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ARTICLE INFO ABSTRACT

Keywords: Orthopaedic and dental implants, the majority of which are made from titanium alloys, face the crucial challenge
Implants of both inducing osteogenesis whilst inhibiting bacterial biofilm formation in an economical manner over the life
Titam“f‘f alloys of the implant. This study introduces an innovative strategy combining cost-effective alloying elements, selected
‘é\;ii)t::gi}t]y due to their reported biological benefits, for developing new titanium alloys that achieve a tailorable mechanical,

corrosion, and biological response. The combination of alloying and manufacturing results in homogeneous
materials characterised by a lamellar microstructure. The developed low-cost Ti alloys have a maximum ultimate
compression strength of 659 MPa, maximum tensile yield stress of 606 MPa, and maximum elongation of 8.3%
without failing catastrophically. The alloys do not degrade as abiotic corrosion is significantly hampered by their
intrinsic passivation behaviour (maximum corrosion rate of 8.9 pm/year), and have adjustable surface wetta-
bility with contact angles in the 60-81° range. Consequently, stomal cell attachment, cytotoxicity and cytokine
production (IL-6 and TGF-p1), and antibacterial rate on S. aureus are consistent and comparable to those of
current implnat materials. Based on these characteristics, the low-cost Ti alloys are promising materials for load-
bearing biomedical devices.

Selective attachment

1. Introduction

Amongst metallic biomaterials for load-bearing implants, titanium
(Ti) alloys are preferred over alternatives such as stainless steel and CoCr
alloys due to their lightweight properties; high mechanical strength
capable of sustaining loads associated with physical activities (Geetha
et al., 2009; Bolzoni et al., 2020); stiffness more compatible with that of
human bone; corrosion resistance in a wide range of aggressive envi-
ronments; and biocompatibility (Niinomi, 2008; Bolzoni et al., 2011). Ti
is the preferred material for dental and orthopaedic implants, being
extensively used for orthodontic devices, plates and screws for bone
fixation, surgical instruments and artificial joint components (Geetha
et al., 2009; Szczesny et al., 2022; Oliveira et al., 2002). Despite
extraordinary advances, commercial Ti alloys for biomedical applica-
tions are still characterised by long-lasting limitations related to
potentially toxic elements (e.g. Al (Perl, 1985) and V (Domingo, 2002)),
an inability to deter bacterial biofilm formation (Mahmoudi et al.,
2022), and high production costs (Jia et al., 2018; Sjafrizal et al., 2020).
The former two can be addressed by designing new Ti alloy composi-
tions using appropriate elements and the latter by using alternative
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manufacturing techniques such as powder metallurgy (Sun et al., 2024;
Raynova et al., 2019). It is worth mentioning that coatings (e.g., Ag) can
be applied to Ti-based implants however they are characterised by sig-
nificant limitations, such as a short antimicrobial lifespan (days to
weeks), contribution towards antimicrobial resistance, and susceptibil-
ity to delamination and release of debris.

When considering the selection of alloying elements to design new
compositions with tailored biomedical performance, the addition of Cu
has primarily been investigated to achieve antibacterial properties
(Ohkubo et al., 2003; Zhu et al., 2000; Kikuchi et al., 2003a; Zhang et al.,
20164, 2016b, 2016c; Yi et al., 2020; Wang et al., 2019; Liu et al., 2014;
Alqgattan et al., 2020); the addition of Fe has been used to reduce the
intrinsic cost of the alloy and improve mechanical properties (Chen
et al., 2011; Bolzoni, 2019; Niu et al., 2021; Romero et al., 2020, 2021;
Chen and Hwang, 2012; Raynova et al., 2021); the addition of Nb mainly
targeted the reduction of stiffness (Han et al., 2015; Lee et al., 2002; Xu
et al., 2009; Manogar et al., 2022; Kikuchi et al., 2003b; Zhao et al.,
2013; Yilmaz et al., 2018; Kalita et al., 2020); and the addition of Mn
was analysed as a potential candidate to replace V due to its lower
toxicity (Alqattan et al., 2020; Gouda et al., 2016; Cho et al., 2014;
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Fernandes Santos et al., 2016; Kim et al., 2016). It is worth mentioning
that the majority of the previously cited studies were carried out in bi-
nary systems (e.g. Ti-Cu alloys) aiming at improving a single specific
property (e.g. antibacterial resistance via Cu addition). A survey of the
current literature indicates that research where two of the previously
mentioned alloying elements (i.e., Cu + Fe, Fe + Nb, Mn + Fe, and Mn +
Nb) were synergistically amalgamated to concurrently improve
competitive properties are scarce, and they have severe limitations. For
instance, the few reports on ternary Ti-xFe-yCu alloys (Cho et al., 2013;
Zadorozhnyy et al., 2012, 2017; Chausse de Freitas et al., 2020) avail-
able did not quantify the antibacterial response, whilst the biological
response of ternary Ti-xNb-yFe alloys (Hsu et al., 2010; Ehtemam-Ha-
ghighi et al., 2016a, 2016b, 2016c; Afonso et al., 2017; Li et al., 2019;
Salvador et al., 2017; Chirico et al., 2020) is still undetermined in the
literature. The same applies to ternary Ti-xNb-yMn alloys where the only
two studies available (Chen et al., 2017; Ehtemam-Haghighi et al., 2019)
exclusively focused on the mechanical behaviour. Similarly, ternary
Ti-xFe-yMn alloys were studied by Ikeda et al. (2012) who focused their
efforts in clarifying the phase constitution after heat treatments using
electrical resistivity, Vickers hardness, and X-ray diffraction (XRD).

The alloying elements previously mentioned (i.e., Cu, Fe, Nb, and
Mn) are either essential elements for the human body or are claimed to
be non-toxic. Specifically, metabolic processes are supported by Cu
(Zhang et al., 2019), where a lack of Cu (as well Mn) intake is detri-
mental for the proliferation, differentiation and migration of osteoblast
cells, and for bone induction (Strause et al., 1987). Furthermore, it has
been proven that angiogenesis is promoted both in vitro and in vivo (Wu
et al., 2012) and skin defect healing is enhanced by Cu®T ions (Wu et al.,
2013). It is well established that the insufficient intake of Fe leads to
anaemia as the human body is not capable of producing enough hae-
moglobin (Aspuru et al., 2011). The effect of Nb on the human body has
not been extensively studied and has no known biological use, but Nb
has been reported to be a non-toxic element (Liu et al., 2023). In the case
of Mn, this element is needed to promote enzymes and amino acid
metabolism, and to support the proper development of bone and skeletal
growth (Miao and Clair, 2009).

We previously reported the development of ternary Ti alloys
considering the combined lean additions of isomorphous and eutectoid
beta stabilisers (Bolzoni et al., 2022) proving the feasibility of the pro-
posed manufacturing approach, and demonstrating that materials with
homogeneous distribution of the alloying elements are achieved. In the
current study we therefore focused on the characterisation of their
biological response with the aim of filling the current gap in the litera-
ture and providing a new strategy for achieving sound structural and
biological performance. The study is complemented by the analysis of
the mechanical and corrosion behaviour of the new low-cost Ti alloys
developed by the joint addition of Cu, Fe, Nb, and Mn in pairs. It is worth
noting that the amount of each alloying element was fixed at 2 wt per-
centage (i.e., wt.%) in an effort to develop o+ Ti alloys, which are those
characterised by the best compromise between strength and toughness
as required by structural biomedical implants. The novelty resides in the
use of alloying elements rather than the ones (i.e., Al and V) used in
commercial Ti prostheses with the aim of promoting an autogenous
antibacterial response while controlling the cytotoxicity so that the alloy
can promote osteointegration while simultaneously preventing short
and long term bacterial infections, which is not the case of existing
commercial biomedical titanium alloys.

