °C on a gyrotatory incubator with
shaking at 100 rpm. After incubation, sterile MHB was used to adjust the overnight culture to an optical
density of 0.3 at 550 nrand diluted 1 in 50 with fresh sterile MHB. This provided a badt@eaulum of
approximately 1 x 10Colony Forming Units (CFU)/rhiml of culture was applied to each sample at an
inoculum not exceeding 2.4 x AGFU/ml, as verified by viable count. The samples were incubated for 24
h at 37 °C on a gyrotatory incubateith shaking at 100 rpm. Three samples of each type of materials, for
both untreated and lasetreated, were tested to ensure the consistency of the results.

2.7.Bacterial ViabilityAnalysis

After 24 hof incubation, the samples were washed three times with sterile PBS to remove any
non-adherent bacteria. The adherent bacteria were stained witlorescent Live/DedtBacLight"
solution (Molecular Probesjor 30 min at 37 °C in the dark. The fluorescent Vitgbkit contains two
components: SYTO 9 dye and propidium iodide. The SYTO 9 labels all halcergas propidium iodide
enters only bacteria with damaged membranes. Green fluorescence indicates viable bacteria with intact
cell membranes whilst red fluescence indicates dead bacteria with damaged membranes. The labelled
bacteria were observed using fuorescence microscopéGXML3201 LED, GX Opticalit least ten
random fields of view (FOV) were captured per sample. The surface areas covered byéhenad
bacteria were calculated usintpe ImageJsoftware (developed atthe National Institutes of Health
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Bethesda, Maryland, U)ghttps://imagej.nih.gov/ij/). The areas corresponding to the viable bacteria
(coloured green) and the dead bacte(@loured red) were individually calculated. The total ihofarea

was the sum of the green and red areas and the dead/live cell ratio was the ratio between the green and
red areas. The results were expressed as the means of measurementhé&dem imags.

2.8.Bacterial MorphologyAnalysis

After removing samples from the bacterial culture, the samples were initially rinsed with 0.9%
saline for 1 min to remove any neadherent bacteria. This process was repeated three times. The
adherent bacteria weréhen fixed using 2.5% glutaraldehyde in 0.1 M cacodylic acid (pH 7.2). The samples
were kept in this solution for 24 h at°C. After the fixation, the samples were dehydrated in a graded
series of ethanol: 50%, 70%, 90% and 100% with 30 min each at evopefnature. The dehydrated
samples were then transferred to a-2¢kll plate containing a dying agentleéxamethyldisilazane (HMDS)
and left to dry for 24 h in a fume cupboard. The samples were spattated with Au for bacteria
morphology observation bEM(Model 6500F, JEOL, Japafeclean samplesvere imaged by SEM as
a control.

2.9. Statistical Analysis

The significance of the observed differences between the means of different samples were
analysed and comparedbyogiel @ ! bh+! | yR (SBISSaiteigersich 298PS&alric.y 3
The probability below p < 0.05 was considered as statisticglhfisiant.

3. Results
3.1. Surface Morphology by SEM

The SEM micrographs for the untreated and letseated surfaces are shown Kig. 1 (a to i)A
typical surface morphology after mechanical grinding can be observed from the untreated surfaces of
TiG2, TiG5 and CoCrMghowing thepresence of randombgriented scratch marks (Fig. 1a to 1c). As
observed in Figld to 1f, all lasetreated surfacespamely TiG2, TiG5 and CoCrMo, show circular rosette
like markings Such rosettdike markings were created as a consequence of the moving laser beam
02LISNI GSR G /72 Y2RSO aaid2LIAy3de G SHEOK t20F0GA2Y
during the laser treatment process, allowing the laser beam to melt and interact witmétal [21]. Using
the empirical equation derived bguder and Williams [23fhe interaction time (i.e. laser spot diameter
divided by scanning speeldgtweenthe laserbeam and the metal surface was calculated as 4The
magnified views in Fig. 1g and 1h show that theette-like markingsin lasertreated TiG2 and TiG5
surfaces consist of secondary mig¢mano-sized features such as ripples and radial lamellae ds@svs
in Fig. 1g and 1h). The ripple features (see arrow in Fig. 1i) can still be foundasétte-like markings
of lasertreated WCrMo but radial lamellae are absent from the surface.

