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Abstract 

Background Biofilm formation on medical device surfaces is a persistent problem that shelters bacteria and encour‑
ages infections and implant rejection. One promising approach to tackle this problem is to coat the medical device 
with an antimicrobial material. In this work, for the first time, we impart antimicrobial functionality to  Ti3Au intermetal‑
lic alloy thin film coatings, while maintaining their superior mechanical hardness and biocompatibility.

Methods A mosaic Ti sputtering target is developed to dope controlled amounts of antimicrobial elements of Ag 
and Cu into a  Ti3Au coating matrix by precise control of individual target power levels. The resulting  Ti3Au‑Ag/Cu thin 
film coatings are then systematically characterised for their structural, chemical, morphological, mechanical, corrosion, 
biocompatibility‑cytotoxicity and antimicrobial properties.

Results X‑ray diffraction patterns reveal the formation of a super hard β‑Ti3Au phase, but the thin films undergo 
a transition in crystal orientation from (200) to (211) with increasing Ag concentration, whereas introduction of Cu 
brings no observable changes in crystal orientation. Scanning and transmission electron microscopy analysis show 
the polyhedral shape of the  Ti3Au crystal but agglomeration of Ag particles between crystal grains begins at 1.2 at% 
Ag and develops into large granules with increasing Ag concentration up to 4.1 at%. The smallest doping concen‑
tration of 0.2 at% Ag raises the hardness of the thin film to 14.7 GPa, a 360% improvement compared to the ∼4 GPa 
hardness of the standard  Ti6Al4V base alloy. On the other hand, addition of Cu brings a 315—330% improvement 
in mechanical hardness of films throughout the entire concentration range of 0.5—7.1 at%. The thin films also show 
good electrochemical corrosion resistance and a > tenfold reduction in wear rate compared to  Ti6Al4V alloy. All thin 
film samples exhibit very safe cytotoxic profiles towards L929 mouse fibroblast cells when analysed with Alamar blue 
assay, with ion leaching concentrations lower than 0.2 ppm for Ag and 0.08 ppm for Cu and conductivity tests reveal 
the positive effect of increased conductivity on myogenic differentiation. Antimicrobial tests show a drastic reduction 
in microbial survival over a short test period of < 20 min for  Ti3Au films doped with Ag or Cu concentrations as low 
as 0.2—0.5 at%.

Conclusion Therefore, according to these results, this work presents a new antimicrobial  Ti3Au‑Ag/Cu coating mate‑
rial with excellent mechanical performance with the potential to develop wear resistant medical implant devices 
with resistance to biofilm formation and bacterial infection.
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Background
Interest in intermetallic alloys of titanium (Ti) and gold 
(Au), especially  Ti3Au, is increasing due to its excellent 
biocompatibility combined with its enhanced hardness 
value of > 12 GPa [1–5]. Ti-based alloys are widely used 
in aerospace and military applications requiring high 
strength-to-weight ratio, while medical grade Ti alloys 
like  Ti6Al4V (or Ti64) are of great importance for the 
medical implant device sector because of their excel-
lent mechanical strength, superior osteointegration, low 
ion formation and excellent corrosion resistance. While 
 Ti6Al4V is an established material for artificial joint man-
ufacture, its comparatively lower mechanical hardness 
and health concerns over leaching of Al and V ions [6–8], 
has given way to other ceramic-based materials like oxi-
dised-zirconium, which is produced by gradual oxidation 
of pure zirconium, resulting in superior surface hard-
ness values > 12 GPa, making it an industry favourite for 
developing long-life load-bearing artificial joints [9, 10]. 
However, recent studies have shown that the wear rate of 
articulating surfaces of artificial implants like knee, hip, 
elbow or shoulder joints is accelerated when the harder 
oxide surface layer wears off and exposes the softer base 
metal [9–12].

Ti and Au elements are well known for their biocom-
patibility and corrosion resistance, which makes them 
good choices for various implant applications. Initial 
studies on TiAu, like that of Oh et  al. [13], focussed on 
the excellent biocompatibility and improvement in cor-
rosion resistance achieved by limited Au addition (0–20 
at%) into a Ti matrix in bulk format and a substantial 
improvement in mechanical hardness from ~ 2 to 3.5 
GPa compared to commercially pure Ti samples, was 
also observed with heat treatment, caused by an α to β 

phase transition of the Ti matrix. A better understanding 
of the Ti-Au interaction was then developed by Martinez 
et al. [14], and the first principle studies from Rajagopa-
lan et  al. [15], revealed greater insight to predict struc-
tural, mechanical and thermal properties of the  Ti3Au 
intermetallic. Later, Lee et  al. [16], associated increased 
hardness of Ti-Au alloys (Au concentration 0–40 at%) to 
precipitate hardening caused by evolution of the  Ti3Au 
intermetallic phase from an Au concentration of 15.3 at% 
onwards. However this work failed to identify different 
phases of  Ti3Au, which is now known to have a serious 
effect on the outcome of mechanical hardness, thanks to 
the ground breaking work of Svanidze et al. in 2016 [2], 
on arc melting Ti-Au in varying compositions. Svanidze 
et  al. found that the mechanical hardness of the Ti-Au 
alloy increased non-monotonously, reaching a peak hard-
ness of ~ 7.85 GPa when the intermetallic alloy forms a 
cubic  Ti3Au compound [2, 3]. The mechanical perfor-
mance of the  Ti3Au intermetallic was observed to outper-
form many other commonly used medical alloy systems 
in terms of hardness, like stainless steel, cobalt chrome 
and  Ti6Al4V alloys [2, 17]. This enhancement in hard-
ness was understood to be caused by the higher mass 
density of Au which allows it to exhibit higher valence 
electron density, leading to increased bond length and 
higher hardness for the final alloy. It was observed that 
even though  Ti3Au starts forming between 10–35 at% of 
Au, it can exist in two different α and β forms, depending 
upon the fabrication conditions and stoichiometric com-
position. The enhancement in hardness is also caused 
by a difference in their respective atomic arrangement. 
Au atoms exist in 12-fold coordination for both α and 
β phases, whereas Ti atom coordination changes form 
12-fold (8 Ti and 4 Au) in the α phase to 14-fold (10 Ti 
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and 4 Au) in the β phase. This results in denser packing 
of the β phase unit cell, which presents a higher energy 
barrier for slipping of dislocation planes within the lattice 
system and therefore higher hardness compared to its α 
phase. One promising solution to extend the lifetime of 
artificial joint implants made of  Ti6Al4V alloy is to coat 
their articulating surfaces with a hard, biocompatible 
 Ti3Au thin film which will provide enhanced wear per-
formance while reducing the ion leaching potential of Al 
and V elements. This could also result in a reduction in 
implant material cost due to relatively low cost of  Ti6Al4V 
alloy ($10/kg) when compared to zirconium ($35/kg) [18] 
used to manufacture oxidised-zirconium implant devices.

Based upon these results for bulk Ti-Au alloys, Karimi 
et  al. [4], explored the mechanical performance of the 
Ti-Au alloy in thin film format and observed an improve-
ment in ductility due to satisfaction of the Pugh crite-
rion (B/G < 1.75) [4, 15, 19] as the underlying substrate 
reinforced the integrity of the Ti-Au thin film above it. 
Recently [1], we showed that excellent mechanical hard-
ness of ~ 12 GPa can be achieved with  Ti3Au thin films 
deposited on  Ti6Al4V substrates by carefully control-
ling the Au concertation in the Ti matrix. Our work also 
established a strong dependency of crystallization of 
the  Ti3Au phase on the substrate temperature, leading 
to preferential orientation of the β phase of  Ti3Au with 
a substrate temperature of 450˚C [1, 16]. Further to this 
it was also established that reducing the deposition pres-
sure to 0.3 Pa, plays a crucial role in achieving  Ti3Au thin 
films with denser columnar microstructure and improved 
hardness values of > 12.5 GPa.

While superior mechanical hardness and biocompat-
ibility makes  Ti3Au thin film coatings suitable for load-
bearing implant applications, its functionality can be 
further enhanced by imparting it with antimicrobial 
properties to help combat implant associated infections 
(IAI). When a foreign body like an artificial implant is 
introduced in the body, it provides a substrate for micro-
organisms to colonize and eventually form a protective 
biofilm that is impervious to antibiotic treatment and 
response from the host immune system [20–23], result-
ing in an IAI. The associated infection often leads to fail-
ure of the implant device and a requirement for costly 
corrective surgery which can have a significant impact on 
both the patient and healthcare system [21]. One study 
showed that infection associated implant failures account 
for 26% of all healthcare associated infections [20], 
whereas another study describes IAI’s as the most pulver-
izing post-operative problem associated with the artificial 
implant installation process [21].

The antimicrobial performance of commercially pure 
Ti is very poor, and while development of surface oxides 
like  TiO2, can improve osteo-inductive properties, the 

bactericidal effects are still very limited and insufficient 
to overcome biofilm formation and prevent IAI’s [21, 24–
26]. Even established Ti alloys like  Ti6Al4V, Ti-Ni, Ti-Nb, 
and Ti-Zr lack antimicrobial performance and need spe-
cial surface treatment like oxygen plasma immersion ion 
implantation (O-PIII) to observe any bactericidal activ-
ity [27]. Very recently, Fu et al. [28], reported on a Ti-Au 
material system with antimicrobial action against the 
Gram-positive bacteria S. aureus. The antibacterial per-
formance was directly proportional to the ratio of  Ti3Au 
intermetallic phase and was attributed to development 
of hot electrons which damage the reactive oxygen spe-
cies (ROS) homeostasis of bacteria, causing oxidative cell 
stress and prevention of biofilm formation.

The antimicrobial performance of Ti-based alloys can 
be further enhanced with the addition of biocidal ele-
ments such as silver (Ag) and copper (Cu). Work done 
by Lie et al. [29], shows that a mere 1–4 at% of Ag in a 
Ti-Ag alloy can achieve a 90–98% reduction in S. aureus 
bacterial colonies, within 24 h of exposure. Another work 
by Ewald et al. [30], showed that 0.7–4 at% of Ag, releas-
ing 0.5–2.3 ppb of Ag + ions over 24 h of incubation time 
period is sufficient to cause a 32–64% reduction in bacte-
rial colonies of the Klebsiella pneumoniae bacteria strain. 
Dosunmu et al. [31], attributed the antibacterial proper-
ties of Ag nano particles to degradation of bacterial cell 
membrane, downregulation of bacterial virulence genes, 
and their induction of general and oxidative stress, while 
Gordon et al. [32], showed that Ag ion interaction leads 
to deactivation of key enzymes like succinate dehydro-
genase mediated by their binding to thiol groups and 
on their induction of hydroxyl radical formation, which 
results in DNA damage. Similarly for Cu, Ji et  al. [33], 
observed that a Cu concentration of 3–10 at% is suffi-
cient to cause a 99% reduction in bacterial colonies of the 
Escherichia coli (E. coli) strain due to the release of high 
levels of Cu2 + ions (40–100 ppm over 24 h) which leads 
to destruction of the bacterial cell wall and membrane. 
Another work from Wu et  al. [34], associates the excel-
lent antimicrobial properties of a Ti-Cu alloy containing 
5 at% Cu, to the formation of acicular  Ti2Cu intermetal-
lic at higher processing temperature with higher release 
rate of Cu2 + ions. Work done by Javadhesari et  al. [35] 
on Ti-Cu alloys, showed a 96% reduction in E. coli and 
S. aureus (24  h time period) with Cu ion release levels 
as low as 6.7–11  ppb, while also achieving a two-fold 
increase in mechanical hardness to 10 GPa, when com-
pared to the standard  Ti6Al4V alloy. The antimicrobial 
performance of the Cu containing surface is attributed 
to the release of Cu2 + ions which enter the bacterial cell 
membrane and produce intracellular ROSs like superox-
ide radical anion  (O2

−), hydrogen peroxide  (H2O2), and 
highly reactive hydroxyl radicals (OH). These reactive 
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species interact with biological molecules within bac-
teria like lipids, proteins and nucleic acid, causing oxi-
dative damage to the organism [35]. Other works also 
support the possible mechanism behind antimicrobial 
performance of Cu ions to be the extraction of electrons 
from bacteria which leads to damaged cell permeability 
and thereby loss of bacterial cytoplasm and oxidation of 
nucleus [33]. Studies have shown that such nanoparticle 
based interventions from implant surfaces can form a 
sustainable multifunctional barrier against intracellular 
infections caused by multi drug resistant (MDR) or anti-
microbial resistance (AMR) bacterial species and further 
can also exhibit wound healing properties [36].