2. Experimental procedure
2.1. Specimen preparation

The chosen Ti alloy compositions (i.e., Ti-2Cu-2Fe, Ti-2Fe-2Nb, Ti-
2Mn-2Nb, and Ti-2Mn-2Fe) were obtained using the classical powder

metallurgy route entailing cold pressing and vacuum sintering. For that,
commercially available powders with suitable characteristics were
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purchased and include: Ti from GoodFellow (Dgy < 75 pm, purity
>99.4%, irregular), Cu from Merck KGaA (Dgp < 63 pm, purity >99.7%,
dendritic), Fe from GoodFellow (Dgg < 10 pm, purity >99.0%, spher-
ical), Nb from AlfaAesar (Dgg < 45 pm, purity >99.8%, irregular), and
Mn from Sigma-Aldrich (Dgg < 45 pm, purity >99.0%, angular). Powder
blends were obtained via mixing (30 min, 45 rpm) and were subse-
quently cold uniaxially pressed at 600 MPa and sintered at 1300 °C for 2
h in order to obtain a 40 mm diameter specimen per composition.

2.2. Microstructural analysis

XRD analysis (30-80° diffraction angle, 0.013°/s step size, CuK,,
Philips X'pert), density quantification through water displacement
measurements (entailing measurements of the mass in air and water),
and optical microscopy (Olympus BX53) were used to analyse the
microstructure. For the latter, samples were metallographically pre-
pared and chemically etched using a Kroll reactant (2 vol% HF + 4 vol%
HNOs3 in distilled water) for 10 s prior to their microstructural
characterisation.

2.3. Mechanical properties

Cylindrical samples, at least three per composition, with an
approximate height (9 mm) to diameter (6 mm) ratio of 1.5 were used to
quantify the compression behaviour (ASTM E9) of the alloys (viz., 0.54
mm/min strain rate) using an Instron 5982 universal tester. A minimum
of five Vickers (HV) hardness measurements were performed to quantify
the hardness of the alloys. The tensile behaviour (ASTM E8) of the low-
cost Ti alloys was quantified using dogbone specimens with rectangular
cross-section (viz., 2 x 2 mm? with 20 mm gauge length) tested at a
strain rate of 1 mm/min using an Instron 33R4204 testing machine. A
minimum of three dogbone specimens per composition were tested.
Fractographic analysis was performed on the fracture surface of the
tensile specimens by means of a scanning electron microscope Hitachi
$4700.

2.4. Corrosion behaviour

Electrochemical properties of the low-cost Ti alloys were measured
using a standard three-electrode configuration system in an eDAQ e-
corder 410 electrochemical potentiostat. The samples served as the
working electrode, a Pt wire was used as the counter electrode, and a
standard Ag/AgCl was used as the reference electrode. The electro-
chemical measurements were performed at room temperature (i.e., 25
=+ 1 °C) using as electrolyte a standard Hanks’ balanced salt solution (i.
e., simulated body fluid, SBF with pH 7.4) with composition of 8 g/1
NacCl, 1 g/1glucose, 0.35 g/l NaHCOs, 0.4 g/1 KCl, 0.14 g/1 CaCl,, 0.1 g/1
MgCly-6H20, 0.06 g/1 KH2POy4, 0.06 g/1 NaH;PO4-2H20, and 0.06 g/1
MgS04-7H20. After 1 h of stabilisation time to reach a steady potential
(ISO 10271:2001), the potentiodynamic polarisation curves were ac-
quired at a scanning rate of 50 mV/s from —2 V to 0 V. The corrosion
potential E., (V) and the corrosion current density icor (nA/cm?) were
determined from the respective Tafel curves along with the anodic (5y)
and cathodic (f.) Tafel slopes (V/dec). The driving force for passivation,
or Gibbs free energy (AG), was quantified as AG = -n-F-Eo (kJ/mol),
where n is the number of electrons exchanged in the reaction and F is the
Faraday constant (96,485 C/mol). The corrosion rate (CR, pm/year) was
calculated as CR = (0.00327-M-i.or)/(n-d) where M is the molar mass of
Ti (g/mol) and d the density of the material.

2.5. Water contact angle

Cylindrical samples, 10 mm in diameter and 2 mm in height, were
manufactured as previously outlined for biological testing along with
similar sized wrought Ti6Al4V discs purchased from Goodfellow
(Cambridge, UK). To normalise sample surfaces for water contact angle,
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cell and bacterial attachment studies, all samples were polished with
silicon carbide paper to an average roughness (R,) of 0.20 £+ 0.05 pm
and average maximum peak to valley distance (R,) of 2.0 & 0.5 pm.
Roughness measurements were performed using a Surftest SV-2000
surface profilometer with Surfpak-SV software version 1.3 (Mitutoyu,
Kanagawa, Japan) at a speed of 0.5 mm/s and 800 pm range across 8
mm of the sample surface. To assess the effect of alloy composition on
the hydrophobicity of the surfaces, which is an important parameter for
mediating mammalian and bacterial cell attachment (Webb et al., 1998;
Oh et al., 2018), samples were cleaned with 70 vol% ethanol and air
dried before a 4 pL drop of water was dispensed on the surface and the
contact angle measured using a Theta Lite Optical Tensiometer with
OneAttension software (Biolin, Stockholm, Sweden). Three samples per
group were measured at room temperature to obtain average water
contact angle values for each alloy.

2.6. Cytotoxicity

To determine the biocompatibility of the low-cost Ti alloys, a cell
counting kit 8 assay (CCK-8) was performed. Sample discs were steri-
lised in an autoclave and heated to 121 °C for 15 min before cooling and
being used for cytotoxicity and bacterial tests. Human bone marrow
stromal cells (hBMSCs) were purchased and characterised by Lonza
(Slough, UK) and used between passage numbers 4 to 8. hBMSCs were
cultured in a-MEM medium supplemented with 10 vol% foetal bovine
serum, 100 units/mL penicillin G sodium, 0.1 pg/mL streptomycin sul-
phate and 0.25 pg/mL amphotericin solution until 80% confluent, with
media changed every 2-3 days. Cells were then detached using Accutase
cell detachment solution. 10,000 cells were subsequently seeded onto
each disc sample in 12 well plates and allowed to attach for 1 h at 37 °C,
5% CO,. Wells were flooded with 1 mL of complete culture medium, and
samples incubated for 24, 48 or 72 h. At each timepoint, the media was
removed and the cells washed with 1 mL of sterile phosphate buffered
saline (PBS) before incubation with 1 mL of complete media containing
100 pL of CCK-8 assay reagent. Samples were incubated at 37 °C, 5%
CO;, for 3 h before the supernatant was transferred to a 96-well plate and
the absorbance measured at 450 nm with a wavelength correction of
650 nm. Ti-6Al-4V was selected as the control for biological testing as it
is considered the gold standard Ti alloy for biomedical implants. Per-
centage viability relative to Ti-6Al-4V was calculated using equation (1):

Sample absorbance at 450 nm

100
Average Ti — 6Al — 4V absorbance at 450nm x

Percentage viability =

Eq. 1
2.7. Cell morphology

To further assess the impact of alloy composition on cell behaviour,
cell morphology was assessed using phalloidin staining to visualise the
actin cytoskeleton of hBSMCs on the surface of samples. Following 72 h
incubation on the surface of the discs, hBMSCs were washed with 1 mL
of PBS and fixed in 10% formalin for 10 min at room temperature.
Samples were washed three times in PBS before permeabilising the cells
with 1% Triton X-100 in PBS for 5 min at room temperature. Samples
were subsequently washed with PBS three times and incubated in 1%
bovine serum albumin in PBS for 30 min at room temperature to block
non-specific binding sites. Cells were then incubated with 1 unit of
phallotoxin using phalloidin conjugated with fluorescein isothiocyanate
(phalloidin-FITC, Sigma-Aldrich, UK) for 30 min in the dark at room
temperature. Samples were washed three times in PBS and allowed to
dry in the dark before adding 10 pL of 1 mg/mL 4’,6-diamidino-2-phe-
nylindole (DAPI, Thermofisher, UK) to each sample surface to stain the
nuclei of the cells. Cells were imaged using an AX70 Olympus Provis
fluorescent microscope.
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2.8. TGF-$1 and IL-6 production

To assess the regenerative and inflammatory cell response to the low-
cost Ti alloys, 10,000 hBMSCs were seeded on the sterile sample surfaces
in 12-well plates and allowed to attach for 1 h at 37 °C, 5% CO,. Wells
were flooded with complete culture medium, and samples incubated for
24, 48 or 72 h in 1 mL of media. At each timepoint, the media was
removed and stored at —20 °C. Samples were thawed and analysed using
human TGF-p1 and IL-6 ELISA kits (DuoSet ELISA kits, R&D Systems,
Abingdon, UK) according to the manufacturer's instructions.