3.2. Surface Roughness by 2D Roughness Tester

The Ra and Rz values for the untreated and laseted samples extracted from the 2D
roughness profiles are given in Table 1. The Ra values for theatedrsamples are in the rangé0.04
to 0.36 um, while the Rz values are between 0.33 and 2168 The Ra and Rz values of the untreated
samples follow the same order with the untreated TiG2 being the highest, followed by the untreated TiG5
and the lowes is the untreated CoCrMo. Botthe Ra and Rz values increasgnificantly after laser
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treatment, with the Ra and Rz valulgsg between 1.82 and 3.56 um and between 10.85 and 18.70 pm,
respectively. However, the order is differeinbm that whichis ob&rved in the group of the untreated
samples, with the lasereated TiG5 being the highest, followed by the laseated TiG2 and the lowest

is the lasettreated CoCrMo. It can be observed thia¢ TiG2 and TiG&mplesn the untreated and laser
treated groups have higher Ra and Rz values than the CoSaMple

3.3. Surface Topography by AFM

The secondary surface features in the lagseated TiG2 and TiG5 (refer to Fig. 1g andvidre
further analysed using AFM. The untreated TiG2 and TiG5 sukfecesised as control. The secondary
surface featuresvere quantified by two additional surface roughness parameters, namely Rsk and Rku.
The Rsk and Rku values for the untreated and {asated TiG2 and TiG5 are given in Table 1, and their
3D surface prfiles are provided in Fig. 2-(Q. Rku is a measure of the sharpness of the profile. Spiky
surfaces have a high kurtosis value (Rku > 3) whereas bumpy surfaces have a low kurtosis value (Rku < 3).
Rsk describes the asymmetry of a surface. A negativerssswalue indicates a predominance of troughs
whereas a positive skewness value indicates an abundance of peaks.

The results in Table 1 indicate that untreated TiG2 and TiG5 have a low Rku value (< 3) but TiG2
has a negative Rsk whilst TiG5 has a pesRsk. In comparison, both the lageFated TiG2 and TiG5
have a positive Rsk and a high Rku (> 3). The results of skewness and kurtosis analysis point to the fact
that both untreated TiG2 and TiG5 tend to have a bumpy surface (Fig. 2a and 2b) but edtféa2 has
more troughs than peaks though the opposite is found in untreated Ti&®ertreated TiG2 and TiG5
tend to have a spiky surface (Fig. 2c and 2d) with more peaks than troughs in the surface, i.e. due to the
presence of secondary surface featsr@s seen iffrig. 2¢ and 2d, the secondary surface featorelaser
treated TiG5 are noticeably smaller and spikier than thmsésertreated TiG2.

3.4. Surface Wettability by Sessile Drop Method

The water contact angles on the untreated and laseated samples are given in Table 1 and
plotted in Fig. 3. It has been reported that material surfaces can be considered hydrophobic if the water
contact angle is larger than 5[4]. From the results in Table 1, all untreated samples have a high contact
angleof over 70, indicating that untreated’iG2, TiG5 and CoCrMo are hydrophobic. On the other hand,
the water contact angls on lasertreated TiG2 and TiG&re found to be remarkably smaller with
statistical significance (p < 0.05). This indicates that the surface hydrophobicity of TiG2 and TiG5 is greatly
reduced after laser treatment. Furthermore, the decrease in the contact angle is more profound fer laser
treated TiG2 than lasdreated TiG5. The contact angle on untreated and laseated CoCrMo is similar
to each other. The order of surface hydrophobicity for the laseated sampless:

Lasertreated CoCrMo > Lastreated TiG5 >dsertreated TiG2.
3.5. XPS Survey Scans

The surface composition results in atom %, excluding H and He, and normalised to 100% of
elements detected, are shown in TaldeA number of observations can be made from the survey scan
results.Comparingesults for TiG2 and TiGhge levels of Ti areaduced by laser treatmenslightly in the
case of TiG2 and by more than half in the case of TiG5. In both materials, surface oxygen levels are reduced
but nitrogen levels are increased after laser treatmertis suggests that the native surface oxiekes
replacedby a secondsurface film (e.g. TiN) during laser treatme@arbon is present on the untreated
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and lasertreated samples in the form of adventitious hydrocarbon, i.e. residual contamination.
Additionally, TiG5 shows Al and V on the untreated surface. However, the surfaceofdtipAl and V is

far from that of the bulk composition, idicatingsurface enrichment in Al. After laser treatment, this
surface enrichment is even more pronounced, with considgrafbre Al than Ti at the surface. It is
particularnoteworthy that no V is detected from lasereated TiG5. As for CoCrMo, both untreated and
lasertreated surfaces show high levels of carbon. The levels of Co and Cr are slightly increased after laser
treatment. However, the Co and Cr level® rather low in both surfaces, probably as a result of
attenuation of the signal by the hydrocarbon overlayer. The oxygen levels are increased with laser
treatment, asare the levels of Cr and Cblevertheless, nancrease idound in the nitrogen levelsafter

laser treatment.