It is clear that by developing a biocompatible coat-
ing with enhanced hardness and antimicrobial proper-
ties, artificial load bearing hip, knee, elbow and shoulder 
implants with longer lifecycle can be manufactured, 
which will considerably reduce the risk of IAI’s. Apart 
from artificial joint implants, such super hard biocompat-
ible alloys can be used to manufacture scratch resistance 
luxury watches/jewellery, long lasting biocompatible 
wearable devices, light weight human exoskeleton sys-
tems for extreme environments and antimicrobial appli-
cations such as high touch surfaces, food packaging and 
water treatment. In this work, we make the first funda-
mental attempt to dope the biocompatible β-Ti3Au thin 
film structure with small quantities (< 10 at%) of bioc-
idal Ag and Cu elements to impart strong antimicrobial 
functionality without affecting the excellent mechanical 
hardness of this alloy system. We demonstrate new super 
hard  Ti3Au biocompatible thin film coatings doped with 
X (x = Ag, Cu) with enhanced hardness and wear resist-
ance and potential to develop medical implant devices 
with excellent resistance to biofilm formation and bacte-
rial infection. The novelty of the proposed Ag/Cu doped 
 Ti3Au coating lies in its double acting approach to extend 
the lifetime of artificial implants, firstly by enhancing the 
wear resistance of implant articulating surfaces and sec-
ondly through its strong resistance against biofilm for-
mation to reduce the risk of implant failure due to IAI’s 
during the critical initial hours post-surgery.

Methods
Thin film deposition
While antimicrobial coatings can be synthesized by var-
ious methods such as chemical, physical or biological, 
(see comprehensive study in our previous work [37]), 
this study employed sputtering as its choice of synthe-
sis technique, due to its precise control over chemical 
composition and ability to form uniform dense thin 
films over a large surface area. The magnetron sput-
tering technique was used to deposit all of the  Ti3AuX 
(x = Ag, Cu) thin films samples onto glass slides and 

 Ti6Al4V medical grade substrates, using a S10A Nano-
PVD sputtering system from Moorefield Nanotech-
nology Ltd, UK.  Ti6Al4V strips (76 × 25 × 1  mm3) were 
polished using SiC paper (P240 to P4000) on a wheel 
polisher to a surface finish better than 40 nm, verified 
in either direction using an Alicona Infinity Focus sur-
face measurement system. The polished  Ti6Al4V strips 
were then cut into smaller substrates (19 × 25  mm2) 
and cleaned, together with standard microscopic glass 
slides (76 × 25 × 1  mm3), using 5:1 solution of water to 
Decon 90 cleaning agent, followed by ultrasonic bath 
and rinse in isopropanol (IPA) and acetone to remove 
surface adherents. After a second ultrasonic bath, 
the substrates were blown dry using dry nitrogen and 
loaded into the deposition chamber at a distance of 
100 mm from the plasma source and rotated at a con-
stant speed of 5 rpm during the deposition process. The 
deposition system was fitted with two magnetrons, set 
in co-sputtering mode to achieve simultaneous deposi-
tion of two target materials to form intermetallic com-
pounds. One magnetron was loaded with a 50.8  mm 
diameter by 6.35  mm thick mosaic Ti target and con-
nected to a DC power source and the other was loaded 
with a standard Au target of the same dimensions and 
connected to an RF power source. The mosaic Ti target 
was custom built by Pi-KEM Ltd, UK, with 8 blind holes 
(3  mm diameter × 4  mm deep) on the sputtering sur-
face, to accommodate the Ag and Cu doping elements, 
see Fig. 1. In order to achieve better control of Ag/Cu 
doping concentration, these 8 blind holes were drilled 
in two sets with 4 in the centre of the sputtering target 
racetrack for a higher doping rate and 4 on the outer 
edge of racetrack for a lower doping rate. Addition-
ally, 8 cylindrical target inserts (3 mm diameter × 4 mm 
long) of Ti, Ag and Cu, were supplied Pi-KEM, which 
can be readily interchanged between deposition runs to 
achieve thin film samples with varying dopant element 
concentrations. The power levels on the Ti and Au tar-
gets were precisely controlled to achieve the required 
3:1 stoichiometric ratio between Ti and Au in each 
deposition run. The substrate surface temperature was 
heated to 450˚C and the working pressure was adjusted 
to 0.3 Pa to achieve better crystallization of the β phase 
of  Ti3Au, in line with the findings in our previous work 
[1]. To explore the effect of a wide range of dopant 
concentration, 4 runs were conducted for each of the 
dopant elements (Ag and Cu) with 1, 3, 5 and 8 dopant 
inserts fitted in the mosaic Ti target and any remaining 
holes fitted with Ti inserts, see Fig. 1. The first dopant 
inserted was fitted into one of the holes in the outer 
edge of sputtering racetrack and thereafter alternating 
between the centre and outer edge of the racetrack. The 
electrical conductivity between each of the inserts and 
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the mosaic target was verified to ensure a uniform sput-
tering plasma could be maintained across the entire 
target surface during deposition.

Thin film characterisation
The crystal structure of the  Ti3Au thin films doped with 
Ag and Cu ternary elements were studied using a Rigaku 
Smart Lab 2 X-ray diffractometer, equipped with Cu  Kα 
radiation, in parallel beam configuration. The reflec-
tion patterns were collected for 2θ values between 10 to 
80° and peak indexing was performed using the built-
in crystallographic data base and confirmed with files 
from the ICSD (Inorganic Crystal Structure Database). 
The surface and cross section features of these samples 
were imaged using a Tescan Systems MIRA 3 scanning 
electron microscope (SEM), operating at 5  kV. Atomic 
concentration of each element within the thin film sam-
ples was analysed using an X-Max 150 energy dispersive 
X-ray (EDX) spectroscopy detector from Oxford Instru-
ments, incorporated within the SEM. Elemental variation 
across the thin film thickness was verified using second-
ary ion mass spectroscopy (SIMS) from a Hidden Ana-
lytical gas ion gun (argon) rastered over a 500 × 500 µm2 
area and a quadruple detector. Lamellae for transmis-
sion electron microscopy (TEM) were milled using a FEI 
Helios Nano Lab 600 Dual Beam focused ion beam (FIB) 
system, operating a focused 30 keV Ga liquid metal ion 
source. TEM images were obtained using a JEOL 2100F 
TEM system operating at 200 keV with an Oxford Instru-
ments micro-analysis system running at 200  keV and 
0.7 nA in scanning transmission operation to perform 

cross section micro-analysis. The surface roughness of 
the films was measured from atomic force microscope 
(AFM) scans generated using a Nanoveeco Dimension 
3100 AFM fitted with a 15 nm sharp silicon tip in con-
tinuous contact mode, rastering over a surface area of 
3 × 3 μm2. The AFM scans were measured over 4 sample 
sites using Gwyddion processing software and the mean 
values of surface roughness were calculated. Mechani-
cal properties were measured using a Bruker-Hysitron 
TI900-Triboindneter nanomechanical testing system 
fitted with a 3-sided Berkovich diamond tip. A set of 16 
indents in a 4 × 4 pattern were made on each sample to 
a depth reaching close to 10% of the total film thickness. 
The resultant force displacement curves were then ana-
lysed according to the Oliver and Pharr indentation tech-
nique to extract hardness and elastic modulus values of 
the films from the unloading leg of the curve. The electri-
cal conductivity of the thin film samples was calculated 
from the measurement of their sheet resistance using a 
T2001A3-EU four-point probe system (Ossila Limited, 
Sheffield, UK) and their thickness using a DektakXT 
stylus profilometer. Friction and wear behaviour were 
evaluated using a Nanovea T50 tribometer with AISI 
440 stainless steel balls of 6 mm diameter sliding against 
the coating samples submerged in simulated body fluid 
(SBF) [38] at room temperature. A normal load of 1.52 
N was applied to the stainless-steel ball when sliding in 
linear reciprocal motion mode at an amplitude of 5 mm 
and frequency of 1 Hz for 20 min, giving a total sliding 
distance of 12 m. Following the test, the wear scar mor-
phologies were examined using an optical microscope 

Fig. 1 Schematic of custom‑made mosaic Ti sputtering target with 8 holes to accommodate Ag and Cu doping inserts and a table showing design 
of experiment to explore the effect of dopant concentration in  Ti3Au thin films by varying the number of Ag and Cu inserts in the custom‑made 
mosaic Ti target
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of the Nanovea PB1000 Mechanical Tester, with coaxial 
white light illumination, and the wear volume was meas-
ured using a Nanovea JR25 profilometer. Electrochemi-
cal corrosion resistance measurements were conducted 
in a standard 3-electrode cell using a potentiostat/galva-
nostat workstation (Metrohm Vionic 3500001080) in SBF 
at 37°C, with the sample acting as the working electrode 
(2  cm2 exposed area), a platinum counter electrode and 
a silver/silver chloride reference electrode (Ag/AgCl). 
Prior to testing, the samples open circuit potential (OCP) 
was monitored continuously until stable conditions were 
attained. Potentiodynamic polarization measurements 
were then taken in the range -0.8 V to + 0.4 V at a scan 
rate of 1 mV/s and used to determine the anodic (βa) and 
cathodic (βc) Tafel slopes and corresponding values of 
corrosion current density (icorr), corrosion potential (icorr), 
polarization resistance (Rp) and protective efficiency 
(Pe) [39]. Electrochemical impedance spectroscopy (EIS) 
tests were performed in the frequency range 0.01 Hz to 
100 kHz at an amplitude of 5 mV.

Cell lines and culture reagents
L929 murine fibroblast cells were purchased from 
Deutsche Sammlung von Microorganismen und Zellkul-
turen (DSMZ – Braunschweig, Germany). Cells were cul-
tured in Dulbeccos’s Modified Eagle Medium (DMEM) 
high glucose, supplemented with 10% fetal bovine 
serum (FBS), 2 mM L-glutamine, 100U/ml penicillin and 
100 μg/ml streptomycin, and incubated under humidified 
conditions at 37  °C and 5%  CO2. Murine fibroblast cells 
were grown as monolayer cultures and were sub-cultured 
for a maximum of 15–20 passages, before new vials were 
used. DMEM high glucose culture media and reagents 
[Phosphate Buffer Saline (PBS), foetal bovine serum 
(FBS), antibiotics and trypsin] were obtained from Bios-
era (Kansas City, MO, USA), while for cytotoxicity assays, 
Resazurin sodium salt was purchased from Fluorochem 
(Derbyshire, UK).

Thin film extracts preparation
Extracts of thin film samples were prepared by follow-
ing two distinct experimental protocols. Specifically, the 
first set of extracts was prepared through immersion of 
thin film test samples into 6-well culture plates contain-
ing 6 ml of DMEM media for 72 h in a humidified incu-
bator at 37°C, 5%  CO2. In addition, a slight agitation was 
applied to the 6-well plates containing the samples for 5 s 
at the beginning and the end of the preparation period, 
in order to promote ion leaching rates into the culture 
media, which were subsequently used for cytotoxicity 
experiments against cultured L929 mouse fibroblast cells. 
After the completion of the initial 72 h of leaching time, 
a second set of extracts from the same thin films was 

obtained by extending the immersion period by a further 
96 h within the DMEM media. In addition to the thin film 
samples, extracts were also derived from polished Cu and 
Ti substrates to be used as positive and negative control 
samples, respectively, for the cytotoxicity experiments.