2.9. Bacterial attachment

To determine the antibacterial and anti-adherent properties of the
low-cost Ti alloys, gram-positive Staphylococcus aureus NCTC 7791
(isolated from a human case of osteomyelitis) was incubated on the
surface of the samples and colony forming unit (CFU) counts as well as
live/dead staining was performed. Single colonies of S. aureus NCTC
7791 were isolated from tryptone soya agar streak plates and cultured in
20 mL of tryptone soya broth at 37 °C, 5% CO; overnight. The suspen-
sion was centrifuged at 3000 rpm for 5 min and the pellet was resus-
pended in 20 mL sterile PBS. The pellet was centrifuged again at 3000
rpm for 5 min and resuspended in PBS to achieve an absorbance of 0.08-
0.1 at 600 nm corresponding to approximately 1 x 107 CFU/mL. To
determine bacterial attachment, sterile discs were placed in 24-well
plates and 1 mL of the 1 x 107 CFU/mL bacterial suspension in PBS
was added onto the surface of the discs. After 1 h incubation at 37 °C, 5%
COo, the discs were transferred onto a sterile 24-well plate and gently
washed with 1 mL solution of 0.85% NaCl to remove non-adherent
bacteria. 1 pL of syto9 and 1 pL of propidium iodide were added to 1
mL of 0.85% NaCl solution (LIVE/DEAD® BacLight™ Bacterial Viability
stain, Life Technologies, Paisley, UK) and 20 pL of this solution added to
the surface of the discs, covered with a sterile glass coverslip and left at
room temperature for 5 min. Five random images of the disc surface
were taken using an AX70 Olympus Provis fluorescent microscope at
x10 magnification at emission/excitation wavelengths of 485/530-630
nm respectively.

Bacterial coverage was quantified using a macro written in ImageJ
that calculates the percentage of the image occupied by fluorescence
(Ayre et al., 2015). To establish bacterial viability the experiment was
repeated, however at each time point following incubation with the
bacteria, the samples were transferred onto a sterile 24-well plate and
gently washed with 1 mL solution of 0.85% NaCl to remove
non-adherent bacteria. The samples were then vortex-mixed in 1 mL of
PBS in a universal container for 30 s to remove bacteria adherent to the
alloy surface. The suspensions were serially diluted and spiral plated on
tryptone soya agar using a Don Whitley Automated Spiral Plater fitted
with a Don Whitley 602 Vacuum Pump (Don Whitley Scientific, UK).
Agar plates were incubated for 24 h at 37 °C, 5% CO; before counting
colonies.

2.10. Statistical analysis

The results of the physical and mechanical properties as well as
corrosion behaviour were statistically analysed by a t-test (GraphPad
Prism 10.4.1) and were considered statistically significant at *p < 0.05
and #p < 0.01. Similarly, for all biological studies (cytotoxicity, cell
morphology, TGF-f1 and IL-6 production and bacterial attachment),
data from three independent experiments were collected. Statistical
analysis was performed using the same software. Data was initially
assessed for normality using a Shapiro-Wilk test. The water contact
angle data was considered non-parametric and therefore a Kruskal-
Wallis test with Dunn's post-hoc multiple comparisons was performed.
Cytotoxicity, TGF-p1 and IL-6 production and bacterial attachment data
was found to be parametric and therefore statistical significance was
determined by a one-way ANOVA followed by Tukey's post hoc
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multiple-comparison test. P-values <0.05 were considered as statisti-
cally significant. Data in the figures were presented as means + standard
deviation.

3. Results
3.1. Microstructural analysis

The results of the microstructural characterisation of the low-cost Ti
alloys, which include XRD, relative density, and micrographs, are shown
in Fig. 1, where it can be seen that exclusively the a-Ti phase was found
in the XRD pattern of the Ti-2Cu-2Fe alloy. The a-Ti phase has a hex-
agonal closed packed structure whose lattice parameters are 2.95 A and
4.67 A for a and c, respectively. For all the other alloys, the a-Ti phase
was found and was still the predominant phase, however peaks of the
body centred cubic p-Ti phases (viz.,a = 3.30 A) were also detected. The
relative intensity of the peaks of the 3-Ti phase changes with the type of
alloying elements used due to their different p-Ti phase stabilisation
power. This is generally taken into account by means of the molybde-
num equivalent parameter (Bania, 1994).

From Fig. 1b, which shows the variation of the relative density of the
low-cost Ti alloys, it can be seen that a fairy comparable value (viz.,
93.6-94.8%) was achieved regardless of the actual chemical composi-
tion. Consequently, the low-cost Ti alloys are characterised by the
presence of residual porosity (5.2-6.4%) left by the sintering process
(Wang et al., 2010) with an average pore size of 36 + 12 pm. The minor
variations in terms of relative density and associated porosity, which are
statistically significant (p < 0.05), are mainly due to the alloying ele-
ments used and how much they promote the densification of the sample
during sintering. The relative density values shown in Fig. 1b are,
however, typical of Ti alloys obtained by means of powder metallurgy
(Chen et al., 2011; Zhao et al., 2013; Fernandes Santos et al., 2016;
Ehtemam-Haghighi et al., 2019) unless a pressure-assisted sintering
technique is used to enhance the densification and reduce the overall
amount of porosity (Bolzoni et al., 2012a, 2012b).

mTi-2Fe-2Nb
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The analysis of the microstructure of the low-cost Ti alloys yields that
they are characterised by the typical lamellar microstructure regardless
of their actual chemistry. This type of microstructure is composed of o-Ti
grains within which o-Ti + p-Ti lamellae are found, and is formed upon
slow cooling from high temperatures in the p-Ti phase field. Neverthe-
less, it can be noticed that the features of the lamellar microstructure are
remarkably affected by the chemical composition as the Ti-2Cu-2Fe
alloy is characterised by coarse elongated a-Ti grains (Fig. 1c) whilst
the other alloys have equiaxed o-Ti grains. Furthermore, it can be seen
that the fineness of the microstructural features, especially that of the
o-Ti + p-Ti lamellae, changes with the composition where the combined
addition of Mn and Fe results in the finest microstructure (Fig. 1f). From
the optical micrographs of Fig. 1 it can also be seen that uniformly
distributed pores are present in the microstructure in agreement with
the relative density data. The majority of these pores are almost spher-
ical in shape and primarily found at the grain boundaries, although a
minority of irregular pores and pores found inside the grains are also
present.

