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Abstract

The leading reason for implant revision surgery globally is lack of implant integration with surrounding bone. A new
titanium alloy GUMMETAL® (TigNb,,Ta,Zr;Oy ) is currently used in biomedical devices and has a Young’s modulus that
is better matched to bone. The surface was subject to NaOH, CaCl,, heat and water treatment (BioGum) after which
the surfaces were evaluated using atomic force microscope, scanning electron microscope, X-ray diffractometer and
elemental analysis using energy dispersive X-ray. To demonstrate enhanced bone bonding ability and cytocompatibility,
apatite formation in simulated body fluid and in vitro stem cell attachment, proliferation and cytoskeleton organisation
were examined. The formation of a ~200nm nanoscale needle-like calcium titanate network on the surface following
treatment was revealed and upon soaking in simulated body fluid, the formation of a ~5um layer of apatite. Metabolic
activity of rat bone marrow stem cells on BioGum was increased in comparison to control and the cell number appeared
greater, with more elongated morphology as early as 2h post-seeding. This positions the modification as a simple and
potentially universal technology for the improvement of implant integration.
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Background

tissue, maintained during functional loading. A contiguous
material-bone interface occurs when osteogenic and stem

More than 1 million total joint replacement surgeries occur
annually in countries that are part of the Organisation for
Economic Co-operation and Development (OECD) and
this number has been steadily increasing; the number of
hip replacements performed increased by 35% and the
number of knee replacements doubled between 2000 and
2013." The leading reason for implant revision surgery
globally is aseptic loosening or lack of integration of the
implant to the surrounding bone.? Integration of implants
can occur via two main mechanisms, either indirectly
through a fibrous tissue layer at the bone-implant surface
(fibro-osseous integration), or by the growth of bone
directly on the implant surface (osseointegration).?> The
former is undesirable, especially in load-bearing implants
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due to the loosening of implants and subsequent functional
failure of the device, while osseointegration represents
more rigid fixation of a foreign material within an osseous

Shiva Kamini Divakarla, The University of Sydney Nano Institute,
Sydney, NSW 2006, Australia.
Email: shiva.divakarla@sydney.edu.au

@ (i) & | Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial
use, reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and

Open Access page (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tej

Journal of Tissue Engineering

cells are recruited to the injury site, attach, proliferate and
differentiate. Recent evidence shows that this recruitment
is coordinated by an active release of chemoattractants,
that is, extracellular vesicles (EVs), by resident cells at the
injury site. Furthermore, EVs have been shown to have the
potential to promote cell differentiation.* Since EV release
and composition are stimulated by the environment includ-
ing surface, it is hypothesised that modification of the sur-
face characteristics activates production of EVs that are
capable to trigger differentiation of recipient cells.*
However, EVs are heterogonous in nature and can package
different molecular cargo, which may result in nonspecific
cell ‘programming’. Recent advances in this area have
demonstrated that heterogeneity of EVs can be assessed in
high resolution and specific populations of EV can be
identified and sorted to achieve the desired cell modula-
tion. In summary, cell differentiation is orchestrated by the
environmental factors including topography and surface
chemistry as well as biological signals packaged in EVs
‘manufactured’ actively by cells, which is coordinated
by environmental cues such as surface topography and
chemistry.®> Consequently, through these stimulations,
cells deposit collagenous bone matrix directly on the sur-
face, which is then rapidly mineralised, forming a robust
connection between implant and tissues.

Load-bearing orthopaedic implants are composed of
three main classes of materials: metals, ceramics and poly-
mers. Metals remain a dominant group due to their high
mechanical properties. A significant proportion of metallic
implants, including bone fixation devices, spinal implants
and knee and hip endoprostheses are made of titanium
alloys such as Ti6Al4V and Ti6Al7Nb.¢ The elastic modu-
lus of traditional titanium alloys is several orders of mag-
nitude greater than human bone and this may lead to
implant loosening due to stress shielding, which is bone
resorption due to higher load or stress.” A new titanium
alloy, GUMMETAL®-TisNbs(Ta,Zr;0,5, has recently
been developed and used in biomedical devices.”
GUMMETAL’s Young’s modulus (40GPa) is better
matched to bone (which lies between 10 and 30GPa in
comparison to commercially pure titanium (100110 GPa?%)
and other commonly used implant metals, such as stainless
steel (around 200 GPa’), minimising the stress shielding
phenomenon. It has a higher strength than traditional
alloys (>1000 MPa) and does not incorporate carcinogenic
elements such as Al and V. This alloy, introduced by
Toyota Tsusho Corp, Japan is now used by Kyocera
Medical Corp, and was recently described in patents for
bone implants held by Synthes.!? It has been commercial-
ised for some orthopaedic implants including plates,
screws, dental implants and so on. However, bare titanium
alloy surfaces fail to effectively stimulate cell attachment
and growth.'-12 Sub-optimal mechanical properties and
the limited osteoinductivity therefore necessitates the search
for both new types of alloys with lower elastic modulus

and effective methods of surface modification to enable
their osseointegration.!3