3.5.1. Narrow Scan dfl 1s Spectrum (for TiG2, TiG5 and CoCrMo)

High resolution scans over the N 1s line on the untreated and-tesa&ted surfaces of TiG2, TiG5
and CoCrMo are shown in Fig. 4YaTwo peaks are seen from TiG2 (Fig. 4adapénd TiG5 (Fig. 4c and
4d). The component at 396 eV is due to nitrogethim form of nitride; that at 400 eV is due to nitrogen
in an electronically neutral form typical of anganic specieg.g. aminetype bondinglandis attributed
to the general lowlevel environmentalcontaminaton expectedon airexposed surfacesCompaing
untreated and lasetreated TiG2, the results indicate a substantial increase in the nitride component on
lasertreated TiG2 (Fig. 4@nd thisincrease in the nitride componerdccounts for the increase in the
total nitrogen level from 3.9% to 7.7%a@wn in Table 2Likewisea substantial increase in the relative
proportion of the nitride component is observed on lage¥ated TiG5 (Fig. 4d) but the increase in the
total amount of nitrogenfrom 2.7% to 3.6%s not as great as seen for lagezated TG2 (Table 2)
Regarding CoCrMo (Fig. 4e and 4f), only one peak at 400 eV is seen on the untreated sample (Fig. 4e). On
lasertreated CoCrMo (Fig. 4f), the N 1s spectrum shows the presence of a further component at 397 eV,
an energy typical of a metal nide form. However, the proportion of the nitride component is very small,
and thus there is not enough evideniwesupport the existence & significant nitride film on lasdreated
CoCrMo.

3.5.2. Narrow Scan of Ti 2p Spectrum (for TiG2 and TiG5)

The TRp spectra from the untreated and laseeated surfaces of TiG2 and TiG5 are shown in Fig.
5 (ad). Each chemicallhifted Ti 2p peak is split into 2pand 2p,, doublets. The various chemically
shifted components of the Ti 2ppeak are found as follows:°Tir metallic Ti = 454 eV, TiO = 455 eV, TiN
or TpO; = 455.8 eV and TiGx 458.8 eV. The spectrum frothe untreated TiG2 surface (Fig. 5a) is
dominated by a strong Ti@omponent, as expected for an d@kposed Ti surfaceMetallic Ti is visible,
indicating that the surface oxide film isgbablyvery thin (~ few nm). Low levels of intermediate states
including TiO and TiNAD; are also visibleAfter laser treatment, the spectrumf TiG2 (Fig. Sishowsno
metallic Ti. Asa proportion of the total Ti signal, the Ti©@omponent is lower and the TiN and TiO
components are stronger thawere foundon untreated TiG20n TiG5, the spectrum of the untreated
surface (Fig. 5¢) looks very similar to that from the equivalent areatoéated TiG2. The Ti 2p region is
dominated by strong Tikxomponents, and low levels of Ti metaf*&ind Ti* are also detected. The®Ti
component has been attributed to TiN, as nitrideseen in the N 1s spectra, bui(kior some mixed oxy
nitride component cannot be ruled out from these da@nthe lasertreated TiG5 surface (Fig. 5dhe
spectrum shows no metallic componemnas is the case for lasteated TiG2 However,the TiQ
componentafter laser treatmenis considerably weakehan that in thelasertreated TiG2.
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3.5.3. Narrow Scan of Al 2p Spectrum (for TiG5 only)

The Al 2p spectra from untreated and laterated TiG5 surfaces are shown in Fig.-§.(&n both
untreated and lasetreated surfaces, the spectra are dominateg major components at approximately
74.2 to 74.4 eV, corresponding to Al in its highest oxidation stat€) Ak possibly Al(OH) On the
untreated TiG5 (Fig. 5e), there is some evidence for a weak component at approximately 71.6 eV
corresponding to Al im metallic alloy form. On the lastneated TiG5 (Fig. 5f), the effect of the laser
treatment appears to have been to convert a thin oxide film where some metallic character could be
detected, into a fully formed oxide. In this case, a substantial iser@athe amount of Al at the surface
is also detected, possibly indicating migration or segregation to the surface and subsequent oxidation as
a consequence of the laser treatment.