Biocompatibility characterisation of thin films against L929 
mouse fibroblast cells
Extract exposure method
The biocompatibility performance of the doped  Ti3Au 
thin films was analysed by measuring their in-vitro 
cytotoxic effect through the Alamar blue assay and 
ion leaching potential according to ISO 10993 stand-
ards. Specifically, L929 cells were seeded at a density 
of 2000 cells/well into a 96-well culture plate and incu-
bated overnight at 37°C and 5%  CO2. The following day, 
DMEM culture media was aspirated and replaced with 
extracts obtained from thin films deposited on  Ti6Al4V 
substrates, following 72  h and 168  h ion leaching peri-
ods. For each experimental condition, L929 cells were 
exposed to respective leached extracts for a total period 
of 72 h. Simultaneously, L929 cells were also exposed to 
both Cu substrate derived extracts and DMEM culture 
media containing 10% DMSO containing extracts, used 
as positive control conditions, while in negative control 
conditions, L929 cells were exposed to both complete 
DMEM culture media (Blank samples) as well as extract 
leached from a blank Ti substrate. Thereafter, follow-
ing the completion of the 72 h exposure period of L929 
cells with the above conditions, 10 μl of resazurin (1 mg/
ml final concentration) was added to each well and cells 
were incubated for 4 h at 37°C. At the end of incubation 
period, absorbance measurements were performed at 
570 and 590 nm (reference wavelength) using an absorb-
ance plate reader (Labtech LT4500, UK) while cell viabil-
ity levels were calculated and expressed as a percentage 
of untreated (Blank) cells.

Leached ion concentrations from  Ti3Au thin films 
and blank Ti and Cu substrates into their respective 
extracts, were measured using a Perkin Elemer Optima 
8000  inductively coupled plasma optical emission mass 
spectrometer (ICP-OEMS). A portion of the sample 
extracts prepared after 72 h and 168 h of leaching period, 
were passed through the mass spectrometer and the 
intensity of ion concentrations were compared against a 
set of pre calibrated standards containing 0.625, 2.5, 5.0 
and 10 ppm of dissolved Ti, Al, V, Cu and Au.

Direct thin film surface exposure method
For immunofluorescence experiments, nucleus stain-
ing reagent 4′,6-diamidino-2-phenylindole (DAPI) was 
purchased from Sigma-Aldrich Co. (Taufkirchen, Ger-
many), fluorescent mounting medium was from DAKO 
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(S3023), Phalloiding CF®440 antibody was from Biotium 
(Fremont, CA, USA), while microscope cover glasses 
were purchased from Paul Marienfeld GmbH & Co. KG 
(Lauda-Königshofen, Germany).

For immunofluorescence analysis, L929 fibroblast cells 
were seeded on glass coverslips inserted into 100  mm 
culture dishes and allowed to grow overnight. The follow-
ing day, the different thin film test samples were placed 
into 100  mm plates and fibroblast cells were directly 
incubated for a total of 72 h. In parallel, mouse fibroblasts 
were also incubated with Cu substrates and DMEM cul-
ture media containing 10% DMSO, used as positive con-
trol conditions, while for negative control conditions, 
both blank Ti substrates and complete DMEM culture 
media (Blank samples) were used. At the end of treat-
ments, cells were initially washed three times with PBS 
and were then fixed on ice with 3.75% formaldehyde in 
PBS for 15  min. Following three wash cycles with PBS, 
cells were permeabilized by adding PBS, pH 7.4 contain-
ing 0.5% Triton-X for 10  min. Cells were subsequently 
washed three times for 5  min with PBS and incubated 
with fluorescent Phalloidin antibody at room tempera-
ture for 20 min. After that cells were washed three times 
with PBS, while cell DNA was counterstained with DAPI 
(1 μg/mL) for 5 min, washed with PBS and finally cover-
slips were mounted with fluorescent mounting medium 
prior to observation. Cell images were obtained with a 
40X lens and a fluorescence microscope (Zeiss Axionvi-
sion software, Carl Zeiss Microimaging, Oberkochen, 
Germany), was used for image acquisition. For images 
analysis, the Image J software was used.

For cytotoxicity analysis following direct incubations of 
L929 cells on the samples detailed above, the thin films 
and glass cover slips were removed from the 100 mm cul-
ture plates and cells from each condition were collected 
via trypsinization. Subsequently cells were centrifuged, 
resuspended in DMEM culture media, counted and 5000 
cells/well were seeded into a 96-well culture plate and 
incubated at 37  °C and 5%  CO2 overnight, for Alamar 
blue cytotoxicity assay. Moreover, in order to determine 
the effect of direct thin film exposures, a cell viability 
measurement was performed on the same day using the 
Trypan blue exclusion assay. Specifically, equal (10  μl) 
parts of L929 cells from each of the above conditions 
and 0.4% Trypan blue stain were mixed, live and dead 
cells were counted and the percentage (%) of viable cells 
was calculated using the following formula: viable cells 
(%) = total number of viable cells per ml/total number of 
cells per ml × 100. Finally, the following day, the Alamar 
blue cytotoxicity assay was performed, as a comparative 
study to that of the extract exposure method detailed 
earlier, in terms of cell viability levels, expressed as a per-
centage of untreated (Blank) cells.

Antimicrobial test
E. coli TOP10 cells expressing the recombinant ilux 
gene cassette [40] were cultured aerobically at 37°C in 
LB broth containing a final concentration of 100  μg/ml 
Ampicillin (Amp). After 24  h of growth, the cells were 
harvested by centrifugation at a g-force of 3200  g  for 
15 min. The cells were washed by resuspension in 10 ml 
fresh LB/Amp. The centrifugation was repeated, and the 
resulting pellet of cells was resuspended in 5 ml of fresh 
LB/Amp. These cells in aliquots of 5 ml with a cell density 
of 6 ×  109 cfu/ml, were then used for analysis of the thin 
film surface’s antimicrobial properties.

The thin film samples were situated and fixed by adhe-
sive tape on their rear side to a glass plate to retain their 
positioning during the analysis. Aliquots (5 ml) of the cell 
suspension were added to the centre of each sample sur-
face and placed inside a GeneSys (Syngene) GBox with 
no illumination for image capture. GeneTools (Syngene) 
software was programmed for an exposure time of 3 min 
i.e., to take images of the individual 5 μl droplets after 1, 
4, 7, 10, 13, 16, and 19  min. All experiments were per-
formed in triplicate. These images were exported as TIFF 
images and analysed by the visual identification of biolu-
minescent dots. All dots were selected individually using 
the software selection tool along with an appropriate 
background sample to act as a blank reading. Following 
this manual identification, the light intensity results were 
exported to Microsoft Excel for further analysis.

Each individual spot had the background light intensity 
removed and the triplicates used to calculate an average 
light intensity for each surface sample and time point. 
The logarithmic values of the averaged bioluminescence 
readings were then plotted against time to produce a 
linear trendline relationship between bioluminescence 
intensity and time. This allowed us to produce an equa-
tion of the straight line and an  R2 value to measure the fit.

Results
Structural and chemical characterisation
The elemental composition of  Ti3Au thin films doped 
with Cu/Ag measured using EDX technique, along with 
their cross-section thickness are presented in Table  1. 
The table compares the stoichiometric Ti:Au ratio in Cu/
Ag doped  Ti3Au thin films against the Ti:Au ratio of 2.7:1 
(73.3:26.7 at%) registered for the standard undoped  Ti3Au 
thin film. It can be seen that all of the  Ti3Au thin films 
doped with Cu/Ag never deviate by more than 0.3 from 
the required Ti:Au ratio of 3. The level of Cu doped in 
 Ti3Au thin films varies from 0.5 to 7.1 at% whereas the Ag 
level ranges from 0.2 to 4.2 at%. The higher sputter rates 
of Ag/Cu doping elements is evident from the increase in 
the film thickness observed with increasing number of 
target inserts. Cu doped  Ti3Au films register an increase 
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from 900  nm with 1 insert to 1130  nm when the num-
ber of inserts is increased to 8. Similarly, the  Ti3Au films 
doped with Ag increase from 1220 to 1560  nm with 
increase in number of dopant inserts from 1 to 8. The rel-
ative increased thickness of Ag doped samples compared 
to Cu doped ones is due to agglomeration of Ag particles 
on the film surface, as shown later in the SEM images in 
Surface and cross section characterisations section.

SIMS analysis was performed on the  Ti3Au films with 
the lowest and highest concentration of Cu  (SCu1 and  SCu4) 
and Ag  (SAg1 and  SAg4) dopants and depth profiles for each 
element are shown in Fig. 2. The SIMS results are used to 
convey the relative variation of each individual element 
with the depth of thin film but unlike EDX measurement, 
it is not a representation of relative concentration between 
elements and therefore cannot be used to compare stoichi-
ometry of the thin film. In all four films, Ti [black line] reg-
isters a steady profile throughout the film thickness, with 
a small increment at the film-substrate interface (vertical 

Table 1 EDX elemental composition and thickness for  Ti3Au 
films doped with Cu and Ag elements

Sample ID EDX analysis (at%) Film 
thickness 
(nm)Ti Au Cu or Ag Ti:Au ratio

Sstd 73.3 26.7 ‑ 2.7 915

SCu1 75.8 23.7 0.5 3.2 900

SCu2 72.2 26.6 1.2 2.7 1000

SCu3 71.8 25.0 3.2 2.9 1120

SCu4 71.2 21.7 7.1 3.3 1130

SAg1 75.7 24.1 0.2 3.1 1220

SAg2 74.8 23.9 1.3 3.1 1070

SAg3 70.9 26.3 2.8 2.7 1250

SAg4 70.7 25.0 4.2 2.8 1560

Fig. 2 SIMS depth profiles showing variation in Ti, Al, V, Cu, Ag and Au ions through sample a  SCu1 with 0.5 at% Cu, b  SCu4 with 7.1 at% of Cu, c  SAg1 
with 0.2 at% Ag, and d  SAg4 with 4.2 at% of Ag
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dotted line). Other main components of the  Ti6Al4V sub-
strate, Al [red line] and V [blue line] peak sharply around 
the film-substrate interface. Au [purple line] intensity fol-
lows the opposite trend being consistent throughout the 
thin film and dropping sharply at the film-substrate inter-
face. Cu doped films (Fig. 2a and b) exhibit a steady pres-
ence of Cu [green line] throughout the thin film depth and 
similarly the films doped with Ag (Fig. 2c and d), show a 
steady presence of Ag [green line] throughout the film 
thickness. There is no discernible drop in Cu or Ag signals 
at the film-substrate interface due to their relatively low 
concentrations in the films. There is a 10% increment in the 
intensity of the Cu signal when moving from sample  SCu1 
(Fig. 2a) to sample  SCu4 (Fig. 2b). Similarly, the intensity of 
the Ag signal increases by 7% between sample  SAg1 (Fig. 2c) 
to  SAg4 (Fig. 2d), but these changes are not clearly visible on 
the logarithmic scale. The increase in film thickness seen 
in profilometer measurements and cross section imaging 
is also supported in the SIMS profiles where, for example, 
sample  SCu4 having a thickness of 1100 nm, took longer to 
sputter etch compared to  SCu1 with a thickness of 900 nm.