Various forms of surface modification of metal sub-
strates have been suggested, including nano- and micro-
topographical modification, hydroxyapatite (HA) spray
coating, electrochemical treatments and ion implantation
methods.'*!7 Among the major limitations of these treat-
ments is the inability to treat implants with complex geom-
etries, very high cost and a need for advanced facilities.
Chemothermal treatments have also been suggested to
modify the surface and are advantageous due to the lack of
expensive apparatus required for modification.”!8 In this
study, we developed simple NaOH, CaCl,, heat and water
treatment of GUMMETAL (TisoNbsTa,Zr;,0, 5) surface to
promote bone-bonding ability. This strategy for proactive
implant osseointegration characterises with: (1) robust
bioactive interface that resists delamination as being built
from the surface, (2) incorporates key ions to promote the
formation of the apatite like structure directly on the sur-
face and (3) nanostructured and highly cell-adhesive sur-
face to encourage cell colonisation.

The presented strategy integrates key strengths on new
titanium alloys with superior mechanical properties and
cost-effective treatment that impart bone bonding ability.
These advances that aim to minimise adverse reactions
through improved implant properties and integration
within the body are of great significance. Since there has
been a steady increase in implant numbers and statistical
data suggest that implant applications will skyrocket over
the next few decades, the proposed innovation has great
promise to provide multifunctional surfaces that improve
osseointegration of orthopaedic implants.

Materials and methods

Surface treatments

The Ti-36Nb—2Ta—3Zr-0.30 alloy sheet (GUMMETAL®;
Toyota Central Research and Development Laboratories,
Inc., Japan, Ti: 58.43, Nb: 36.39, Ta: 2.00, Zr: 2.87, O:
0.31, Fe: 0.02 mass%) was cut into rectangular plates which
were 10x10x 1 mm in size, abraded with #400 diamond
plates, and washed with acetone, 2-propanol and ultrapure
water in an ultrasonic cleaner for 30 min each and dried at
40°C. The surface modification was done in a few steps:

1. Chemical treatment I: (a) soaking in SmL ofa 1M
NaOH aqueous solution (Nacalai Tesque Inc.,
Kyoto, Japan) at 60°C for 24 h. After removal from
the solution, they were gently rinsed with ultrapure
water for 30s and dried at 40°C and (b) soaking in
10mL of 100mM CaCl, solution at 40°C for 24 h,
and washed with ultrapure water and dried.

2. Heat treatment: samples were heated up to 700°C
at a rate of 5°C min, kept for 1h at the respective
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temperature in an ambient atmosphere and this was
followed by natural cooling in an electrical
furnace.

3. Water treatment: soaking in 10mL of ultrapure
water at 80°C for 24 h, then washed and dried.

Next, samples subjected to the chemical and heat treat-
ments were soaked in 24 mL of simulated body fluid (SBF)
at various ion concentrations (Na*142.0, K¥5.0, Ca?" 2.5,
Mg 1.5, Cl- 147.8, HCO; 4.2, HPO,> 1.0 and SO,
0.5mM) nearly equal to those of human blood plasma at
36.5°C. The SBF was prepared by dissolving reagent grade
NaCl, NaHCO,, KCl, K,HPO,-3H,0, MgCl-6H,0, CaCl,
and Na,SO, (Nacalai Tesque Inc., Kyoto, Japan) in ultrapure
water and buffered at pH=7.4 with tris(hydroxymethyl)
aminomethane (CH,OH);CNH, and 1 M HCIl (Nacalai
Tesque Inc., Kyoto, Japan) at 36.5°C. After soaking in the
SBF for 7days, the samples were gently rinsed with
ultrapure water and dried.

Surface characterisation

Analysis of the surface morphology

Scanning electron microscopy. The surfaces and cross-
sections of the metal samples untreated, Ca-treated and
subsequently soaked in SBF were coated with a Pt—Pd thin
film and observed under a field emission scanning electron
microscope (FE-SEM: S-4300, Hitachi Co., Tokyo, Japan)
at a voltage of 15kV.