3.2. Mechanical properties

The results of the analysis of the compressive and hardness behav-
iour of the low-cost Ti alloys are shown in Fig. 2. From the representative
compressive stress-strain curves, it can be seen that the alloys have
different stiffness and compressive response. The alloys are quite
ductile, with minimum strain values of 36.1 + 1.9 for the Ti-2Fe-2Cu
alloy (Fig. 2a) and do not fail catastrophically. The lowest ultimate
compression strength (viz., UCS) was obtained in the Ti-2Fe-2Nb alloy
(viz., 1603 + 38 MPa) and there is a very strong correlation between the
UCS and the compressive yield stress (viz., CYS). There are variations in
terms of both CYS (Fig. 2b) and the hardness (Fig. 2c) as a consequence
of the difference in microstructural features and associated strength-
ening mechanisms. Therefore, the Ti-2Fe-2Nb alloy is the weakest (viz.,
656 + 21 MPa) and least hard (viz., 180 + 3 HV), whilst the Ti-2Mn-2Fe
alloy is the strongest (viz., 659 &+ 9 MPa) and hardest (viz., 215 + 4 HV),

# p<0.01
Ti2Mn-2Fe  » p<0.05
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Fig. 1. Representative results of the microstructural characterisation of the low-cost Ti alloys: a) XRD patterns, b) relative density, and optical micrographs of the: c)
Ti-2Cu-2Fe, d) Ti-2Fe-2Nb, e) Ti-2Mn-2Nb, and f) Ti-2Mn-2Fe alloys.
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Fig. 2. Representative results of the mechanical properties of the low-cost Ti alloys: a) compression stress-strain curves, b) compressive yield stress, and c¢) hardness.
Note: the values of the average ultimate compression strength (UCS) and strain (El) are shown along with the representative compression stress-strain curves.

which are statistically significant variations (at least p < 0.05).

The results of the analysis of the tensile and related fracture behav-
iour of the low-cost Ti alloys are shown in Fig. 3. The representative
tensile curves show that the alloys had comparable Young modulus (viz.,
95 + 8 GPa) as the stress-strain curves overlapped in the elastic region.
Independently of their actual chemical composition, the low-cost Ti al-
loys are able to undergo plastic deformation upon uniaxial tensile
loading (Fig. 3a), however the actual load bearing capacity and amount
of deformation prior to non-catastrophic failure is chemistry dependent
(p < 0.01).

In agreement with the compression test results, the lowest and
highest yield stress (YS) are found in the Ti-2Fe-2Nb (viz., 492 + 8 MPa)
and Ti-2Mn-2Fe (viz., 606 + 6 MPa) alloy, respectively. Consistent with
the tensile behaviour and the amount of plastic deformation the samples
underwent, the fracture surfaces of the low-cost Ti alloys (Fig. 3c—f) are
the results of ductile fracture due to a combination of transgranular and
intergranular fracture of the a-Ti and p-Ti phases. The fracture surface is
dominated by the presence of ductile dimples and a small amount of flat

area with internal striations. The amount of dimples and flat areas are,
respectively, significantly lower and higher in the Ti-2Mn-2Fe alloy in
comparison to the other low-cost Ti alloys.

3.3. Corrosion behaviour

Fig. 4 shows the Tafel curves where it can be seen that the low-cost Ti
alloys are characterised by a long passivation stage regardless of their
actual composition. This indicates the formation of a stable protective
passive layer, which is typical of Ti, and that the addition of the alloying
elements does not disrupt the formation of such protective layer.
Nevertheless, the actual composition of the low-cost Ti alloys affects the
corrosion behaviour where Nb-containing alloys have more negative
corrosion potentials (Fig. 4b) and anodic Tafel slope (Fig. 4c) values. The
cathodic Tafel slope is fairly constant, with an average value of —0.23 +
0.01 V/dec (Fig. 4d), and so is the passivation mean driving force
(Figs. 4e), 254 + 11 kJ/mol. The overall corrosion rate is comparable
amongst the different low-cost Ti alloys and ranges from 6.8 pm/year for
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Fig. 3. Representative results of the tensile and fracture behaviour of the low-cost Ti alloys: a) tensile stress-strain curves, b) tensile yield stress, ¢) Ti-2Cu-2Fe, d) Ti-
2Fe-2Nb, €) Ti-2Mn-2Nb, and f) Ti-2Mn-2Fe. Note: the values of the average ultimate tensile strength (UTS) and strain (El) are shown along with the representative

tensile stress-strain curves.
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Fig. 4. Results of the characterisation of the corrosion behaviour of the low-cost Ti alloys: a) Tafel curves, b) corrosion potential (E.,), ¢) anodic Tafel slope (5,), d)
cathodic Tafel slope (f.), e) passivation driving force (AG), and f) corrosion rate (CR).

the Ti-2Fe-2Nb alloy to 8.9 pm/year for the Ti-2Mn-2Fe alloy (Fig. 4f),
respectively. Most of the corrosion behaviour features analysed are
statistically different (p < 0.05) amongst the different low-cost Ti alloys.

3.4. Water contact angle

The average water contact angles for the low-cost Ti alloys, along
with that of the wrought Ti-6Al-4V alloy used as reference, are shown in
Fig. 5. It was found that there were no significant differences between
the wettability of medical grade Ti-6Al-4V and the low-cost Ti alloys (p
> 0.05), with exception of Ti-2Mn-2Fe, where there is a slightly more
pronounced reduction in water contact angle (p < 0.05), resulting in a
more hydrophilic surface.

3.5. Biocompatibility and cell response

The cytotoxicity and cell response of the low-cost Ti alloys compared
to Ti-6Al-4V are shown in Fig. 6 where it can be seen that there were no
significant differences in raw absorbance values at 450 nm (Fig. 6a) and
the percentage viability (Fig. 6b) of hBMSCs between all Ti-based alloys
as determined by a CCK-8 assay (p > 0.05). Similarly, levels of the anti-
inflammatory cytokine, TGF-p1 (Fig. 6¢), and pro-inflammatory cyto-
kine, IL-6 (Fig. 6d), across all Ti alloys are comparable, with no statis-
tically significant differences between groups (p > 0.05); although the
majority of the low-cost Ti alloys have slightly higher average values at
the three incubation times analysed. The morphology of hBMSCs, as
determined by actin cytoskeletal staining with phalloidin, are similar
across all alloys (Fig. 6e-i), with spread spindle-shaped morphology
indicating healthy attachment and no apoptosis or necrosis induced by
the use of alternative alloying elements than the ones present in the
commercial Ti-6Al-4V alloy used as a reference.

3.6. Bacterial attachment

The effect of the low-cost alloys on bacterial attachment is displayed

*
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Fig. 5. Surface wettability of the low-cost Ti alloys as measured by water
contact angle.

in Fig. 7 where it was found that gram-positive S. aureus NCTC 7791
(implicated in bone infections) readily attached to all alloy surfaces as
per Fig. 7a—e, with limited cell death detected. When bacteria were
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Fig. 6. Cytotoxicity and cell response of human bone marrow stromal cells on the surface of the low-cost Ti alloys: a) CCK-8 cytotoxicity results, b) percentage
viability of cells relative to wrought Ti-6V-4Al, c) growth factor production (TGF-p1), d) inflammatory cytokine production (IL-6) and phalloidin staining of the actin
cytoskeleton of hBMSCs, and representative images of the cell response on: e) Ti-6Al-4V, f) Ti-2Cu-2Fe, g) Ti-2Fe-2Nb, h) Ti-2Mn-2Nb, and i) Ti-2Mn-2Fe.

removed from the surface of the discs and colonies counted on agar
plates, there were no statistically significant differences between the
levels of attachment across all Ti-based alloys (p > 0.05). Similarly,
when live/dead microscopy images were semi-quantified for percentage
area covered with fluorescent bacteria, no significant differences be-
tween all alloy compositions (p > 0.05) were found. However, the dis-
tribution of the bacteria in the surface was affected by the actual
microstructure as demonstrated by distinct attachment patterns.