Diffraction patterns of Cu/Ag doped  Ti3Au thin films 
deposited on glass and  Ti6Al4V substrates are presented 

in Fig.  3a to d. Stoichiometric addition of Au in the Ti 
leads to formation of  Ti3Au intermetallic at a ratio of 3:1. 
This composition when deposited at elevated tempera-
ture of 450˚C leads to emergence of the β phase of this 
intermetallic. The peak position of the standard  Ti3Au 
thin film [dashed blue line] shows an excellent match to 
the single phase β-Ti3Au intermetallic with preferential 
orientation along [200] and [400] directions (ICSD 58605 
– dotted red line). On glass substrate, the  Ti3Au thin film 
samples doped with Cu present main peak positions at 
35.27˚ and 74.59˚ which shows presence of a well-defined 
β-Ti3Au intermetallic phase with preferential orientation 
along the {100} family of planes, in very good agreement 
with both standard  Ti3Au film patterns as well as stand-
ard ICSD peak positions. The diffraction patterns for the 
Cu doped  Ti3Au thin film samples deposited on  Ti6Al4V 
substrates also suggest the presence of preferentially 
oriented β-Ti3Au. However, at higher Cu concentration 
 (SCu4), the intensity of the (400) plane is reduced and the 
peak position is shifted to a higher angle, indicating that 
Cu ions are alloying into the  Ti3Au matrix causing lattice 
distortions and in plane stress [41]. Apart from some very 
minor peaks for Cu based intermetallic like  Ti3Cu4 (ICSD 

Fig. 3 X‑ray diffraction patterns for  Ti3Au thin films deposited with varying amounts of Cu doping on a glass substrate b  Ti6Al4V and for  Ti3Au thin 
films deposited with varying amounts of Ag doping on c glass substrate d  Ti6Al4V substrate
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629390) and  TiCu4 (ICSD 629385) observed at 17.4˚ and 
29.2˚ respectively, no other Cu peaks were observed. Cu 
(1.28 Å) has a smaller ionic radius when compared to Ti 
(1.47 Å) [42, 43] and therefore causes the changes in the 
crystal structure leading to a decrease in diffraction peak 
intensity and a shift to a higher angle [41].

On the other hand, addition of Ag leads to visible 
changes in the  Ti3Au thin film diffraction pattern and 
therefore more significant changes in the structural 
arrangement. Preferential orientation along [200] and 
[400] directions observed in the standard  Ti3Au thin film 
sample is disturbed with addition of Ag and new peaks 
positioned at 24.7˚, 39.6˚, 43.5˚ and 68.9˚, representa-
tive of (110), (210), (211) and (312) planes of the β-Ti3Au 
intermetallic phase, emerge. This is accompanied by a 
very steep reduction in intensity of the [200] and [400] 
peaks. For Ag rich thin films  (SAg3 and  SAg4), the [211] 
peak dominates, and one minor peak emerges around 
37.9˚, aligning with the [111] orientation of the α-Ti3Au 
intermetallic (ICSD 58604). Thin film samples deposited 
on  Ti6Al4V substrates are similar to their glass counter-
parts and present a shift from the (200) to (211) plane 
with increasing Ag content in the  Ti3Au films. How-
ever, no independent peaks for Ag or Ti-Ag intermetal-
lics are present. The eutectoid point of the Ti-Ag and 
Ti-Cu intermetallics is expected above 15.6 and 7 at%, 
respectively, and therefore it is no surprise that no inde-
pendent phase of Ti-Ag alloy is visible in the diffraction 
patterns and with the Cu concentration barely exceeding 
the required 7 at% limit, the minor phase of Ti-Cu alloy 
formed only registers a weak intensity [44–46]. The crys-
tallite size of each thin film sample, calculated from the 
dominant diffraction peak using Scherrer’s equation [47] 
is presented in Table 2. With addition of Ag to the  Ti3Au 
matrix, the crystallite size initially increases to 54.7  nm 
but then begins to reduce to 48.3 nm as the (211) plane 
becomes dominant. Whereas with increasing Cu concen-
tration no such changes occur in crystal orientation in 
the  Ti3Au matrix, and the average crystallite size steadily 
increases from 50.3 to 54.1 nm.

Surface and cross section characterisations
SEM images of surface topology of Cu doped  Ti3Au thin 
films are presented in Fig. 4a to d (surface SEM image of 
standard  Ti3Au thin film provided in Supplementary data 
1 for comparison). Magnetron sputtered pure Ti thin 
films are known to develop well oriented sharp pyrami-
dal shaped grains whereas β-Ti3Au thin films develop 
extremely dense domes with angular edges [1, 4, 48]. The 
SEM images show that the smallest addition of Cu  (SCu1) 
causes development of light shaded spherical grains that 
are very well dispersed in the dark shaded  Ti3Au matrix 

and such circular grains have previously been observed 
with addition of Cu in a Ti matrix [49]. With further 
increment of Cu in the matrix, this circular grain shape 
gives way to the development of elongated angular phases 
 (SCu2) which continue to grow with further increase in Cu 
doping  (SCu3 and  SCu4). Very faint agglomeration or out 
transport of Cu particles is visible in the sample with the 
highest Cu concentration of 7.1 at% (Fig.  4d – zoomed 
image available in Supplementary data 1) and supports 
the generation of Ti-Cu intermetallic above eutectoid 
point of 7at% inTi-Cu phase diagrams and is also sup-
ported by the XRD results seen earlier.

The surface topology of Ag doped  Ti3Au thin films 
are presented in Fig.  4e to h, with low magnification 
inset images showing increasing Ag precipitation from 
the  Ti3Au matrix. The  Ti3Au thin film with the low-
est Ag concentration  (SAg1) retains the more angular 
grain features of the pure  Ti3Au thin film [4] but with 
some faint white spots visible (mean size = 43  nm, std 
dev = 10) on the edges, suggesting initial precipitation 
of Ag particles. But with further addition of Ag in the 
matrix  (SAg2), the angular grains transform into a flatter 
and cracked surface profile with increasing Ag agglom-
erations (mean size = 138  nm, std dev = 32) visible in 
between the features. This Ag agglomeration intensi-
fies as more Ag is doped into the  Ti3Au matrix, form-
ing large Ag particles on the surface of sample  SAg3 
(mean size = 700  nm, std dev = 150) and  SAg4 (mean 
size = 1018  nm, std dev = 80). Previous studies on Ag 
doped Ti-based alloys have demonstrated Ag precipita-
tion with particle sizes reaching 200 nm for Ag concen-
trations as low as 9 at% in the film [50].

The structure of the Cu doped  Ti3Au thin films is fur-
ther explored with the cross-section SEM images shown 
in Fig. 5a to d (cross section SEM image of standard  Ti3Au 

Table 2 Crystallite sizes for leading phases of  Ti3Au thin 
films doped with Ag and Cu, calculated from their respective 
dominant diffraction peak using Scherrer’s equation

Sample ID Crystallite size (nm)

On glass sub Std dev On Ti sub Std dev

Sstd 49.8 0.1 47.2 0.1

SCu1 50.3 0.1 46.2 0.0

SCu2 51.8 0.1 46.1 0.1

SCu3 52.3 0.1 49.8 0.1

SCu4 54.1 0.1 48.4 0.1

SAg1 49 0.1 43.9 0.1

SAg2 53.2 0.1 55.5 0.4

SAg3 54.7 0.1 53.3 0.1

SAg4 48.3 0.2 36.5 0.2
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thin film provided in Supplementary data 2 for compari-
son). For sample  SCu1, granular features can be observed, 
dispersed around the edges of the vertical columns, cor-
responding to the circular grains seen on the surface 
image of this sample. Formation of the  Ti3Au phase is 
promoted by surface and intra-grain diffusion resulting 
from the high energy of incoming species when sput-
tered at very low deposition pressure and high substrate 
temperature [51]. This causes the incoming dopant spe-
cies like Cu to be dispersed around the grain boundaries 
of the main phase leading to formation of such granular 
features at column boundaries. With further increases in 

Cu doping  (SCu2 to  SCu4), the spread of these granular fea-
tures reduces, and the film structure becomes smoother, 
suggesting better diffusion of Cu from grain boundaries 
into the  Ti3Au grains, resulting in formation of Ti-Cu 
intermetallic species. This observation is supported by 
presence of Ti-Cu peaks seen from XRD spectrum for 
this sample (Fig.  3) and from the granule development 
observed in the SEM surface images (Fig. 4).

Cross section SEM images of Ag doped  Ti3Au films are 
presented in Fig. 5e to h and shed more light on the Ag 
precipitation observed in the surface profiles. The cross-
section image of sample  SAg1 presents a well organised, 

Fig. 4 SEM surface images of  Ti3Au thin films doped with varying Cu/Ag concentrations; a Sample  SCu1, b Sample  SCu2, c Sample  SCu3, d Sample 
 SCu4, e Sample  SAg1, f Sample  SAg2, g Sample  SAg3, and h Sample  SAg4. Inset images show increasing Ag agglomeration on the surface with increasing 
Ag concentration in film

Fig. 5 Cross sectional SEM images of  Ti3Au thin films doped with varying Cu/Ag concentrations; a Sample  SCu1, b Sample  SCu2, c Sample  SCu3, 
d Sample  SCu4, e Sample  SAg1, f Sample  SAg2, g Sample  SAg3, and h Sample  SAg4. Figs g‑h are highlighted to show increasing Ag agglomeration 
with increasing Ag concentration in film
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tapered columnar structure with no observable Ag pre-
cipitation. With further increase of Ag concentration in 
sample  SAg2, angular Ag grains begin to grow out of the 
main  Ti3Au columnar structure and can be clearly seen 
as bright Ag precipitates in sample  SAg3 between columns 
and on the surface in background. These precipitates 
continue to grow with further addition of Ag, leading 
to distortion of the  Ti3Au columnar structure in sam-
ple  SAg4. Previous studies have shown that such Ag pre-
cipitation negatively affects thin film density, leading to 
variation in key performance properties like mechanical 
hardness and corrosion resistance [52].

To further understand the cross-sectional microstruc-
ture of the thin films, TEM images were developed for 
the samples with lowest and highest concentration of Cu 
and Ag dopant elements, see Fig. 6a to e. For sample  SAg1, 
presence of a small dopant concentration of Ag particles 
causes a wrinkled effect around the column boundaries 
disturbing the straight, dense, and well oriented colum-
nar structure of the standard  Ti3Au thin films. However, 
at higher Ag dopant concentration like in sample  SAg4, 
the agglomeration of silver becomes strong enough to 
precipitate out in between the column boundaries. On 
the other hand, the addition of Cu in low dopant con-
centrations like in  SCu1, causes no drastic change in the 
column structure and at the highest dopant concentra-
tion, Cu causes widening of  Ti3Au thin film columns due 
to increased interdiffusion of Cu into the  Ti3Au matrix, 
resulting in formation of Ti-Cu intermetallics or higher 
shift in angular position of the diffraction peaks (Fig. 3).

The surface profiles of the Cu doped  Ti3Au thin films 
were scanned using an AFM to investigate their feature 
sizes and mean surface roughness, see Fig. 7a to d (AFM 
profile for standard  Ti3Au thin film provided in Sup-
plementary data 2 for comparison). Sample  SCu1 regis-
tered a surface profile with feature sizes reaching up to 
19  nm but this reduced to 10.6  nm with increasing Cu 

concentration in sample  SCu2. These results are in good 
agreement with the circular grainy features visible on 
the surface of  SCu1 (Fig.  4a) compared to the smoother 
cracked surface observed for  SCu2 (Fig.  4b). Surface 
smoothening due to increased Cu concentration is also 
reflected in the measured surface roughness values, 
where  SCu1 registers a value of 0.99 ± 0.1 nm and  SCu2 has 
a reduced roughness of only 0.70 ± 0.01  nm. However, 
with further increase in Cu concertation, the maximum 
feature size grows again up to 19 nm for  SCu3 and 24 nm 
for  SCu4, with corresponding increases in surface rough-
ness values to 1.09 ± 0.03 nm and 1.13 ± 0.05 nm, respec-
tively. The elongation of grains for sample  SCu4, seen 
previously in the SEM image (Fig. 4d) is also visible in the 
AFM scan. These surface AFM scans are very uniform 
with low surface roughness values and support the SEM 
observation that there is no precipitation of Cu particles 
or agglomerations on the film surfaces.