Atomic force microscopy. The topography of GUM-
METAL samples were analysed using atomic force micro-
scope (AFM) (Park, XE-70, Korea). The samples were
scanned in non-contact mode using ACTA cantilever
(Olympus). Two sizes of images were recorded at 45um
x45um and 10pum X 10 um. Images were processed using
SPIP software (Image Metrology A/S, Denmark); rough-
ness parameters (R,) were obtained from both the scan sizes.

Analysis of the surface structure

Thin-film X-ray diffraction. Surfaces were analysed using
a thin-film X-ray diffractometer (TF-XRD; model RNT-
2500, Rigaku Co., Japan). TF-XRD was performed using
a CuKa X-ray source operating at 50kV and 200 mA. The
glancing angle of the incident beam was set to an angle of
1° against the sample surface.

Analysis of the surface chemistry

Elemental andlysis; energy dispersive X-ray analysis. The
surface chemical composition of the metal samples
untreated, Ca-treated, and subsequently soaked in SBF
was analysed by an energy dispersive X-ray (EDX) spec-
trometer (EDX: EMAX-7000, Horiba Ltd., Kyoto, Japan)
at 9kV—K for C, O, Ti, Nb, Ta, Zr, P, Ca, Mg and Na five
areas, and their averaged value was used for analysis.

In vitro cell responses

Cell adhesion. To investigate the influence of the surface
modifications on cell attachment, rat bone marrow stem
cells (rMSCs) were cultured on the materials for 2 and 5 h.
The attachment was evaluated by counting the total num-
ber of cells on 10 confocal images acquired from different
locations of the samples. Counted cell numbers were
related to the surface area of the images and presented as
the cell density that represents cell attachment. The isola-
tion of rMSCs and their culture methods are fully
described in our previous work!® and the experiments are
approved by the Animal Care and Use Committee of
Dankook University.

Cells were suspended and cultured under a normal cul-
ture medium containing minimal essential medium (o-
MEM) plus 1% antibiotic/antimycotic and 10% foetal
bovine serum in a humidified atmosphere of 5% CO, at
37°C. Adherent cells were expanded and sub-cultured for
2-3 passages for further use. Sub-cultured rMSCs were
harvested and seeded at 1x103 cell/mL on each sample
and then cultured for 2 and 5h. Cell nuclei, focal adhesion
kinase (FAK) and F-actin were stained (Alexa Fluor 488
Phalloidin, ThermoFisher) and the images were captured
using a confocal scanning microscope (Nikon C2, Japan).
The DAPI-positive cells counted from different image
fields are taken as the number of cells adhered to the
sample.20

Metabolic activity. The metabolic activity of cells was
measured using the PrestoBlue™ assay (ThermoFisher,
USA). In all, 25puL (10% of medium volume) of Presto-
Blue dye was added to each well and the plates were incu-
bated for a period of 2h. The fluorescent activity of the
extracted aliquot was then measured using fluorescent
plate reader (Fluoroskan Ascent plate reader, type 374,
Labsystems, Finland.) Readings were performed after 24
h (day 1), 72 h (day3), 168 h (day7) and 336 h (day 14).
Statistical analysis of measurements was completed using
two-way analysis of variance (ANOVA) and Sidak’s mul-
tiple comparisons test using the programme GraphPad
Prism 7.02.

Results and Discussion

Surface characterisation

Analysis of the surface morphology

SEM. Figure 1(a) depicts SEM images of the untreated
GUMMETALP® surface. The surface modification (heat and
alkali treatment) resulted in the formation of a nanoscale
needle-like network structure on the surface (Figure 1(b)).
Nanostructured surfaces which presented similar morphol-
ogy were previous shown to promote integration of the
material with tissues.?’-?> The cross-sectional image con-
firmed that the layer thickness was ~200nm and the layer
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Figure |. FE-SEM images of the surfaces and cross-sections of GUMMETAL® (a) untreated, (b) subjected to NaOH, CaCl2, heat
and water treatment (BioGum) and (c) subsequently soaked in SBF for 7 days. AFM images of (d) Ti-36Nb-2Ta-3Zr-0.30 alloy
untreated and (e) NaOH, CaCl,, heat and water treated surfaces. TF-XRD profiles of (f) surfaces of Ti-36Nb-2Ta-3Zr-0.30 alloy:
(i) untreated, (ii) subjected to NaOH, CaCl,, heat and water treatment and (iii) subsequently soaked in SBF for 7 days.

was very uniform. The deposition of HA from SBF on the
modified surfaces, is made apparent through the globu-
lar layer in Figure 1(c), while the cross-sectional image
displays the apatite layer thickness to be ~ 5 pum. It is well
understood that Ti-based alloys with surfaces conducive
to apatite formation in SBF possess greater bone-bonding
ability as the SBF mimics the ionic composition of human
plasma.?? This suggests that surface modification signifi-
cantly improved the rate of the apatite deposition, which
consequently suggests the improvement in osseointegration.