3.5.4. Narrow Scan of Co 2p and Cr 2p Spectrum (for CoCrMo only)

The Co 2@and Cr 2p spectra from the untreated and laterated CoCrMo surfaces are shown in
Fig. 6 (ad). The Co spectral range (Fig. 6a and 6b) shows a doublet consisting ob2mwonents in the
binding energy range 77790 eV and 2% components in the energy range 7§B08 eV. The Co 2p
spectral region from the untreated surface (Fig. 6a) shows a sharp and relatively intense component at
778 eV and a broad feature at 781 eV. The sharp feature at 778 eV is due to the metaliit tGe a
feature at 781 eV is due to oxidised Co in the form of CoO. On the laser treated surface (Fig. 6b), there is
no evidence for metallic Co. The Co appears fully oxidised in #ié@o. Furthermore, the Cr 2p spectra
(Fig. 6¢ and 6d) mirror the betiaur of the Co 2p. On the untreated surface (Fig. 6c¢), the spectrum shows
the metallic Cr and the oxidised Cr in the form ofG&rOn the lasetreated surface (Fig. 6d), only the
oxide components are seen, i.e. no evidence for the metallic Cr.

3.6.Huorescence Images (Live/Dead Staining) of Biofilms

Theimages obtained by fluorescence microscapifig. 7 & to € show the adhesion d. aureus
on the untreated Fig. 8, 7c, 7€) and lasetreated (Fig. 7b, 7d, fj surfacesfter 24h culture. The green
and red colours indicate the bacterial cells with intact (live) and damaged membrane (dead), respectively.
As seen in the figures, a high amount of grélenrescences found from the surfaces of all untreated
samples, namely TiGEi§. &), TiG5Kig. €) and CoCrMoHg. &), indicating a high number of viable
bacterial cells adhered on the surfaces. The viable cells are able to adhere and grow on the untreated
surfaces and aggregate to form the biofilms. In comparison, the numibé@ablebacteriaon the laser
treated TiG2 is reduced remarkalffyig. D), i.e. only a small amount of grefinorescencas evident In
addition to the reduced number of viable cells, eining (norviable bacteria) is dominainthe laser
treated TiG2. Similar observations areen orthe lasertreated TiG5Fig. d). Theefindings indicate that
the lasertreated TiG2 and TiG5 surfageay be less hospitable f&. aureusdherence and magossess
a bactericidal effect. In contrasgjreenfluorescence fronviable bacteriawas dominant onthe laser
treated CoCrMo surfacé-ig. 7).

3.7. Statistical Analysis Bacterial Adhesion and Bactericidal Effect

The bacterial adhesion is quantified by calculating the percent of total biofilm area. The results
are plotted inFig. 8 The results show thahe lasertreated TiG2 and TiG5 surfaces exl@bia noticeable
reduction in bacterial adhesion when compared tloeir untreated counterparts. The results are
statistically significant at p < 0.05. However, theras no statisticdy significan differencebetween the
untreated and lasetreated CoCrMo in bacterial adhesion. The order of ability to reduce the bhalcter
adhesion is lasetreated TiG2 > lasdreated TiG5 > lasdreated CoCrMo (p < 0.05). On the other hand,
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the bactericidal effect is quantified by calculating the dead/live cell ratio for each surface, i.e. the higher
the ratio, the moreefficaciousthe bactericidal effect. The results are plottedFig. 9 The results show

that the lasertreated TiG2 and TiG5 have a higher dead/live cell ratio than their untreated counterparts.
The results are statistically significant at p < 0.05. It is importanote that although the mean dead/live

cell ratio is higher for the laséreated TiG5 than the lasdreated TiG2, their difference is not statistically
significant, and thus, there is no statistical evidence to claim that the-tesated TiG5 possessesonger
bactericidal effect than the lasdreated TiG2. However, it can still be concluded that the kissated

TiG2 and TiG5 havenaore efficacioudactericidal effect than their untreated counterparts. The laser
treated CoCrMo possesses a very whaktericidal effect, as does the untreated CoCrMo.