AFM scans of  Ti3Au thin films doped with Ag are pre-
sented in Fig. 7e to h. When compared to the Cu doped 
films, addition of Ag leads to the formation of larger fea-
ture sizes on the film surface. Sample  SAg1, with the low-
est Ag concentration, registers feature sizes of 48  nm 
with a mean surface roughness of 4.4 ± 0.1 nm. However, 
with further addition of Ag in sample  SAg2, the feature 
size increases abruptly to 116 nm, and can be correlated 
to the presence of a few large bright white coloured par-
ticles on the scanned surface, suggesting precipitation of 
Ag from the  Ti3Au matrix is taking place. The measured 
surface roughness of sample  SAg2 is 3.5 ± 0.35 nm, which 
is similar to that of  SAg1. With further increase in Ag 
doping concentration, the feature sizes increase signifi-
cantly to a maximum value of 0.75 μm due to the pres-
ence of large Ag particles and agglomerates on the film 
surface. And finally for sample  SAg4, the maximum fea-
ture height extends up to 1.4 μm, while also growing in 
the radial direction and merging with neighbouring Ag 

Fig. 6 TEM images of a standard  Ti3Au thin film in comparison to b sample  SAg1, c Sample  SAg4, d Sample  SCu1, and e Sample  SCu4



Page 13 of 28Lukose et al. Biomaterials Research           (2023) 27:93  

granules to form larger particles. Samples  SAg3 and  SAg4 
register mean surface roughness values of 16.1 ± 2.5  nm 
and 54.8 ± 14.3 nm, respectively. Thus, from the results in 
this section it can be concluded that agglomeration of Ag 
particles plays a significant role in moderating the crystal 
orientation, grain shape, cross sectional structure, den-
sity, and surface roughness of the  Ti3Au thin films.

Mechanical characterisation
The load displacement (P–H) curve derived from a 
nanoindentation test gives information about the inter-
action of the diamond indenter tip with the thin film 

material beneath it and Fig. 8 compares the P–H curves 
generated by indenting the  Ti3Au samples doped with 
the lowest concentration of Ag and Cu, against that of 
a standard  Ti3Au thin film. The curves presented are all 
generated from indentations made at a constant peak 
load of 3000 μN and with load-dwell-unload time dura-
tions of 10  s each. Occurrence of displacement excur-
sion more commonly known as “staircase phenomenon”, 
can be ruled out because of the absence of any sudden 
shift along the x-axis for any of the segments of the P–H 
curves [53, 54]. Displacement excursion take place when 
the indenter tip encounters any surface contaminants, 

Fig. 7 AFM surface profiles of  Ti3Au films doped with a to d varying concentrations of Cu and e to h varying concentrations of Ag

Fig. 8 Load displacement curves for  Ti3Au films doped with Ag (SAg1) and Cu (SCu1), compared against that of the standard  Ti3Au film
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phase difference or the presence of oxides with differing 
mechanical hardness, leading to unusual variation in dis-
placement with increasing load [55]. The extensive sub-
strate cleaning process used ensures removal of surface 
contaminants and in-situ processing avoids oxide forma-
tion at high temperature. XRD patterns (Fig. 3) only show 
the presence of single phase β-Ti3Au when the films are 
doped with Ag and very minute quantities of α-Ti3Au 
at higher Cu concentration of 4.2 at%. The presence of 
softer Ag agglomerations within the  Ti3Au matrix, as 
seen in SEM images (Figs. 4 and 5), leads to a larger dis-
tribution in the mechanical hardness measurements (as 
explained below) but the P–H curve remains smooth 
and event free all throughout the nanoindentation cycle 
(Fig. 9) [56]. For the standard  Ti3Au thin film (black line), 
the indenter tip travels to a depth in excess of 100 nm at 
the peak indentation load of 3000 μN and then elastically 
recovers to a calculated contact depth of 70.7 nm when 
the load is removed. Analysing the unloading curve seg-
ment according to the Oliver and Pharr method [57], 
gives a reduced elastic modulus value of 138.6 GPa and a 
mechanical hardness of 12.3 GPa. While for sample  SCu1 
(blue line) with a Cu dopant concentration of 0.5 at%, the 
indenter tip travels to a slightly reduced maximum depth 
of 96 nm at peak load and returns to a contact depth of 
69 nm when the load is removed. This curve translates to 
a harder thin film with mechanical hardness of 12.7 GPa 
and elastic modulus of 143 GPa. Sample  SAg1 (red line) 
doped with 0.2 at% of Ag offers the most resistance to tip 
penetration, only reaching a maximum depth of 91  nm 
and then elastically recovering to a contact depth of 
66 nm. The elastic modulus and mechanical hardness cal-
culated for this sample are 157 GPa and 14 GPa, respec-
tively. The area enclosed by the load-unload hysteresis 

curve accounts for the work done by indenter tip to leave 
a plastic deformation on the film surface, whereas the 
hysteresis of the unloading curve is caused by the inher-
ent elasticity of the thin film under test [58, 59]. To fur-
ther understand the effect of Ag and Cu doping on the 
mechanical properties of the  Ti3Au films, a set of 16 
indentations, in 4 × 4 pattern was performed on each 
sample and the averaged results are discussed below.

Results for reduced elastic modulus results generated 
from nanoindentations performed on  Ti3Au thin films 
doped with Ag and Cu on glass and Ti substrates are pre-
sented in Fig. 9a and b. The elastic modulus for the  Ti3Au 
sample doped with the lowest Ag concentration  (SAg1) on 
glass was 135 ± 6 GPa, which is very close to the value of 
136.7 ± 3 GPa achieved for the standard  Ti3Au thin film 
on glass. However, with further addition of Ag in the 
 Ti3Au film, the value of elastic modulus follows a down-
ward trend with values of 115 ± 7, 119 ± 14 and 82 ± 30 
GPa for samples  SAg2,  SAg3 and  SAg4, respectively. The 
error bar associated with sample  SAg3 is almost double 
that of  SAg2, while for  SAg4, the corresponding variation in 
results is over four times that of the samples doped with 
lower Ag concentrations. This increase in error bar can 
be attributed to agglomeration of Ag at higher concentra-
tions, forming a uniform distribution of large Ag parti-
cles across the sample surface. When the indenter tip 
contacts the  Ti3Au film it records a higher elastic modu-
lus but if the tip encounters a Ag particle on the surface 
the recorded elastic modulus is very low, thus leading to 
a wider variation in results for the 16 indentations in the 
4 × 4 pattern. It has been proposed that the elastic moduli 
of an alloy changes in proportion to the number of sol-
ute atoms when the alloying element concentration is low 
[44–46]. The Young’s modulus of Ag is reported to be 73 

Fig. 9 Variation in reduced elastic modulus (Er) of  Ti3Au thin films deposited on Ti and glass substrates with varying a Ag and b Cu doping 
concentration
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GPa, which is much lower than that of Ti at 112 GPa [44, 
60]. XRD patterns (Fig.  3) showed that the Ag doping 
concentration of 0 to 4.2 at% is lower than that required 
to form any Ti-Ag intermetallic compound and thus, Ag 
exists as a solid solute within the  Ti3Au matrix, lead-
ing to a decrease in the elastic modulus of the  Ti3Au-Ag 
compound with increasing Ag concentration in the thin 
film [44–46].  Ti3Au samples doped with Cu report elastic 
modulus values very close to the value observed for the 
standard  Ti3Au thin films (Fig. 9b). The elastic modulus 
of Cu doped samples deposited on glass remain between 
144 to 147 ± 8 GPa with a dip in the trend for sample  SCu2, 
reporting a modulus value of 109 ± 6 GPa. A similar result 
is seen for Cu doped samples deposited on Ti substrates 
with elastic modulus values between 134 to 146 ± 3 GPa 
and a dip in the curve to 123 ± 3 GPa for sample  SCu2. Cu 
is reported to have a Young’s modulus of 128 GPa, which 
is greater than that of Ti (112 GPa) and therefore a posi-
tive effect is expected with addition of Cu in the  Ti3Au 
matrix [60]. Further, the precipitation of Ti-Cu inter-
metallic compounds at the lower Cu concentration of 7 
at%, leads to stiffening of the  Ti3Au thin film matrix with 
increasing Cu concentration [44, 46, 61]. The observed 
stabilization of elastic modulus values for Cu dopant 
concentrations above 2.8 at% can also be explained due 
to grain refinement and the constraining effect of neigh-
bouring grains [62].

Results of mechanical hardness extracted from nanoin-
dentations performed on Ag/Cu doped  Ti3Au thin films 
on glass and Ti substrates are presented in Fig. 10a and 
b. It can be observed that hardness follows a very sim-
ilar trend to that seen for elastic modulus in Fig. 9. For 
samples doped with Ag, the hardness values steadily 
decrease with increasing Ag content in film. Sample  SAg1, 

doped with lowest Ag concertation of 0.2 at% reports 
excellent hardness values of 14.7 ± 1.4 and 13.3 ± 0.9 GPa 
on glass and Ti substrates, respectively, exceeding the 
values achieved for the standard  Ti3Au thin films. With 
further addition of Ag in sample  SAg2, the hardness val-
ues dip below that of the standard  Ti3Au to 11.1 ± 0.5 
and 9.9 ± 0.9 GPa on glass and Ti substrates, respectively. 
However, with higher Ag addition, for samples  SAg3 and 
 SAg4, the hardness values decrease even further with a 
large variation in the spread of results. This increase in 
error bar size could be assigned to severe agglomeration 
of Ag from the  Ti3Au matrix, causing the nanoindenter 
tip to indent on both soft Ag and hard  Ti3Au matrix 
regions of the films. It is therefore safe to say that only 
the Ag dopant concentration of 0.2 at%  (SAg1) is useful to 
extend the mechanical hardness of the standard  Ti3Au 
thin film coating. On the other hand, the Cu doped  Ti3Ag 
thin films maintain a better hardness profile throughout 
the entire doping concentration range of 0.5–7.1 at%. 
Samples  SCu1,  SCu3 and  SCu4 deposited on glass substrates 
present similar hardness values of 12.6 ± 0.5, 12.8 ± 0.7 
and 13.2 ± 0.8 GPa, respectively, which are all slightly 
higher than the standard  Ti3Au thin film result. While 
sample  SCu2 presents a slightly lower mechanical hard-
ness of 11.6 ± 0.3 GPa. The Cu doped samples deposited 
on Ti substrates present hardness values of between 9.8 
to 11.4 ± 0.9 GPa, which are all slightly lower than the 
standard  Ti3Au thin film result.

Results for wear testing of the Ag and Cu doped  Ti3Au 
thin films and  Ti6Al4V alloy substrate are presented in 
Fig.  11, including their friction coefficients, wear track 
surface morphologies and specific wear rates when slid-
ing against stainless steel balls at an applied normal 
load of 1.52 N in SBF solution. As shown in Fig. 11a, the 

Fig. 10 Variation in mechanical hardness (H) of  Ti3Au thin films deposited on Ti and glass substrates with varying a Ag and b Cu doping 
concentration
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friction coefficient of the  Ti6Al4V substrate fluctuates 
around 0.4 to 0.5 throughout the 20 min of sliding time, 
whereas the standard  Ti3Au thin film shows a significant 
reduction in value to ~ 0.1 for the first 10 min and gradu-
ally increases toward 0.2 in the second half of the test. 
Addition of a small quantity of Ag gives a further reduc-
tion in friction coefficient for sample  SAg1 to a consistent 
value of ~ 0.1 throughout the duration of the test, whereas 
further increments of Ag in samples  SAg2 and  SAg3 lead to 
increases in friction coefficient to final values around 0.25 
and 0.3, respectively. A similar trend was observed for the 
Cu doped  Ti3Au thin films (Fig. 11b), where addition of a 
small quantity of Cu in sample  SCu1 had minimal effect 
on the friction coefficient of the  Ti3Au thin film, with a 
value < 0.2 throughout the full test duration. However, 
with further increments of Cu in samples  SCu2 and  SCu3, 
there was a noticeable change in the thin film behaviour, 

with a gradual increase in friction coefficients towards 
0.5 in the first 15 min and then a sudden drop to < 0.2 for 
the final 5 min of the test. It is possible that in the first 
part of the tests the excess of doping material tends to 
create a third body that increases friction coefficient and 
wearing until the creation of a tribo-film that protects 
the surface by lowering the friction coefficient and the 
local roughness. This behaviour is commonly observed 
in thin film coatings doped with softer materials like Ag 
and Cu, which is normally caused by formation of a thin 
self-lubricating film on the coating surface. This reduces 
the adhesive trend between counterpart materials which 
in turn lowers the frictional coefficient and improves the 
wear performance [63–65].