4. Discussion

This study analysed the manufacturing and performance of ternary
low-cost Ti alloys based on the addition of Cu, Fe, Nb, and Mn where two
of these alloying elements were simultaneously added to create a+f Ti
alloys, seeking the best compromise between strength and toughness in
a cost-effective manner. Specifically, the Ti-2Cu-2Fe, Ti-2Fe-2Nb, Ti-
2Mn-2Nb, and Ti-2Mn-2Fe alloys were obtained via powder metal-
lurgy where each alloying elements was chosen because of their
different biological footprints and ability to stabilise the p-Ti phase. This
is commonly taken into account considering the molybdenum
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Fig. 7. Antibacterial properties the low-cost Ti alloys as assessed via live/dead staining of Staphylococcus aureus NCTC 7791 on the surface of: a) Ti-6Al-4V, b) Ti-2Cu-
2Fe, ¢) Ti-2Fe-2Nb, d) Ti-2Mn-2Nb and e) Ti-2Mn-2Fe - live bacteria are stained green and dead bacteria are stained red; f) bacterial counts from the surface of the
low-cost Ti alloys; and g) percentage area of the low-cost Ti alloys covered by bacteria. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

equivalent parameter and in this case the equation proposed by Bania
(1994) was used (i.e., molybdenum equivalent = 0.28 Nb + 2.9 Fe +
0.77 Cu + 1.54 Mn, weighting factors for wt.% from quenched alloys). It
was found that apart from the Ti-2Mn-2Nb alloy, all the low-cost Ti
alloys had a molybdenum equivalent parameter between 5 and 10.
Therefore, as per the classification proposed by Cotton et al. (2015), the
low-cost Ti alloys are near-p alloys with the exception of the Ti-2Mn-2Nb
alloy, which is considered a p-rich alloy. This is consistent with the result
of the microstructural characterisation, which shows that all the
low-cost Ti alloys are characterised by a lamellar microstructure.

The actual type and combination of alloying elements considered
has, however, a remarkable effect on the microstructural features.
Specifically, the microstructure of the Ti-2Cu-2Fe alloy is constituted by
elongated o-Ti grains (i.e., prior p-Ti grains) and thick a-Ti and very thin
B-Ti lamellae (Fig. 1c) as a consequence of the small amount of p-Ti
phase stabilised. This was primarily due to the relatively small stabil-
ising power of Cu as a eutectoid beta stabiliser and the fact that the

@

amount of Fe added, which has a higher stabilising power, is not suffi-
cient to form equiaxed «-Ti grains (Bolzoni et al., 2020). This is
consistent with the XRD results shown in Fig. 1a) where only peaks of
the a-Ti phase were found in the Ti-2Cu-2Fe alloy despite the clear
presence of the p-Ti phase in the microstructure. As Cu was replaced by
Nb in the Ti-2Fe-2Nb alloy, the microstructure changed to equiaxed due
to the fact that Nb is an isomorphous beta stabiliser, meaning that Nb is
soluble in both the o-Ti and p-Ti phases. Consequently, it can be seen
that the overall size of the features of the lamellar microstructure is
refined, resulting in the presence of a-Ti grains with smaller grain size
and finer a-Ti + f-Ti lamellae as a consequence of the higher amount of
B-Ti phase stabilised. Changing Fe for Mn (i.e., Ti-2Mn-2Nb), and using a
combination of Fe + Mn, leads to the progressive refinement of the size
of the o-Ti phase and the formation of subsequently finer o-Ti + p-Ti
lamellae. Specifically, the thickness of the a-Ti lamellae decreases and
that of the §-Ti lamellae increases, respectively, as dictated by the higher
stabilisation power of the combinations of alloying elements used. This
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trend is coherent with the evolution of the XRD patterns where the
relative intensity of the diffraction peaks of the B-Ti phase increases,
which is more relevant for the main peak of the p-Ti phase. The variation
of the lamellar microstructure, which formed upon the slow cooling of
the low-cost Ti alloys on crossing the allotropic phase transformation
temperature, affects the mechanical properties, the corrosion behaviour,
and the biological characteristics of the low-cost Ti alloys.

In agreement with the measurements of the relative density (Fig. 1b),
the microstructural analysis shows that porosity is present in the
microstructure of the low-cost Ti alloys. The residual pores are generally
uniformly distributed throughout the microstructure, are primarily
spherical in shape, and are found at the grain boundaries. These con-
siderations indicate that the low-cost Ti alloys reached the last stage of
sintering during the manufacturing where homogeneity of the chemical
composition is expected (Chen et al., 2011; Zhao et al., 2013; Fernandes
Santos et al., 2016; Ehtemam-Haghighi et al., 2019; Bolzoni et al.,
2012c). This is reinforced by the fact that no undissolved powder par-
ticles of the alloying elements were found during the microstructural
analysis. Although the variation of the relative density values of the
different low-cost Ti alloys is low, it can be seen that the lowest value
was obtained in the Ti-2Mn-2Nb alloy and the highest in the Ti-2Mn-2Fe
alloy (p < 0.01), respectively. This is mainly related to the intrinsic
physical properties of the alloying elements used. Specifically, Nb has a
higher melting point with respect to the other elements and therefore
has lower diffusivity, hindering the densification of the alloy. Addi-
tionally, Fe has higher diffusivity than Mn, despite the difference in
melting point, and densification is also favoured by the smaller particle
size of the Fe powder used to manufacture the low-cost Ti alloys.

Therefore, it is clear that the change in composition, as each low-cost
Ti alloys is produced using different combinations of elemental powders,
directly affects their manufacturability and the overall resultant
behaviour in terms of structural properties, corrosion behaviour, water
contact angle, and biological response. Fig. 8 shows the heatmap of the
Spearman's rank correlation coefficient test used to clarify the rela-
tionship between composition-related aspects and the properties quan-
tified. In terms of composition, it can be seen that there is a strong
relationship between the amount of porosity and the molybdenum
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equivalent parameter as both are dependent on the specific alloying
elements used. A slightly lower correlation is found with the relative
intensity of the main p-Ti peak, which is an indication of the relative
amount of B-Ti phase stabilised in the microstructure as compared to the
a-Ti phase. Composition-related aspects have a remarkable influence on
the structural properties (though much more explicit in the case of the
tensile behaviour rather than compression as the former has more severe
requirements in terms of material resistance), corrosion behaviour,
water contact angle, and the cell/antibacterial response. Additionally, as
a general trend, a longer incubation time results in better, or improved,
correlations. This hints to the fact that short incubation times might not
necessarily be the best option to quantify the actual long-term biological
response of metallic biomaterials that occurs in vivo. As expected,
structural properties have significant correlations amongst themselves;
however, in the case of the low-cost Ti alloys a strong alloy also has good
corrosion properties and biological response, which once again im-
proves with the incubation time. A strong correlation is also found be-
tween the corrosion potential and the cytotoxic response at 72 h and the
antibacterial rate as the intrinsic passivation behaviour of the low-cost
Ti alloys influences the total amount of ions that can are released. The
wettability, which include the wrought Ti-6Al-4V alloy as reference, is
significantly more affected by the actual composition rather than the
consequent amount of porosity, and in turns influences the biological
behaviour, especially the pro-inflammatory cell response at long incu-
bation times. Generally, fairly poor correlations are found between the
different aspects of the biological response, even for the same trait (e.g.,
TGF-B1) but at different incubation times. Nevertheless, the low-cost Ti
alloys show a progressively overall better biological response between
cytotoxicity, pro-inflammatory cell, and antibacterial rate when longer
incubation times are considered. From this whole overview analysed on
the basis of the Spearman correlation heatmap, the most significant
cases will further be discussed for an in-depth understanding of the ef-
fects of the different aspects on the comprehensive response of the low-
cost Ti alloys.