3.8.SEM Micrographs of Biofilms

The SEM micrographs in Fif.show the morphology db. aureudiofiims on the untreatedKig.
10a,10c,10e) and lasetreated (Fig. 10b, 10d, Psurfacesafter 24 h culture. The SEM micrographfig.
10a indicatesthat the untreated TiG2 surface is coveredabarge number of adherent bacterial cells with
evidence of biofilm formations.e. coccoid cells embedded in extracellular polymeric substances (EPS).
Likewse, aggregates of coccoid cells embedded inde®Bund on the untreated TiG5 surfac&ig. 1@).
Moreover, it appears that the biofilms on the untreated TiG2 and TiG5 preferably adhere on the pre
existing surface features, such as grooves from grindirappears thathe untreated CoCrMo surface
was almost completely covered by thickonfluent biofilms EFig. 1@). In comparison, a significantly
reduced amount obacterial adherencevas observed from the lasdreated TiG2 and TiG5 surfaces (Fig.
10band 1@), with the number of adherent cells considerably reduced. The adherent cells on the laser
treated TiG2 and TiG5 surfaces show preferential adhesion on the surfacefesituioes, namely ripples
and lamellae within the laser impact areas. The biofih the lasettreated CoCrMdFig. 16) isconfluent
in areasand more likely to adhere on the circular patterns along the laser tracks. The observations in the
SEM micrographs are in good agreement with those in the fluorescence images and statiaticas an

4. Discussion

The experimental results show that the lagezated TiG2 and TiG5 exhibit notable antibacterial
activities, namely higher resistance to bacterial attachment and colonisation (stronger on TiG2) and
bactericidal effect (stronger omiG5). In comparison, the lasgeatment of the CoCrMo hd no obvious
effect on either inhibiting the bacterial attachment and colonisation or killing the attached bacteria. The
antibacterial activities of the Tiased materials after laser treatment cannot be straightforwardly
explained by the formation of TiNjiven that whether or not the TiN itself exhibited the antibacterial
properties is still controveral. Consequently, it is more appropriate to explain the antibacterial activities
based on the (1) physiochemical (surface hydrophobicity), (2) chemiodé (ilmi composition, thickness
and charge carrier properties) and (3) physical (surface roughness and topography) changes in the
surfaces after laser treatment.

4.1 .Physiochemicathanges Surface drophobicity

It is known that attachment of bacteria to airface depends on a number of factors, such as
Brownian movement, van der Waals forces, gravitational forces, electrostatic forces and hydrophobic
interactions between the bacterial cell and the substratiBacterial attachment can be described by a
two-stage process: an initial reversible attachment in the first step followed by an irreversible attachment
in the secondstep[25]. Hydrophobic interactions are involved in theth steps andare consideredo be
an important factorin enabingthe initial attachment of bacteri§26]. It is known that more hydrophobic
cells adhere more strongly to hydrophobic surfaces, whereas hydrophilic cells strongly adhere to
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hydrophilic surfacef27]. S. aureuss typically hydrophobic2B]. The cell surfae analysis performed by
Mitik-Dinevaet al.[29] indicated thatS. aureugells exhibited more hydrophobic characteristics (water
contact angle of 79 thanEscherichiacoliand Pseudomonasieruginosecells (water contact angle of 34

and 43, respectively). The hydrophobic nature®faureugellsis attributable to the presence of highly
negatively charged and hydrophobic teichoic and lipoteichoic acid (LTA) sites which are the main
constituents ofS. aureugell walls B0, 3]. As a consegenceof the preference of hydrophobic cells for
hydrophobic substrata, hydrophob®& aureusiasa lowertendency to adhere to hydrophilic surfaces. For
instance, Hsieh and Timm37] studied the relationship of substratum wettability and initial aureus
adhesion to different polymer films, namely PTFE, PE, PP, PET, nylon 66, and acetate. They found that
increasingS. aureusadhesion was correlated with decreasing surface water wettability (or higher water
contact angle). The results of Miikinevaet al. [29] showed thatS. aureusvas found to attach less than