In general, the reduction in friction coefficient of the Ag 
and Cu doped  Ti3Au thin films compared to the  Ti6Al4V 
substrate is associated with a decrease in real contact 

Fig. 11 a and b Friction coefficient curves; c Wear track surface morphologies; and d Specific wear rates, for  Ti3Au thin films deposited on  Ti6Al4V 
substrates with varying Ag/Cu dopant concentration, when sliding against 6 mm diameter stainless steel balls at applied normal loads of 1.52 N 
in SBF solution at room temperature
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area and surface plastic removal due to their significantly 
higher surface hardness [66]. This result is reflected in 
the wear track surface images (Fig. 11c) and correspond-
ing wear rate values (Fig.  11d), where the  Ti6Al4V sub-
strate has a much wider wear groove (~ 300  µm) than 
all the thin film samples and a significantly higher wear 
rate of 214.81 ×  10–6  mm3/Nm. In comparison, the wear 
groove widths for the thin film samples are all < 100 µm 
and their corresponding wear rates are all < 20 ×  10–6 
 mm3/Nm, which is less than 20 times lower than that of 
the  Ti6Al4V substrate. As shown in Fig. 11d, addition of 
small quantities of Ag or Cu further reduces the wear rate 
of the standard  Ti3Au thin film from 19.62 ×  10–6  mm3/
Nm to values of 3.03 ×  10–6 and 5.50 ×  10–6  mm3/Nm for 
samples  SAg1 and  SCu1, respectively. However, the wear 
rate increases with further additions of Ag and Cu in the 
Ti3Au thin film matrix, reaching values of 6.11 ×  10–6 and 
13.36 ×  10–6  mm3/Nm for samples  SAg3 and  SCu3, respec-
tively. This reduction in wear rate with addition of small 
quantities of soft elements like Ag or Cu can be related 
to trade-off between an increase in lubrication and a 
decrease in surface hardness [67]. Overall, results from 
this section suggest that addition of small quantities of 
antimicrobial elements like Ag and Cu can improve the 
mechanical performance of  Ti3Au intermetallic thin 
films.

Electrochemical corrosion tests
An understanding of the surface coatings corrosion 
resistance is essential to evaluate its service life when 
applied to biomedical implants in the living tissue envi-
ronment. Potentiodynamic polarization curves and 
corresponding corrosion parameters of the Ag and Cu 
doped  Ti3Au thin films immersed in SBF at 37  °C are 

presented in Fig. 12 and Table 3, respectively. The corro-
sion resistance of the thin film samples can be examined 
on the basis of four evaluation criteria: (i) a more electro-
positive corrosion potential (Ecorr); (ii) a lower corrosion 
current density (icorr); (iii) a higher polarization resist-
ance (Rp); and (iv) a higher protection efficiency (Pe) are 
indicative of an improved corrosion resistance [68]. As 
shown in Fig. 12a, the polarization curves of the three Ag 
doped  Ti3Au thin films exhibit similar shapes and there 
is a shift towards more positive potential and a corre-
sponding increase in current density with increasing Ag 
concentration in the films from  SAg1 to  SAg3. Conversely 
for the Cu doped  Ti3Au thin films (Fig.  12b), the trend 
is opposite, with a shift towards more negative poten-
tial and a decrease in current density with increasing Cu 
concentration in the films from  SCu1 to  SCu3. As shown in 
Table 3, the values of current density (icorr) for Ag and Cu 
doped films are in the range ~ 0.1 to 0.7 µA/cm2, which 
is at least one order of magnitude lower than the value 
of ~ 1.7 µA/cm2 recoded for the standard  Ti3Au thin film. 
For the Cu doped  Ti3Au films, samples  SCu2 and  SCu3 
exhibit the lowest values of icorr of 0.107 and 0.175 µA/
cm2, respectively. Whereas, for Ag doped  Ti3Au films, 
samples  SAg1 and  SAg2 have the lowest values of 0.355 and 
0.321 µA/cm2, respectively. This trend is also evident in 
the results for Rp and Pe shown in Table 3, where samples 
 SAg1,  SAg2,  SCu2 and  SCu3 all give higher values of polariza-
tion resistance and protection efficiencies of ~ 79 to 93% 
when compared to the standard  Ti3Au thin film.

These results are also supported by the EIS analysis 
shown in Fig. 13. For the Nyquist plots (Fig. 13a and c), 
a convenient and scientifically proven way to explain 
the electrochemical corrosion resistance of the thin film 
samples is to examine the diameters of the capacitive 

Fig. 12 Potentiodynamic polarization curves for  Ti3Au thin films deposited on Ti substrates with varying a Ag and b Cu dopant concentration, 
in SBF solution at 37 °C
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loops (semicircles), where a larger diameter signifies 
higher corrosion resistance [69] As can be seen, all sam-
ples exhibit a single capacitive loop, indicating a typical 
capacitive response of the passive thin films [70]. The 
diameters of the semicircles for the Ag and Cu doped 
films are larger than that for the standard  Ti3Au thin 

film and increase with decreasing Ag  (SAg3 to  SAg1) and 
increasing Cu  (SCu1 to  SCu3) content in the film, denoting 
an improvement in corrosion stability, which is accord-
ant with the potentiodynamic polarization results in 
Table  3. The Bode plots for the Ag and Cu doped films 
(Fig. 13b and d), also corroborate this finding. In the high 

Table 3 Corrosion parameters obtained from potentiodynamic polarization curves of  Ti3Au thin films deposited on Ti substrates with 
varying Ag/ Cu dopant concentration, in SBF solution at 37°C

Sample ID Ecorr  (VSCE) Icorr (µA/cm2) βa (V/decade) βc (V/decade) Rp (kΩcm2) Pe (%)

Std Ti3Au ‑0.218 1.698 1.005 0.259 52.73 ‑

SCu1 ‑0.194 0.694 0.755 0.270 124.59 59.13

SCu2 ‑0.315 0.107 0.260 0.199 458.04 93.70

SCu3 ‑0.425 0.175 0.564 0.219 391.92 89.69

SAg1 ‑0.215 0.355 0.830 0.166 169.42 79.09

SAg2 ‑0.166 0.321 0.364 0.164 153.14 81.10

SAg3 ‑0.124 0.739 0.275 0.159 59.27 56.48

Fig. 13 Nyquist plots and Bode plots for  Ti3Au thin films deposited on Ti substrates with varying a‑b Ag and c‑d Cu dopant concentration, in SBF 
solution at 37 °C
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frequency region, the impedance |Z| of all samples is low 
and independent of frequency value, and the phase angle 
is close to zero, indicating that impedance is dominated 
by the resistance of the SBF in this frequency range [70]. 
In the low and medium frequency region, the imped-
ance |Z| of the samples increases linearly with decreas-
ing frequency, with a slope of ~ -1, and the phase angle 
plateaus with a maximum value around -80°, which is a 
typical response of capacitive behaviour [71]. There is 
a notable decrease in the phase angle value and plateau 
width for samples  SAg2 and  SAg3 (Fig.  13b) in the mid-
band frequency range, which could indicate a reduction 
in their electrochemical stability [66]. However, at low 
frequencies, the higher values of impedance |Z| for sam-
ples  SAg1,  SAg2 (Fig. 13b), and  SCu2,  SCu3 (Fig. 13d) suggest 
an improvement in electrochemical stability when com-
pared to the standard  Ti3Au thin film [72], and further 
support the results from the potentiodynamic polariza-
tion and Nyquist plots. Therefore, overall, the electro-
chemical corrosion tests have shown that small additions 
of Ag and Cu can improve the corrosion resistance of 
 Ti3Au thin films in SBF solution at 37 °C and that the best 
performing films are  SAg1,  SAg2,  SCu2 and  SCu3.

Biocompatibility‑cytotoxicity of films on L292 cells
Determination of the potential cytotoxic effect of vari-
ous thin film extracts against our in vitro biological sys-
tem of L929 cells was performed through the Alamar 
blue assay. Initially, two sets of extracts were prepared 
from each tested sample, through their immersion into 
6-well culture plates containing DMEM media for 72  h 
and 168 h (details described in Sect. 2.4). Next, extracts 
obtained from each of the above sets were used in order 
to investigate their cytotoxic properties against L929 
cells, following 72 h of exposures. Interestingly, in order 
to observe the maximum effect of derived extracts of all 
tested samples in terms of cytotoxicity against L929 cells, 
undiluted DMEM anion-leached media was used in this 
series of experiments. Specifically, cells were exposed to 
four different extracts of both Cu  (SCu1,  SCu2,  SCu3,  SCu4) 
and Ag  (SAg1,  SAg2,  SAg3,  SAg4) doped  Ti3Au thin films. In 
addition, extracts prepared from a blank Cu substrate of 
similar size and under similar conditions, as well as 10% 
of Dimethyl Sulfoxide (DMSO), were used as positive 
controls, whereas DMEM (Blank) growth medium along 
with a blank Ti substrate were used as a negative con-
trols, against L929 mouse fibroblasts.

Results following the Alamar blue cytotoxicity assay 
are presented as bar charts in Fig.  14. Data analysis 
indicated that both Cu substrate extracts and 10% of 
DMSO solution exhibited considerable cytotoxic activ-
ity, as levels of viable cells were dramatically reduced, 
opposed to the effect of DMEM (blank sample) and Ti 

substrate extracts. Specifically, as expected, viability lev-
els of DMEM-treated cells remained unaffected, a pat-
tern also observed in exposures with Ti derived extracts, 
with viability levels reaching values between 95–100%, 
even after exposures with extracts of prolonged (168  h) 
leaching period. Accordingly, all tested  Ti3Au thin films 
doped with Cu performed notable biocompatibility 
rates as were shown to further increase/stimulate L929 
viability levels (above 100%) following incubations with 
leached extracts obtained following 72  h of extraction. 
Moreover, although levels of viable cells were slightly 
reduced in exposures with 168 h leached extracts (com-
pared to those of 72 h), were still above 100%, indicating 
a safe cytotoxic profile. Such slight decline of cell viability 
rates could be attributed to the increased concentration/
release of metal ions in extracts obtained following pro-
longed leaching duration. In parallel, a similar safe cyto-
toxic profile was observed when L929 fibroblasts were 
exposed to all tested  Ti3Au thin film samples doped with 
Ag, as once again were capable of stimulating cell pro-
liferation reaching levels above 100% in exposures with 
72  h leached samples. Also in this case, although expo-
sures with prolonged (168  h) leaching period derived 
extracts caused a minor decrease of viability levels, they 
were still above 90%, suggesting a non-cytotoxic effect 
and high biocompatible properties.

The above results are further supported by microscopic 
observation of L929 mouse fibroblast cell’s morphology, 
following exposures to the sample surfaces for a total of 
168  h (Fig.  15). In particular, it can be clearly seen that 
exposure to the Cu substrate was associated with high 
rates of cytotoxicity, leading to significant cell shrink-
age and death of L929 mouse fibroblast cells, ultimately 
resulting in confluency reduction (Fig. 15a). On the con-
trary, cell morphology as well as confluency of L929 cells 
exposed to Ti (Fig. 15b) and Ag/Cu doped  Ti3Au thin film 
extracts (Fig.  15c-f ) remained unaffected, indicating a 
safe cytotoxic profile.