The analysis of the mechanical behaviour of the low-cost Ti alloys
demonstrates that failure did not occur catastrophically when either
subjected to a uniaxial compressive load (Fig. 2a) or under an applied
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Fig. 8. Spearman correlation heatmap for the different properties of the low-cost Ti alloys. Legend: Por. — porosity; RI (/) — relative intensity of the main f-Ti peak;
MOoE — molybdenum equivalent parameter; YS — yield stress; UTS — ultimate tensile strength; El(t) - tensile strain; CYS — compressive yield stress; CUS — ultimate
compressive strength; El(t) — compressive strain; E, — corrosion potential; CR — corrosion rate; WCA — water contact angle; CCK — CCK-8 cytotoxicity results (i.e.,
percentage viability of hBMSCs); TGF — TGF-p1 concentration (i.e., regenerative anti-inflammatory cytokine cell response); IL-6 — IL-6 concentration (pro-inflam-

matory cytokine cell response); and ABR — antibacterial response.
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uniaxial tensile force (Fig. 3a). This means that the low-cost Ti alloys are
always able to undergo both elastic and plastic deformation upon me-
chanical loading. The actual composition did not affect the Young's
modulus in tension but changed the stiffness in compression as well as
the overall mechanical performance as indicated by compressive YS
(Fig. 2b), tensile YS (Fig. 3b), and hardness (Fig. 2¢) values. Represen-
tative variations of the mechanical behaviour of the low-cost Ti alloys
are plotted in Fig. 9 as a function of the amount of porosity, the relative
intensity of the main f-Ti peak, and as correlation between compres-
sion/tensile and hardness. Generally, a linear correlation between the
mechanical properties and the selected parameters as well as amongst
the different mechanical properties is found. In particular, a remarkably
good correlation is found with the amount of porosity where the me-
chanical properties increase as the amount of residual pores present in
the microstructure decreases (Fig. 9a, and Supplementary Fig. 1). This is
the expected behaviour in alloys produced via powder metallurgy as
residual pores act as stress concentration sites and, therefore, their size,
morphology, and distribution affect the overall mechanical perfor-
mance. It is also observed that, for each mechanical property, the lowest
correlation is always found for the molybdenum equivalent parameter
(Fig. 8, and Supplementary Fig. 1). This is due to the fact that the latter
takes into account the overall B stabilisation strength of the alloying
elements used but does not consider the actual features of the micro-
structural components (i.e., grain size, interlamellar spacing, etc.). Thus,
better correlations are found with the relative intensity of the main p-Ti
peak (Fig. 9b). Finally, a very good agreement is found between the
compression and tensile response of the low-cost Ti alloys and their
hardness (Fig. 9¢). This is due to all of these properties being directly
related to the different strengthening mechanisms active during the
deformation (i.e., solid solution, ratio of the constituting phases, grain
refinement, and porosity) of the low-cost Ti alloys. It is worth noticing
that the highest coefficient of determination is always found for the UCS
and the lowest for the YS, respectively. The variation of the mechanical
performance is coherent with the results of the fractographic analysis
(Fig. 3c~f) as the failing mechanism of the low-cost Ti alloys is primarily
the combination of the fracture of the boundaries of the «-Ti grains and
the fracture of the interphase boundaries between the o-Ti and B-Ti
lamellae. As the strength of the low-cost Ti alloys increases, the amount
of ductile dimples decreases and that of flat area (i.e., intergranular
lamellar fracture) increases due to the refinement of the feature of the
lamellar microstructure. The mechanical behaviour shown and the
actual properties achieved, which are comparable to those of currently
used Ti implants, are sufficient to sustain mechanical loads associated
with physical activities without the loss of functionality of the implant.
Specifically, the tensile strength is lower than that of forged Ti-6Al-4V
alloy (i.e., 827 MPa yield stress) or Ti-6Al-7Nb alloy (i.e., 800 MPa
yield stress) but higher than that of Ti grade 4 (i.e., 480 MPa yield
stress). The elongation is lower as compared to Ti-6Al-4V/Ti-6Al-7Nb (i.
e., 10%) and Ti (i.e., 15%), and so is the hardness. These differences are
imputable to both the composition of the alloys as well as manufacturing
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method. If needed for the specific type of biomedical device, the me-
chanical properties of the low-cost Ti alloys (especially the ductility) can
be improved by forging or hot isostatic pressing them to seal the residual
porosity.

The analysis of the corrosion behaviour of the low-cost Ti alloys
revealed that the alloys are capable of forming a stable protective
passivity layer (Fig. 4). This confirms that the addition of the selected
alloying elements does not hinder the passivation behaviour of Ti.
However, the specific combination of alloying elements changes the
characteristics of the corrosion response. The incorporation of Nb as
alloying element leads to more negative passivation potential values
and, hence, to a lesser tendency to form metal ions and a lower corrosion
susceptibility (Fig. 4b). This results in a slightly higher thermodynamic
driving force for passivation in these alloys due to the direct propor-
tionality between the corrosion potential and the driving force (Fig. 4e).
It is thus found that the Nb-containing alloys have lower corrosion rates
where the highest value is in actuality found in the Ti-2Mn-2Fe alloy
(Fig. 4f). This is due to the compromise between the thermodynamic
driving force and the activation energy required for corrosion to start,
and therefore the kinetics of the electrochemical reaction. The slope of
the Tafel curves (Fig. 4a) is proportional to the corrosion reaction rate,
and it is connected to the activation energy. The steeper the slope, the
higher the activation energy, meaning that a greater overpotential
change is needed for the same current density increase, resulting in
slower corrosion kinetics. In terms of the cathodic Tafel slope (Fig. 4d) it
is found that it is practically constant, regardless of the composition of
the low-cost Ti alloys, as it is related to the corroding environment (i.e.,
Hanks’ balanced salt solution in this instance). The anodic Tafel slope is
directly affected by the composition of low-cost Ti alloys with steeper
slopes in alloys where Nb is not present (Fig. 4c). The range of values
found indicates that the corrosion and passivation of the low-cost Ti
alloys is an activated controlled reaction limited by the transfer of
electrons, which is generally characterised by Tafel slope between 30
and 120 mV/dec.

A more in-depth analysis of the parameters of the corrosion behav-
iour of the low-cost Ti alloys indicates that the corrosion potential and
corrosion rate are the two that best reflect the changes induced by the
variations of composition and microstructures (Fig. 8). Specifically,
from Fig. 10 it can be seen that the corrosion potential is significantly
affected by both the amount of porosity present in the microstructure
and the actual type of alloying elements used as taken into account by
means of the molybdenum equivalent parameter (Supplementary
Fig. 2). Pores are cavities where the corrosion media (i.e., SBF) can
penetrate and stagnate, leading to localised changes of the corrosive
environment due to the formation of a differential aeration cell as a
consequence of oxygen depletion inside the pore. Consequently, each
pore becomes a more anodic (negative) with respect to the surrounding
microstructure, which remains more cathodic (positive), and, therefore,
faster localised corrosion occurs within the pores, as in crevice corrosion
(He et al., 2002). Each specific alloying element has an associated f-Ti
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Fig. 9. Representative variations of the mechanical properties of the low-cost Ti alloys: a) tensile properties vs. amount of porosity, b) tensile properties vs. relative
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stabilisation power as well as a different solubility behaviour within the
a-Ti and B-Ti phases. For instance, Nb is an isomorphous alloying ele-
ments soluble in both phases whereas Cu, Fe, and Mn are eutectoid
alloying elements with progressively more limited solubility in the o-Ti
phase. Consequently, this leads to the partitioning of the alloying ele-
ments within the a-Ti and B-Ti phases with the eutectoid alloying ele-
ments more heavily clustered in the p-Ti phase.