E. colandP. aeruginoséo hydrophilic glass surfaces (water contact angle 8f.45unhaet al.[5] reported

that hydrophilic surfaces (water contact angles betweef d&2d 32) created by lasetreatment could
reduce the adhesion &. aureusn Grade 2 Ti alloy

When analysing the samples in the present study, the CoCGrMftaceafter laser treatment
remaired hydrophobic, and thus, no reduction of bacterial attachmerss observed. With regards to
TiG2 and TiG5, the laseeated samples are hydrophilic whilst those of the untreated are hydrophobic.
Therefore, notably ledsacterid attachmentwas foundonlasertreated TiG2 and TiG5, i.e. the hydrophilic
nature of the sufaces inhibied the attachment of hydrophobi&.aureuscells.

4.2.Chemical @anges:Oxide Film Composition, Thickness and Charge Carrepdtties

Athin oxide film is present on the outermost surfaces of all untreated samples.zSwatiarally-
formed oxide film is amorphous in structure and usually of few nm in thickness. The oxide film thickness
is an important factoin relation tobacterial attachmengsit directly influences the number of surface
charge carrierén the oxide filmj.e. usually the higher the oxide film thickness, the smalemumber
of charge carrier§33]. Surface charge carriers are responsible for the electrostatic interactions of bacteria
with a surface. The number of charge carriers decreases in a thilthaiue to inward diffusion intdhe
bulk of the film[33]. Asseen in the XPS spectrum, the oxide filmall the untreated samplds of variable
thickness with some areas very thimith metallic elementgpresentsat or very near the surfaces. Further,
excessive surface defects, such &paint defects and oxygen vacancies which act as traps for charge
carriers are present in the oxide filfhus there issubstantial contribution from the surface defects, and
the thin oxide film would behave as antype semiconductor. Accordingly, there is a relatively high
proportion of charge carriers present at the surfadeuntreated samples, leading tample bacterial
attachment.

In comparison, the XPS spentf the lasertreated samples indicate that the outermost surfaces
are covered by a thicker film. The surface film is composed of nitride and oxides itréaded TiG2 and
TiG5, whilst thdilm in lasertreated CoCrMo isomposedof oxides. It has beereported that the laser
formed oxide film is more crystalline than the naturditymed counterpart{15]. For laseitreated TiG2
and TiG5, their antibacterial activities can be ascribealdbemical stabilization mechanism (as reported
by Jeyachandraret al. [13, 14) andto afilm thickening effect. First, the laséreated Ti surfaces attain
chemical stability through the oxidation or nitridation of defect states in the surface film, i.e. oxidizing the
metallic Ti into the TiO or Ti@nd converting thesurface defects: Tiinto the stable nitride TiN and sub
stoichiometic oxidesTOs. Consequently, the laséreated surfaces are free from unsaturated bonds and
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immune to further reactions with bacteria. Second, althougbth the oxide and nitride are-type
semiconductos, a much thicker filmwas formedin the laser treatment (i.e. no metallic Ti signal seen in
the XPS). The thicker film would indeed act as a strong barrier to electron transport from the substrate to
the surface.So,the lasertreated Ti samples would have a lower capacity to donate electrons to the
bacteria, and therfore less bacterial attachment is seen the surfaces after laser treatment.

It is important to note that lasetreated TiG2 demonstrates a stronger antibacterial effeat
terms of bacterial attachmenthan that of lasettreated TiG5. This is probably due to the combined effect
of chemical composition and concentration of Ti®the surface film. It has been reported that bacteria
preferentiallyattachto areas richri vanadium in titaniunalloys[8]. Although no vanadium content can
be detected from the TiG5 surface after laseratment, the vanadium in the substrate might still have
the effect o encouragngbacterial attachment. Further, the surface film in laterated TiG2 haahigher
concentration of Tigxthan that ofthe lasertreated TiG5. As previously mentioned, the laBemed oxide
film is more crystalline in structure. It is known that crystaliTiQ, particularly theAnatase phase,
possesses stronger antibacterial effect than amorphous T[®4]. The stronger resiahce tobacterial
attachment might be attributable to the higher concentration of crystalline;TQhe surface film. It is
interesting to note that lasetreated CoCrMo does not nioeably affect bacterial attachment, even
though the oxide film is thickened and higher chemical stabilization is attained by complete oxidation of
metallic Co and Cr. However, it is still inconclshat the differences of bacterial attachment between
CoCrMo and Thased alloysan be attributedo the chemical composition, and further investigations are
required to study about thif greater detail.