The leached ion concentration measured by perform-
ing ICPOEMS analysis on 72 and 168 h leached sample 
extracts helps to better understand the biocompatible 
nature of the Ag/Cu doped  Ti3Au thin films. For the Cu 
doped samples, no ions could be detected after 72  h 
of leaching, other than Au ions, which were less than 
0.10  ppm. However, when the extraction duration is 
extended to 168 h, the Cu doped samples begin to show 
presence of other ion species: Ti ion concentration 
increases to 0.01–0.02  ppm, whereas Al becomes the 
dominant species with an ion concentration of 0.17–
0.20 ppm. Samples  Scu1 and  Scu2 report Cu ion concentra-
tions of 0.07 ppm, which increases to 0.08 ppm for the Cu 
rich samples  Scu3 and  Scu4. On the other hand, Ag doped 
samples begin to show presence of antimicrobial Ag 
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Fig. 14 Cytotoxic effect of  Ti3Au thin films extracts from samples deposited on Ti substrates with varying Cu and Ag doping concentrations, 
against L929 mouse fibroblast cells, following 72 h of exposure with 72 h and 168 h leached extracts, compared to negative controls (untreated 
[BLANK] and Ti substrate) and positive controls (Cu substrate and 10% DMSO)

Fig. 15 Morphological changes of L929 mouse fibroblast cells following 72 h of incubation with a Cu substrate (positive control), b Ti substrate 
(negative control) c  SCu1, d  SCu4, e  SAg1 and f  SAg4  Ti3Au thin film extracts, obtained after 168 h of ion leaching. Images acquired using an inverted 
Kern microscope with attached digital camera and 10X lens
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ions between 0.14–0.15  ppm, even after 72  h of extrac-
tion time. There is a further increase of 0.03–0.05  ppm 
in Ag ion concentration after 168  h of extraction, tak-
ing the total leached Ag ion concentration to between 
0.17–0.20 ppm. Al ions are another prevalent species in 
the Ag doped samples, with observed ion concentrations 
of 0.16–0.19 ppm. Leached ion concentrations of Ti and 
Au never exceed 0.07 ppm in the Ag doped samples, even 
after 168 h of extraction, bearing a close resemblance to 
the Cu doped samples. Various studies have proven that 
only Ag and Cu ion concentrations exceeding 1  ppm 
can affect the cell viability of L929 mouse fibroblast cells 
[73–75], which is in good agreement with the results pre-
sented for the Ag/Cu doped  Ti3Au thin films in this work.

The effect of direct exposure of Ag and Cu doped  Ti3Au 
thin film surfaces on the cell morphology (actin fila-
ments and nuclear DNA) of L929 mouse fibroblasts was 
observed through fluorescence microscopy using Phal-
loidin and DAPI staining, which stains actin filaments 
and nucleus, respectively and the images are presented 
in Fig. 16 a-c. Along with the thin film test samples, the 
mouse fibroblast cells were directly incubated with Cu 
and Ti substrates, used as positive and negative controls, 
respectively. Further, the exposures to 10% DMSO and 
DMEM (control) culture media were used as absolute 
positive and negative cytotoxic controls. Our immuno-
fluorescence results revealed that both actin filaments 
and nucleus of mouse fibroblasts were not altered fol-
lowing Cu and Ag doped  Ti3Au thin films exposures 

(Fig 16b and c), as they appeared intact well-defined and 
stained, indicating healthy L929 cells, further support-
ing the biocompatible profile of all tested thin films. This 
pattern was comparable to that of both DMEM (control) 
and Ti substrate treated cells (Fig. 16a) showing a normal 
nucleus staining and well-defined actin filament regions. 
On the contrary, Cu and 10% DMSO exposures caused 
significant changes in L929 cells’ morphology, observed 
as a loss of membrane integrity and an abnormal cell 
shape and actin filaments staining, indicating a signifi-
cant cytotoxic effect. Overall, these results clearly show 
that the  Ti3Au based coatings can maintain a positive 
environment for growth and proliferation of cells in bio-
logical medium.

The results of cell viability analysis using the Trypan 
blue exclusion assay are presented in Fig.  17 and show 
the cell viability levels of L929 mouse fibroblast cells after 
direct exposure to Ag/Cu  dopedTi3Au thin film surfaces, 
measured on the same day as the immunofluorescence 
analysis for a direct correlation. The results show that the 
exposures of L929 cells to various Ag and Cu doped thin 
films does not alter their viability levels, as they are com-
parable to those of untreated (DMEM/blank) samples. 
On the other hand, the Cu substrate and 10% of DMSO 
caused a dramatic reduction in viability of these cells, 
exhibiting a strong cytotoxic activity. This result is in very 
good agreement with extract exposure method (Fig. 14) 
and shows that L929 mouse fibroblast cells remain viable 
not only in the biological medium containing leached 

Fig. 16 Immunofluorescence images showing the effect of direct exposure to a Control samples b Cu doped and c Ag doped  Ti3Au thin films 
on L929 cells’ morphology and actin cytoskeleton. For each sample following exposures, L929 cells were fixed and stained with anti‑Phalloidin 
(middle panel) and counterstained for DNA with DAPI (left panel). Green and blue colour represents staining for Phalloidin and DAPI, respectively, 
while merged images for Phalloidin/DAPI staining are also shown (right panel). Scale: 20 μm
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extracts from Ag/Cu doped  Ti3Au thin film coatings, 
but also maintain an excellent viability performance 
when exposed directly on the surface of these thin film 
coatings.

Furthermore, in order to make a direct comparison 
with the extract exposure method (Fig 14), viability lev-
els of L929 cells directly exposed to Ag and Cu doped 
 Ti3Au thin film surfaces were also studied the next day 
using the Alamar blue assay as previously described in 
section  2.4.2, see Figure  17. Results show that both Ag 
and Cu doped  Ti3Au thin film coatings present a very 
safe cytotoxic profile against L929 cells, with very high 
viability levels. This indicates that  Ti3Au based thin films 
possess biocompatibility properties in direct and indirect 
extract exposure routes, which is a highly suitable trait for 
coating of artificial joint implants. The L929 cells treated 
to bare Ti alloy substrate experienced a similar cytotox-
icity profile as Ag/Cu doped  Ti3Au coatings, although 
to a lesser extent when compared to doped samples, but 
still above 100%. In contrast, treatment with 10% DMSO 
resulted in a very strong cytotoxic activity, dramatically 
decreasing viability levels of exposed L929 cells.

Several studies have shown that electrical conductivity 
of the substrates within a biological system can enhance 
bioactivity and promote cell response in terms of prolif-
eration and differentiation [76–79]. It has been proposed 
that electrically conductive medium could encourage 
electrical communication between myoblasts stimulat-
ing increased myogenic differentiations [80]. The results 
of electrical conductivity for Ag and Cu doped  Ti3Au thin 

films measured by a 4-point probe surface measurement 
system are presented in Fig. 18. For comparison a stand-
ard Cu substrate and a 250  nm thick Ag film were also 
measured with electrical conductivities of 1.84 ×  105 and 
1.44 ×  108 S/m, respectively.

The electrical conductivity of the standard  Ti3Au thin 
film is relatively low, having a value of 7.6 ×  102 S/m. 
However, when these samples are doped with Ag or Cu 
the electrical conductivity increases and is expected 
because of the high conductivity of Ag and Cu compared 
to Ti [81–83]. Correlating this result with the theory that 

Fig. 17 Cytotoxic effect of  Ti3Au thin films deposited on Ti substrates with varying Cu and Ag doping concentrations, against L929 mouse fibroblast 
cells, following 72 h of direct exposure to the sample surface, compared to negative controls (untreated [BLANK] and Ti substrate) and positive 
controls (Cu substrate and 10% DMSO), determined by Trypan blue exclusion staining and Alamar blue assay

Fig. 18 Variation in electrical conductivity of  Ti3Au thin films samples 
with variation in Ag/ Cu dopant concentration in the film
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electrical conductivity aids cellular proliferation and dif-
ferentiation, the higher conductivity for Ag/Cu doped 
samples compared to the standard  Ti3Au thin film could 
explain the slight improvement in cell viability perfor-
mance observed by these samples. The conductivity of 
Cu doped samples increases at a steady rate with increase 
in Cu concentration from 0.75 ×  106 to 0.92 ×  106 S/m. On 
the other hand, for Ag doped samples, the electrical con-
ductivity initially increases from 0.92 ×  106 to 1.02 ×  106 
with increase in Ag concentration  (SAg1 <  SAg2) but there-
after falls steadily to 0.81 ×  106 and 0.71 ×  106 with further 
increase in Ag content  (SAg2 >  SAg3 >  SAg4). Higher electri-
cal conductivity at lower Ag concentration could be asso-
ciated to the presence of smaller conductive Ag particles 
spread more uniformly throughout the  Ti3Au matrix, as 
seen in the SEM images for samples  SAg1 and  SAg2. But as 
the concentration of Ag grows within the film, Ag par-
ticles begin to agglomerate into fewer large island like 
structures with increased spacing, thereby reducing the 
electrical conductivity [84–86]. Therefore, by correlat-
ing the ICPOEMS and surface conductivity results to 
the excellent cell viability reported for the Ag/Cu doped 
samples (> 100%), it can be argued that leached Ag/Cu 
ion concentrations of 0.07 to 0.20 ppm are not enough to 
cause any significant cytotoxic effect, however, increases 
in electrical conductivity caused by addition of these 
elements could be favourable to stimulate myogenic 
differentiations.

Antimicrobial results
We used the bioluminescence output of E. coli pQE-
ilux as an index of death. Our in vitro experiments have 
shown that the loss of bioluminescence correlates very 

well with bacterial death when challenged with copper 
ions (data not shown). We consider the assay superior to 
traditional recovery assays as these equate a reduction in 
recovery of live cells with death but do not account for 
recovery artefact relating to differential surface adhe-
sion by the bacteria. Logarithmic reduction in the num-
ber of live E. coli bacteria emitting bioluminescence after 
exposure to the sample surfaces was measured in a dark 
box and used as a reference to indicate the antimicrobial 
property of the Ag and Cu doped  Ti3Au thin films, see 
Fig. 19.

Each data point represents the logarithmic value of 
averaged bioluminescence intensity emitted by the 
microbial cells when deposited on the surface of the Ag/
Cu doped  Ti3Au thin films. The spread of data points is 
fitted using a linear fit of y = mx + c, where x and c rep-
resent the slope and y-axis intercept of the line respec-
tively, while the  R2 value is presented to indicate the 
quality of data fit. The negative and steeper slope indi-
cates a steeper reduction in the number of E. coli colo-
nies and the higher  R2 value indicates the consistency of 
this trend across the exposure period. The table for indi-
vidual slope and  R2 value for these samples are presented 
in the Supplementary data 3. The results are compared 
against a Cu substrate, a known antimicrobial agent and 
this control sample exhibits a strong antimicrobial prop-
erty with a 1.6 log reduction in bioluminescence intensity 
over the test period. For Ag doped  Ti3Au thin films, sam-
ple  SAg1 shows the best antimicrobial property, similar to 
Cu substrate with a 1.6 log reduction over the test dura-
tion. The reduction in this sample is steep in the initial 
10 min before settling down in the second half of the test 
period. With further increase in the Ag concentration, 

Fig. 19 Graphs showing linear fitted trendlines for log reduction of bioluminescence response from E.coli. bacterial colonies under exposure 
to a Ag doped and b Cu doped  Ti3Au thin films
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the antimicrobial performance diminishes to < 0.8 log 
reductions for samples  SAg2,  SAg3 and  SAg4 respectively. 
For the Cu doped samples, sample  SCu4 and  SCu1 provide 
the strongest antimicrobial performance of > 1 log reduc-
tions, with both samples showing a steady reduction in 
bacterial bioluminescence. While samples  SCu2 and  SCu3 
only achieve a < 0.5 log reduction over the test period.

Discussion
There is growing interest in biocompatible thin film coat-
ings with enhanced wear resistance and antimicrobial 
properties that can be used to coat load-bearing implants 
to extend their lifetime and help to combat implant asso-
ciated infections. One thin film material that is receiving 
increasing attention is β-Ti3Au due to its excellent bio-
compatibility and increased hardness when compared 
to pure Ti and  Ti6Al4V alloy [1–5]. In this work, we have 
made the first fundamental attempt to dope the biocom-
patible β-Ti3Au thin film structure with small quanti-
ties (< 10 at%) of biocidal Ag and Cu elements to impart 
strong antimicrobial functionality without affecting the 
excellent mechanical hardness of this alloy system.