AFM. Changes in surface morphology are evident via
visual and quantitative analysis of AFM image follow-
ing surface modification. The rough edges of the control
sample produced by abrasion (Figure 1(d)) were visibly
smoother following the modification (Figure 1(e)). The
average surface roughness (S,) increased at the 45 um scan
size from 486 nm to 573 nm.

Previous studies have shown that modification of
surface roughness through ‘engraving’ specific features
onto the surface (as observed here) promotes HA forma-
tion in SBF and the promotion of osteoblast adhesion and
differentiation.?*>> Changes in surface roughness also

correspond to increased formation of the HA layer, highlighting
the potential of the material for bone implants. However,
promotion of the HA formation was rather attributed to
chemical composition of the surface after the chemother-
mal treatments. The treatment was designed to enrich the
surface in Ca ions which are effectively exchanged with
H,;0" ions when the material is in contact with SBF. The
active ion exchange results in accelerate formation of the
apatite, which in turn correlates with potential improved
integration with bone tissues.?°

Analysis of the surface structure

Thin-film X-ray diffraction. XRD analysis confirmed the for-
mation of rutile (denoted by ‘R’), calcium niobate and cal-
cium titanate (indicated by the ‘CN’ and downward arrows,
respectively) on the surface after the treatment (Figure
1(f(i1))). This further supports that there is formation of an
amorphous sodium titanate and niobate layer formed follow-
ing treatment with NaOH, which is then converted into the
aforementioned crystalline Ca compounds following heat
and water treatment.2® However, the alkali-heat treatment
alone did not promote apatite formation in SBF as seen
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Table |. EDX results of surface layers of untreated GUMMETAL® and GUMMETAL® subjected to NaOH, CaCl,, heat and water

treatments (Biogum) and subsequently soaked in SBF for 7 days.

Elements/at%

Treatment C (@] Ti
Untreated 2.7 1.3 61.3
NaOH-CaCl2-heat-water 4.1 65.1 19.9
NaOH-CaCl2-heat-water-SBF 7.2 61.9 0

Nb Ta Zr P Ca Mg Na
225 0.6 1.6 0 0 0 0
7.5 0.2 0.6 0 2.7 0 0
0 0 0 12.1 17.8 0.6 0.3

EDX: energy dispersive X-ray; SBF: simulated body fluid.

with other titanium alloy (Ti-Zr-Nb-Ta) due to the slow
release of calcium ions from the calcium titanates and nio-
bates. The water treatment step appears to be essential in
promoting apatite formation through its ability to mobilise
the Ca?" ions, hence forming a ‘bioactive’ interface for apa-
tite formation.”’” The formation of apatite on the alkali-
CaCl,-heat-water treated surface soaked in SBF was
confirmed using XRD (Figure 1(f(iii))).

Analysis of the surface chemistry

EDX analysis. EDX analysis (Table 1) showed reduction in
Ti%, Nb%, Ta%, Zr% and the dramatic increase of O on
the surface following alkali-heat treatment, which con-
firms the formation of an interface on the original untreated
surface. Furthermore, the presence of Ca (2.7 atm%) fol-
lowing NaOH-CaCl, and heat-water treatment but not Na
suggests the exchange of Na and Ca ions on the surface.
This change in the surface chemistry implies that the ‘bio-
active’ interface has been created on the GUMMETAL.
The further increase in Ca (2.7%—17.8 atm%) and the pres-
ence of P at 12.1atm% following soaking in SBF con-
firmed calcium phosphates were rapidly formed on the
modified samples, as well as the presence of trace amounts
of Na and Mg (which are similar to bone mineral?®) indi-
cate the high activity of the samples to induce apatite layer
formation, ultimately enhancing bone bonding ability.?
The Ca/P ratio was calculated to be 1.47, which suggests
the formation of crystalline apatite on the surface. This
occurrence is due to the exchange of surface Na™ with the
Ca?" ions from the CaCl,, followed by rapid formation of
an amorphous calcium titanate layer. Following this, more
Ca ions from SBF are able to bond to the surface and with
further soaking in SBF, the Ca?" ions accumulate, allowing
for negatively charged phosphate ions to develop amor-
phous calcium phosphate on the surface, which is then
converted to crystalline apatite.?22° The lack of detection
of Ti, Nb, Ta, Zr following soaking in SBF is also in agree-
ment with the SEM images which display the thick layer
of apatite formed on the surface.