The difference in chemical composition between the o-Ti and p-Ti
phases, the change in relative amount of these two phases as a conse-
quence of using a more powerful beta stabiliser, and the local variations
in chemistry between the phases due to partitioning of the alloying el-
ements, all create very localised micro-galvanic cells. As the two
metallic phases are in contact (i.e., electrically connected), the less noble
of the a-Ti and f-Ti phases, which varies as a function of the chemistry, is
more prone to undergo corrosion by releasing electrons when in contact
with the electrolyte. This leads to the Ti-2Mn-2Fe alloy having the least
negative corrosion potential, as Mn and Fe are the most active metals of
the considered alloying elements, and the Nb-containing low-cost Ti
alloys the more negative corrosion potentials. The corrosion rate is
obviously affected by the corrosion potential, but it is much more so by
the corrosion current density (icorr), which takes into account the amount
of electrical current flowing per unit area, as it is directly proportional to
it. In this instance, the corrosion rate best fits with the relative intensity
of the main f-Ti peak, which is an indication of the relative amount of
B-Ti phase stabilised in the microstructure as compared to the o-Ti phase
(Fig. 10b). The actual corrosion rate of the low-cost Ti alloys is, there-
fore, the compromise between the previously mentioned changes (e.g.,
relative amount of the a-Ti and p-Ti phases, partitioning) brought about
from the use of different alloying elements and the intrinsic passivation
behaviour of titanium. The latter leads to the formation of thin (i.e., few
nm) superficial oxide layer, which is now directly interacting with the
corrosive environment, resulting in the hindering of corrosion (Liu et al.,
2023; Hacisalihoglu et al., 2015).

Amongst the low-cost Ti alloys, all samples have similar wettability
characteristics with only the Ti-2Mn-2Fe alloy having a statistically
significant (p < 0.05) lower water contact angle when compared to the
industry standard for biomedical implants, Ti-6Al-4V (Fig. 5). The
change in water contact angle is likely to be due to the differences in the
features of the lamellar microstructure as the wrought Ti-6Al-4V alloy is
also characterised by an a+f dual-phase microstructure containing
numerous lamellar colonies (i.e., a-Ti grains) composed of alternating
layers of o-Ti and retained B-Ti lamellae. The increasing of grain
boundary density has been shown to increase water contact angle on
nanocrystalline Au thin films (Ha et al., 2022) and, therefore, a refine-
ment of the grain structure is expected to lead to a higher hydropho-
bicity; at least in single phase materials. In the case of the low-cost Ti
alloys, the decrease of the contact angle is most likely due to the
compositional changes and associated microstructure, which include
amount of porosity and refinement of the lamellar microstructure due to
the stabilisation of a greater amount of p-Ti phase (Fig. 1). When the
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water contact angle data are analysed against composition-related as-
pects, it can be seen from Fig. 11 that a strong correlation is found be-
tween the values of the water contact angle and the molybdenum
equivalent parameter, which best reflect the stabilising power of the
different alloying elements considered in the design of the low-cost Ti
alloys. It is worth noticing that, in the case of the wrought Ti-6Al-4V, the
value of the molybdenum equivalent parameter was calculated purely
on the basis of V as Al is a alpha stabiliser element. Therefore, the hy-
drophilicity of the Ti alloy is controlled by the features of the lamellar
microstructure rather than the presence of porosity, which has a poor
correlation (Supplementary Fig. 3). Specifically, the addition of more
powerful beta stabilisers increases the amount of retained f-Ti phase
upon cooling and, consequently, increases the amount of interfaces
between the a-Ti and p-Ti phases.

Across all the alloys tested, comparable cellular responses in terms of
cytotoxicity and cytokine production (IL-6 and TGF-p1) were observed
(Fig. 6). The actual low amount of each alloying element used (i.e., 2 wt
%), which eventually results in low levels of ion released from the low-
cost Ti alloys, yielded similar biological responses, even though the
chosen alloying elements have been reported to have beneficial bio-
logical roles in bone repair. For instance, Mn, in the form of Mn?* ions
have been shown to be involved in integrin signalling, promoting oste-
oblast adhesion, viability and proliferation. A number of studies have
demonstrated the beneficial effects of Mn in osteogenesis and bone
repair (Taskozhina et al., 2024). Fe plays numerous roles in gene regu-
lation, metabolism and hormone synthesis; however, its function is
dose-dependent with Fe overload and deficiency being associated with
bone weakening (Balogh et al., 2018). At appropriate doses, Fe ions

207 i
-~ | 6Al- €
s o
< 80 . Re=096
en | Ti-
< 2Mn- [i-
g 79 e
E Ti- .Y 2Fe
8 i 2Fe-
2Nb A
5 00
g 1
50 T T T T T 1
1 4 7 10

Molybdenum equivalent
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contribute to DNA synthesis, collagen production, and metabolism of
vitamin D, critical processes for cell proliferation and bone matrix for-
mation. Similarly, Cu is an essential trace element involved in enzymatic
reactions, nucleic acid synthesis, antioxidant defence and immune
function. Its predominant role in bone appears to be linked to vascu-
larisation, with both deficiency and excess resulting in bone fragility
(Zhang et al., 2024). Whilst Mn, Fe and Cu are all naturally found in the
human body, Nb is not. As such, its biological function is less under-
stood, however the metal is widely accepted to be biocompatible. When
incorporated with gallium as nanofibre surfaces, Nb was shown to
promote osteoblast differentiation and mineralisation through elevated
expression of bone-related genes, such as alkaline phosphatase, osteo-
calcin, osteopontin and runt-related transcription factor 2; whilst also
promoting M2 anti-inflammatory macrophage polarisation (Wei et al.,
2023). The osteogenic effects of Nb have also been further validated in
an in vivo rat fracture healing model (Tan et al., 2022). A comparison of
the microstructure (Fig. 1) and cell response images (Fig. 6) shows that
the hBMSCs easily attach to all of the low-cost Ti alloy surfaces without
preferential sites, resulting in a homogenous distribution of cells with
spread spindle-shaped morphology. The similar cellular responses found
is, therefore, most likely a direct consequence of the passivation
behaviour and short incubation time analysed (i.e., max 72 h) which
seems not long enough to be able to explicitly capitalise on the desirable
biological benefits derived by the addition of each specific alloying
element.

The variation of the CCK-8 cytotoxicity results is plotted in Fig. 12 as
a function of relevant affecting parameters, which include contact angle,
amount of porosity, molybdenum equivalent parameter (Supplementary
Fig. 4), and corrosion behaviour. It can be noticed that, regardless of the
parameter considered, the response of the cells after 24 h of incubation
always has an opposite trend to those of 48 and 72 h. Specifically, the
percentage viability of hBMSCs increases with the contact angle for 24 h
but decreases in the other two cases, and it decreases with the amount of
porosity and molybdenum equivalent for 24 h, but it increases for 48 and
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72 h of incubation. The only exception to this common behaviour is the
variation of the cells percentage viability with the corrosion rate (CR),
which is much more directly related to the formation of the protective
passivation layer (Fig. 12b). Additionally, it is consistently found that
much better correlations are found for 48 h and 72 h with respect to 24 h
(once again with the exception of the corrosion behaviour) with the best
correlations always found for the longest incubation time considered
(Fig. 8). When considering the behaviour of anti-inflammatory cells,
generally the response after 24 and 72 h of incubation has similar trends
(e.g., increasing) with composition-related aspects, but the trend is the
opposite for 48 h (Fig. 12c) with, once again, the exception of the
corrosion rate (CR). Generally, the best coefficients of determination are
found for the longest incubation time analysed as the TGF-p1 concen-
tration is a specific aspect of the regenerative response (Fig. 8, and
Supplementary Fig. 5). In the case of the pro-inflammatory cell response
the trend is constant across the incubation time as it always decreases/
increases depending on the aspect considered (Fig. 8, and Supplemen-
tary Fig. 6). For instance, it decreases against the contact angle
(Fig. 12e), but it increases with the corrosion rate (CR). As for the other
cytotoxicity aspects, the best relationships are obtained after 72 h in-
cubation time. These overall trends reflect the time needed for the cells
to adjust to specific surface, and its features (e.g., amount of stabilised
B-Ti phase). On a comparative basis, it can also be seen that the Mn-
bearing low-cost Ti alloys have a much more consistent average cyto-
toxicity response across the different incubation times whist higher
variabilities are found for the Fe-bearing low-cost Ti alloys, especially
when Cu is present. This is a consequence of the chemical activity and
mobility of the atoms of the selected alloying elements as Nb is the most
stable due to its higher melting point and Cu the smaller atomic radius.