4.3.Physical changes: surface roughness and toppgra

It is generally accepted that bacteria prefer to adhere on rougher surigesthey offerahigher
surface area for attachment while protecting the cells from unfavourable environmental disturbances
such asshear forceg12]. Cunhaet al.[5] haveprovided aconcisesummary @ the influence of surface
roughness onthe microbial retention ofS. aureusand they have indicated that bacteria adherd
preferentiallyto the surface with topographideatures larger than the bacteria sige2 >m). The results
of 2D roughness measurements indicate that all samples after laser treatment show a significant increase
in the Ra value. Howevamnobvious reduction in bacterial attachment, insteadaaincrease, is observed
for lasertreated TiG2 and TiG5 whereas lageated CoCrMo shows a comparable bacterial attachment
with that of the untreated sample. Ndefinite correlation exists between Ra and bacterial attachment in
the present study. Likewise, the bactericidal effeftlasertreated TiG2 and TiG5 cannot be simply
explained by the Ra value. To gain a deeper insight, kurtosis (Rku) and skewnesgei@&sised to
characterise the TiGand TiG5 surfaces after laser treatment. Two surfaces with similar Ra can show
different Rku and Rsk valu¢24]. As seen in the AFM results, both laseyated TiG2 and TiG5 possess
higher skewness and kurtosis values than their untreated counterparts. This in turn indicates that the
surfaces of lasetreated TiG2 and TiG5 are spikier Rk3) with more peaks than troughs (Rsk > 0). The
bactericidal effect is believed to be associated with €epiky surfaces in lasereated TiG2 and TiG5,
analogous to the bactericidal effect of the Cicada wings reported by Pogudal. [11], wherein
bacteria/material interactions adsorb the bacterial cell tightly onto the material surface, allowing for the
nanostructures on the Cicada wing to pierce the bacterial cell membrane, leading to cell rupture and lysis.
The spiky surfaces are the consequermidbe laserinduced nanefeatures as seen in the AFM 3D image.

It is notable that both laseitreated TiG2 and TiG5 have a positive skewness value but the latter has a
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higher kurtosis value (Rku of 3.04 ver8ukl), indicating that the surface of las&neated TiG5 is spir.
Thismayalso explain whyhe lasertreated TiG5 possesses stronger bactericidal effect.

In summary the attachment ofS. aireuscells to the metallic surfaces studied, namely TiG2, TiG5
and CoCrMgsdriven by the surface hydrophobicity and surface chemistry rather than surface roughness
whilst the bactericidal effect is likely to be determined by the surface topography (or surface spikiness).

5. Conclusions

Three different orthopaediamplant materials,namely CP Ti, Ti6Al4V and CoCrMo allvgse
lasertreated by a fibre laser with a 1064m wavelength in a nitrogen containing environment. The
antibacterial properties of the untreated and laseeated sampleswere compared and analysed. The
followingconclusionsre reached:

1. The sirface roughnessf all materialsvasincreased significantly after laser treatmebasertreated
CP Ti and Ti6Al4V temdito have a spiky surface with moregies than troughs;

2. The surface hydrophobicity of CP Ti and Ti6Al4V gsaatly reduced after laser treatmenibut no
change was obserdeon lasertreated CoCrMo;

3. Both nitrides (TiN) and oxides (Zj@vere presenton the lasertreated CP Tand Ti6Al4\surfaces
however,only oxides(CoO and GB;) were foundfrom the lasertreated CoCrMoThe surface oxides
of all lasertreated materials were free from metallic components atiteir thicknesses were
increased by the treatment

4. Thebacterial adhesion 08. aureusellson lasertreated CP Ti and Ti6Al4V surfaces was reduced
significantly and a bactericidal effeetasseenon these surfacesNo reduction of bacterial deesion
and bactericidal effect werebservedfor lasertreated CoCrMo.