X-ray diffraction patterns revealed that stoichiomet-
ric addition of Au in the Ti leads to formation of  Ti3Au 
intermetallic at the required 3:1 ratio and addition of 
small doping concentrations of Ag and Cu are below 
the required level for the formation of Ti-Ag and Ti-Cu 
intermetallics [44–46], while thermal energy from the 
film substrate increases the diffusion of these elements 
into interstitial points as solid solutes. At higher Cu con-
centrations Cu ions begin to alloy into the  Ti3Au matrix 
causing lattice distortions and in plane stress [41] due 
to the smaller ionic radius of Cu (1.28  Å) when com-
pared to Ti (1.47 Å) [42, 43]. addition of Ag leads to vis-
ible changes in the  Ti3Au thin film diffraction pattern 
and therefore more significant changes in the structural 
arrangement.

Microscopic images of surface topology show that 
small additions of Cu produces well dispersed spherical 
grains in the  Ti3Au matrix, which is in good agreement 
with previous work on addition of Cu in a Ti matrix [49]. 
These grains develop more angular features with increas-
ing Cu concentration in the thin film. While small addi-
tions of Ag in the matrix are shown to retain the more 
angular grain features of the pure  Ti3Au thin film [4] but 
with further Ag addition the grains become flatter and 
interspersed with increasing Ag agglomerations, form-
ing large Ag particles on the thin film surface as well as 
within the columnar cross sectional structure of the 
 Ti3Au matrix. This finding is in good agreement with pre-
vious studies on Ag doped Ti-based alloys [50] and such 
Ag precipitation can negatively affect thin film density 

and resulting mechanical hardness and corrosion resist-
ance [52].

Mechanical characterisation revealed that the elas-
tic modulus of the thin film gradually reduced in pro-
portion to increasing number of Ag solute atoms in the 
 Ti3Au matrix [44–46] from 136 to 82 GPa, and variation 
in results increased due to increasing Ag agglomeration 
on the surface.  Ti3Au samples doped with Cu report 
elastic modulus values very close to that of the standard 
 Ti3Au thin films and with more consistent values in the 
range 134 to 146 GPa and could be related to the higher 
reported Young’s modulus of Cu (128 GPa) compared to 
Ti (112 GPa) and Ag (73 GPa) [44, 60], grain refinement 
and constraining of neighbouring grains [62], and the 
precipitation of the Ti-Cu intermetallic leading to stiff-
ening of the  Ti3Au thin film matrix with increasing Cu 
concentration [44, 46, 61]. While one current limitation 
with these alloys is that their elastic modulus values are 
still higher than that of natural bone (30 GPa) [87], the 
observed reduction in the elastic modulus of the stand-
ard  Ti3Au intermetallic when alloyed with yielding ele-
ments like Ag could be further explored to enable load 
bearing implants to efficiently transfer loads to devel-
oping bones and reduce the stress shielding effect [88]. 
Thin film hardness followed a similar trend to that elas-
tic modulus with a steady decrease with increasing Ag 
content in the  Ti3Au thin films. Addition of 0.2 at% Ag 
is shown to increase the peak mechanical hardness of 
the standard  Ti3Au thin film from 12.3 GPa to 14.7 GPa 
but with further additions of Ag in sample the hardness 
values reduce and variation in results increase due to Ag 
agglomeration on the surface. It is known that thin film 
strengthening can be achieved by increasing barriers to 
dislocation movement, introducing phase difference, 
increasing solutes or increasing the internal grain/phase/
column boundaries [89, 90] and previous studies have 
shown that at low Ag concentrations the thermal energy 
supplied by substrate heating leads to Ag diffusion into 
the main matrix structure, which act like lattice defects 
to generate micro-strain [81, 91, 92]. This solid solution 
of Ag into the main  Ti3Au coating matrix results in grain 
refinement or grain boundary reduction, leading to an 
enhanced solid solution hardening effect [93, 94], as seen 
for the  Ti3Au thin film containing 0.2 at% Ag. At higher 
Ag concentrations, diffusion of Ag starts agglomerating 
across the grain boundaries and reduces the compactness 
and hardness of the  Ti3Au thin films [52]. The hardness 
of the Cu doped  Ti3Ag thin films is more consistent in 
the range 11.6 to 13.2 GPa. Again, a very small Cu dopant 
concentration leads to diffusion of metal inside  Ti3Au 
as a solid solute, creating lattice defects like interstitial 
occupancy or vacancies, leading to micro strain within 
the film [95]. Therefore, the hardness increment seen 
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at low Cu concentrations can be related to the effect of 
growth defects and decrease of crystallite size but with 
further addition of Cu the hardness undergoes a slight 
reduction before stabilizing for further samples. Lopes 
et  al., experienced a very similar trend in hardness at 
intermediate Cu doping concentrations because the low 
eutectoid point of 7 at% Cu [44] causes the Ti-Cu inter-
metallics to emerge in an amorphous nature with grain 
sizes much smaller than the dislocation length, causing 
plastic deformation and thereby reducing the hardness 
of the film [95]. With further increment in the dopant 
concentration, Ti-Cu intermetallics begin to crystallise 
and therefore with coexistence of quasi-crystalline and 
nanocrystalline intermetallic structures, the neighbour-
ing grains belong to different lattice structures/phases 
[95]. This leads to strengthening of the atomic bonds 
along cluster grains thereby improving the resistance to 
dislocation movement and increasing mechanical hard-
ness [89, 90, 95]. Addition of 0.2 at% Ag is also shown to 
significantly decrease the corresponding wear rate of the 
standard  Ti3Au thin film from 19.62 ×  10–6 to 3.03 ×  10–6 
 mm3/Nm. While  Ti3Au films doped with small quantities 
of Cu achieved a minimum wear rate of 5.50 ×  10–6  mm3/
Nm. This behaviour is typical in thin film coatings doped 
with soft materials like Ag and Cu and can be related to 
trade-off between a reduction in frictional coefficient due 
to development of a self-lubricating surface layer [63–65] 
and a decrease in surface hardness [67] with increasing 
Ag/Cu content in the  Ti3Au thin films.

The Ag and Cu doped Ti3Au thin films were also 
shown to have excellent corrosion resistance when tested 
in SBF solution and cytotoxicity tests revealed that the 
excellent biocompatibility profile of the standard  Ti3Au 
thin film can be further enhanced by addition of elec-
trically conductive Ag and Cu particles into the matrix, 
with L929 viability levels above 100% following both 
direct contact with thin film surfaces and incubations 
with 72  h leached extracts. Exposures with prolonged 
168 h leached extracts caused a minor decrease of viabil-
ity levels to ~ 90% for Ag doped  Ti3Au thin films, which 
could be attributed to Ag + ions being 6–8 times more 
cytotoxic towards L929 mouse fibroblast cells than of 
Cu2 + ions [73]. However, overall, these results indicate 
that thin film samples of  Ti3Au intermetallic maintain the 
stable non-corrosive and excellent biocompatible profile 
of the individual Ti and Au elements, even when doped 
with potential antimicrobial elements like Ag and Cu up 
to 4.1 and 7.2 at%, respectively.

Antimicrobial test results showed a drastic reduc-
tion in microbial survival over a short test period 
of < 20 min for  Ti3Au films doped with Ag or Cu. From 
the Ion leaching results discussed earlier it can be seen 
that even after 72  h of leaching, the leached Ag ion 

concentration in the extracts from Ag doped  Ti3Au thin 
films do not exceed 0.15  ppm and those of Cu doped 
 Ti3Au thin films only record leached Cu ion concentra-
tions of 0.08  ppm. While leached ion concentrations 
below 1  ppm are favourable for biocompatibility per-
formance of these thin films [73–75], previous stud-
ies have shown that Ag and Cu concentrations as low 
as 2.3–11  ppb are sufficient to initiate antimicrobial 
activities [30, 35]. Other studies have projected a safe 
concentration range for Ag and Cu ions where they 
can be antimicrobial without being cytotoxic as 0.26–
0.1 ppm and 0.6–6.3 ppm, respectively [96]. Corelating 
ion leaching results to antimicrobial performance, it 
is very promising to see that Ag and Cu doped  Ti3Au 
thin films with 80–150  ppb of Ag/Cu ion concentra-
tion can produce a visible reduction in bacterial biolu-
minescence within a short exposure time of < 20  min, 
where leached ion concentrations would normally be 
expected to be much lower than those levels after 72 h. 
Recent studies on kinetics of Ag [97] and Cu [98] ion 
leaching have explored the effect of exposure time on 
the leaching potential of these elements and found 
that with increase in leaching time, initially the leach-
ing rate increases rapidly but then begins to slow until 
achieving a steady rate. Therefore, the ion release rate 
in the initial minutes is sufficient to reach the lev-
els required to execute antimicrobial action on E. coli 
colonies. The higher concentration of leached Ag ions 
from Ag doped samples compared to Cu ions from Cu 
doped samples, arises from the difference in particle 
formation behaviour for these two dopants and sup-
ports the stronger antimicrobial performance observed 
for Ag doped samples. These recent studies [97, 98] 
have also explored the effect of particle size on leach-
ing potential and observed that finer particles acceler-
ate the leaching rate because of larger contact area. The 
XRD patterns and SEM images clearly show that with 
increasing dopant concentration, Ag tends to agglom-
erate to form larger particles protruding from the main 
 Ti3Au alloy matrix, whereas Cu is easily dispersed in 
the matrix, even at the highest doping concentration. 
Ag agglomeration versus copper dispersion within the 
 Ti3Au matrix was also observed to affect the conduc-
tivity of these thin films, thereby having a direct effect 
on the cytotoxicity results. Similarly, the difference in 
particle formation behaviour explains the better anti-
bacterial performance of Ag doped samples at lower 
concentration where finer particle size leads to higher 
ion release during the initial leaching period, compared 
to Cu doped samples where the best antimicrobial 
performance was observed at the highest dopant con-
centration where the Cu particles remained finely dis-
persed in  Ti3Au matrix. According to the work of Ning 
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et al. [96], in these concentration ranges, the prevailing 
mechanism for bacterial death from metal ions is due 
to formation of reactive oxygenated species (ROS), like 
the production of hydroxyl free radicals when these ion 
penetrate the cell membrane. These ROS cause oxida-
tive damage to bacterial cell membranes and proteins, 
which appears as permeability of the cell membrane 
and eventually leads to its rupture and loss of cytoplas-
mic fluid. While this study confirms the antimicrobial 
performance of  Ti3Au-Ag/Cu alloy system, and core-
lates this performance to the release of Ag ions from 
the implant surface, further in-depth antimicrobial 
studies are required to establish the exact mechanism 
behind the antibacterial activity of this material. Over-
all, the antimicrobial tests strongly support that medi-
cal implant surfaces coated with Ag/Cu doped  Ti3Au 
thin films can provide enough/sufficient biocidal Ag/
Cu ions in the initial minutes after implant surgery to 
inhibit the growth of infection causing microbial colo-
nies. However, further studies are required in order to 
explore and characterize the potential of Ag/Cu ions 
leached from longer exposure durations, extending into 
hours or even days, on the prevention of biofilm forma-
tions protecting bacterial colonies.

Conclusion
In summary this work has demonstrated that of dop-
ing the β-Ti3Au thin film structure with small quantities 
of biocidal Ag and Cu elements can lead to an improve-
ment in the mechanical hardness and wear resistance of 
the resulting coating without compromising its excellent 
biocompatibility, whilst also imparting the coating with 
strong antimicrobial functionality. These findings suggest 
that β-Ti3Au-Ag/Cu thin films could have future potential 
as a coating material to improve the wear performance 
and extend the life cycle of medical implant devices and 
provide sufficient antimicrobial activity to resist biofilm 
formation during post-surgery healing to reduce the risk 
of implant associated infections.
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