From the literature, elements such as Cu are well known to induce
antimicrobial activity (Salah et al., 2021), though across all alloys
tested, the attachment and viability of S. aureus, a pathogen highly
implicated in orthopaedic infections, was not notably reduced. This is
due to the short incubation time used (i.e., 1 h of incubation time) which
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seems not long enough to harvest the potential benefits where, for
instance, in the literature, antibacterial capability after 24 h of incuba-
tion has been reported for solid Cu-bearing Ti alloys. Nonetheless,
bacterial attachment was also not increased by the composition of the
low-cost Ti alloys, which is important given that Fe plays a critical role
in bacterial physiology and pathogenesis, particularly in biofilm for-
mation (Oliveira et al., 2021). Mn has also been shown to play similar
roles to Fe in bacterial pathogenesis, in particular, detoxifying reactive
oxygen species and protecting against neutrophil killing (Juttukonda
et al., 2017). Other studies however have shown different forms of Mn,
for example MnO nanoparticles (Saod et al., 2022), display strong
antibacterial activity. Despite the overall similar antibacterial attach-
ment quantified as percentage area coverage, a direct comparison of the
microstructure (Fig. 1) and live-dead staining images (Fig. 7) reveals an
interesting finding. The surface of the wrought Ti-6Al-4V alloys is fully
covered by a homogeneous dense layer of S. aureus as is the surface of
the Ti-2Mn-2Fe alloy, which is characterised by a very lamellar micro-
structure. The features of the lamellar microstructure are coarser for the
Ti-2Mn-2Nb and Ti-2Fe-2Nb alloys, respectively, and it can be seen that
a more heterogenous and less dense of layer of S. aureus bacteria is
present (Fig. 7c—d). Specifically, there are some areas with no bacteria
attached, which seems to coincide with the equiaxed grains containing
coarse o-Tilamellae combined with fine p-Ti lamellae. This effect is even
more pronounced in the Ti-2Cu-2Fe alloy, which has coarse elongated
a-Ti grains and extremely fine p-Ti lamellae (Fig. 7b). As previously
discussed, the formation of elongated/equiaxed o-Ti grains and the
fineness of the lamellae is dictated by the alloying element chosen and
by their solubility within the o-Ti and f-Ti phases. Consequently, this
seems to hint to the fact that antibacterial capability can be finely tuned
by tailoring the features of the lamellar microstructure in Ti alloys,
which will have to be investigated through dedicated experiments for
confirmation. However, the basic analysis of the effect of
composition-related aspects on the antibacterial attachment shows that
the latter always increases monotonically with the refinement of the
features of the lamellar microstructure (Fig. 13), with the exception of
the case of the contact angle where a more hydrophobic surface reduces
the bacteria attachment (Supplementary Fig. 7). An overall finer
lamellar microstructure is associated with a more homogenous distri-
bution of the alloying elements at an atomic/micro level, resulting in
more localised variations of the internal electronic structure and asso-
ciated micro-potential differences, which seems to be more favourable
for bacterial attachment. Such localised variations lead to the presence
of a different number of micro-galvanic corrosion cells of different sizes
affecting the corrosion behaviour and the release of electrons. Smaller
micro-galvanic corrosion cells entail higher current density or, in turns,
higher corrosion rates (Fig. 4f) resulting in a linear relationship between
the antibacterial attachment and corrosion rate (CR) in the low-cost Ti
alloys (Fig. 13b). As previously shown (Wang et al, 2017),
micro-galvanic corrosion cells are activated by the bacteria coming into
contact with the metallic surface leading to the transfer of electrons,
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which enter the bacteria itself changing the internal electron transport
chain. This disruptive action leads to the generation of reactive oxygen
species which provoke intracellular oxidation, membrane potential
variation, and cellular contents release and the, eventual, death of the
bacteria. In the case of the low-cost Ti alloys, despite the reactive oxygen
species, no elicit antibacterial activity in comparison to Ti-6Al-4V is
found; however, the cell compatibility is also not compromised (Fig. 6).

Concluding, despite the limitations of this initial study, the biological
data demonstrates that low-cost Ti alloys have similar biocompatibility
to the biomedical standard alloy, Ti-6A1-4V, and do not induce greater
levels of early bacterial colonisation. Whilst these results are promising,
further in vivo tests are required to fully confirm the findings. Addi-
tionally, it would be interesting to assess whether higher concentrations
of alloying metals are needed to observe stronger biological responses.
Studies on binary Ti alloys, such as Ti-Cu, have shown successful anti-
microbial activity, however many of these studies employ greater
weight percentages of Cu, in the region of 5-10% (Mahmoudi et al.,
2022), which can also be detrimental and lead to cuproptosis (Xie et al.,
2023). Whilst the addition of a third metal into the Ti alloy may influ-
ence antibacterial activity, the low weight percentage employed in this
study (2 wt%) may perhaps result in more subtle cellular and bacterial
responses and therefore longer-term osteogenic or bacterial quorum
sensing/biofilm assays are required to better understand the biological
effects of these ternary alloys.

Looking forward, though the proposed alloys are potential candi-
dates for structural biomedical devices further mechanical and biolog-
ical characterisation is needed. Specifically, dynamic properties such
fatigue response and fracture toughness will have to be quantified in
terms of mechanical behaviour. Additionally, eventual approval will be
needed for clinical translation for which initial in vivo studies in animals
and further long-term in vivo studies to validate the biocompatibility
and, if it is case, identify potential risks associated with the selected
alloying elements will be required for regulatory purposes. Additionally,
once the additional characterisation is successful, aspects related to the
scalability of the proposed manufacturing technique will have to be
addressed, especially in terms of economic feasibility and implementa-
tion challenges.

5. Conclusions

In this study, new a+f low-cost Ti alloys, fabricated using an alter-
native manufacturing technique and developed through the careful se-
lection of non-toxic alloying elements essential for the human body,
were proven to be promising candidates to be used in biomedical ap-
plications due to their comprehensive mechanical, corrosion, and bio-
logical behaviour. Manufacturing of the alloys via powder metallurgy
guarantees achieving homogenous materials with a lamellar micro-
structure. In terms of mechanical performance, the alloys have an ulti-
mate compression strength in the 565-659 MPa range, tensile yield
stress in the 492-606 MPa range, and hardness values in the 180-215 HV
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range. The low-cost Ti alloys are able to withstand loads without failing
catastrophically and their mechanical properties are higher than those
of pure Ti used. The surface wettability of the low-cost Ti alloys is
comparable to that of the Ti-6Al-4V used for biomedical implants, all of
them below 90°. The cell attachment, cytotoxicity and cytokine pro-
duction (IL-6 and TGF-p1), and antibacterial attachment rate against
S. aureus of the low-cost Ti alloys is comparable to that of the Ti-6A1-4V
alloy. Furthermore, this studies shows that biological benefits may be
derived in the long-term which were not captured through the con-
ducted short-term experiments.
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