In conclusionlaser treatment of CP Ti and Ti6Al4V surfaces using a fibre laser at 1064 nm in a
nitrogen environment was found to promote their antibacterial properties. These antibacterial properties
resulted from both reduced bacterial adhesion and to a bactericidakcefThese effects orthe laser
treated CP Ti and Ti6Al4&vrfaceswere attributed to the combined effects of reduced hydrophobicity,
the presence othicker and stablaitride andoxide filmsandto presence of laseinduced nano features.
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Tables and Figures

Table 1¢ Summary of the surface roughness parameters and water contact angles for the untreated and
lasertreated samples: TiG2, TiG5 and CoCrMo

Surface Roughness Parameters

Surface Wettability

Ra (um) Rz (um) Rsk Rku Water Contact Angle)
M r 203urf M r il
ampes | i | wessweaoy aru | Mepee Sesi
Untreated TiG2 0.37 2.59 -0.34 2.06 74.3
Untreated TiG5 0.13 1.14 0.22 2.29 72.6
Untreated CoCrMo 0.04 0.33 80.6
Lasertreated TiG2 2.60 18.70 0.07 3.04 31.9
Lasertreated TiG5 3.57 23.23 0.32 311 45.7
Lasertreated CoCrMo 1.83 10.86 83.0

Table 2 Summary of atom % compositions by XPS on the untreated and laser treated samples:
TiG2, TiG5 and CoCrMo

TiG2 TiG5 CoCrMo
Elements &ines Untreated Laser Untreated Laser Untreated Laser
treated treated treated

Ti 2p 9.0 8.1 3.8 15
Al 2p 5.4 125
V 2p3/2 0.2
Co 2p3/2 1.8 2.7
Cr 2p3/2 1.6 2.6
O1s 32.8 28.0 23.3 23.0 13.1 19.6
N 1s 3.9 7.7 2.7 3.6 2.9 1.7
C1s 50.1 53.7 62.1 55.6 80.7 72.0
Others: Ca 2p, ClI
2p, Fe 2p,P 2s, S 4.3 2.5 25 3.8 0.0 15
2p, Si 2p, Zn 2p3/2
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(b) Untreated TiG5

»

A

3'5’“ (g) Magnified view of (d) (h) Magnified view of (e) -”'ﬂ"“ (i) Magnified view of (f)

Ripples [ ‘ _ e W Ripples
/ A ' M b | Ripples

Fig. 1 (a). SEM micrographs for the{g untreated and (d) lasertreated samples: TiG2 (a, d & g), TiG5
(b, e & h) and CoCrMo (c, f and i). The micrographs from (a) to (f) are at lower magnification of 1000x,
whilst the micrographs from (g) to (i) are the magrfigews of (d) to (f) at 3000x.
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(a) Untreated TiG2 (b) Untreated TiG5

(c) Laser-treated TiG2 (d) Laser-treated TiG5

Fig. 2 (ad). AFM topography 3D images for thebjeuntreated and () lasertreated TiG2 and TiG5. Scan
area 2x2um color coding of all images as by height scale in figure.
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Water Contact Angle (deg)

Fig. 3. Mearcontact angles of wate(n = 8) with error bars (95% confident interval) for the two groups of
samples: untreated and laséreated samples. Within the group of the untreated samples, no significant
differences are observed. Within the group of the laseated samples, the &ertreated CoCrMo has the
highest contact angle, followed by the lagezated TiG5 and the las¢reated TiG2 has the lowest. Results are
statistically significanat p < 0.05. A statistically significant reduction in the contact angle is observed in the
lasertreated TiG2 and TiG5 when comparing with their untreated counterparts. No statistically significant
difference exists between the untreated and laseyated CrCrMo.

* indicates the mean difference is significant at p < 0.05.
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(a) Untreated TiG2, N 1s (b) Laser treated TiG2, N 1s

410 408 406 404 402 400 398 39 394 392 390 410 408 406 404 402 400 398 3%6 394 392 390
Binding energy (eV) Binding energy (eV)

(c) Untreated TiG5, N 1s (d) Laser treated TiG5, N 1s

410 408 406 404 402 400 398 396 394 392 390 410 408 406 404 402 400 398 396 394 392 390
Binding energy (eV) Binding energy (eV)
(e) Untreated CoCr, N 1s (f) Laser treated CoCr, N 1s

Fig. 4 (&). XPN 1s spectra from the untreated and lagezated samples:
(a-b) TiIGZ N 1s, (ed) TiGX N 1s and () CoCrMa; N 1s
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Fig. 5 (ef). XPSi2p and Al 2p spectra from the untreated and lateated samples:
(ab) TiIGZ; Ti 2p, (ed) TiG5 Ti 2p and (d) TiG5 Al 2p
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