In vitro cell responses

Adhesion and metabolic activity of rMSCs. Metabolic activity
of the rMSCs was established through the PrestoBlue

assay. Cell metabolism remained similar between the con-
trol and treated sample days 1-7, after which at day 14, it
was significantly higher on the BioGum surface in com-
parison to the untreated surface (Figure 2(b)). The cell
density on the BioGum surface was also greater at each
time point, evident through the DAPI stain and the forma-
tion of well-developed (stretched) actin filament network
and focal adhesions, suggesting that the apatite layer pro-
motes cell attachment. The unfavourable spherical shape
of the cells on the control sample at the 2 h time point sug-
gests poor adhesion, in comparison to the visually stretched
and well-adhered cells on the GUMMETAL® sample.?®
While the cells adhered on the untreated GUMMETAL®
sample also appeared stretched at later time points (Figure
2(a)), this was more likely attributed to cells orienting
themselves on grooves established by the initial abrasion.
Focal adhesion density was greater on treated samples in
comparison to the untreated sample. This suggests the
cells are able to effectively ‘anchor’ themselves to a greater
degree on the BioGum surface. Cytoskeletons of cells cul-
tured on Biogum samples were well organised with actin
microfilaments radiating in all directions (Figure 2(a),
increased appearance at higher magnification in Figure
2(d)), in comparison with the untreated surface (Figure
2(a) and (¢)).

The initial adhesion of mesenchymal stem cells on the
biomaterial surface is an important determinant of cell sur-
vival, proliferation and differentiation. Therefore, initial
cell adhesion and morphology regulate focal adhesion pro-
teins such as FAK. Focal adhesion protein is also linked
with actin-cytoskeleton formation for regulation of favour-
able cell behaviour.?!

Previous results suggest that surface modifications of
titanium using NaOH and thermal treatment, lead to the for-
mation of specific, cell stimulating nanostructures>33 and
change chemical composition at the interface.’* These
changes cumulatively promote more favourable cell adhe-
sion with well developed FAK.2935 Consequently, upregu-
lated expression of alkaline phosphatase, a marker of
osteoblastic differentiation (which is correlated with
increased calcium phosphate formation in SBF and bone-
tissue integration?’), was observed when two subtypes of
cells were used: rat calvarial cells? and rat bone marrow
cells.3¢ Given the additional stabilisation of the calcium
titanate layer and subsequent improvement in the formation
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Figure 2. (a) Metal surface mesenchymal stem cell adhesion assay for control sample (top row) and hydroxyapatite sample

(bottom row). For each individual set of four images — from top left to right: DAPI (blue), focal adhesion kinase stain (red), bottom
left to right: F-actin (green) and all three results merged as labelled; scale bar 100 um. (b) PrestoBlue assay for GUMMETAL®, with
(*) indicating statistical significance (p<0.05) and BioGum and immunostaining of stem cells grown on GUMMETAL® samples, after

24h in culture for (c) GUMMETAL® and (d) BioGum.

of apatite in this study, it could be expected that this treat-
ment regimen on titanium surfaces could similarly (or to a
greater degree) promote bone-tissue integration in vivo.

Conclusion

Along with improving life expectancy (up from 49.2 years
a century ago to over 78 years now), trauma too has signifi-
cantly increased demand for orthopaedic implants. In con-
trast to previous attempts to modify orthopaedic implants,
our biomimicry strategy delivers the bi-functionality of
matching stiffness of material to the bone and bioactivity
of the surface. We demonstrated that surface modification
that combines nanostructuring and incorporation of key
ions that drive apatite layer formation improved cell

adhesion and proliferation. Since it is well established that
both aspects are required to induce cell differentiation and
mineralisation, we can anticipate that implants modified
using this strategy may achieve the desired fusion with the
surrounding bone. A significant competitive advantage of
our approach is that NaOH, CaCl,, heat and water treat-
ment is an inexpensive and simple method for modifica-
tion of the surface morphology and chemistry. Based on
the results of physicochemical characterisation and in vitro
stem cell responses, we conclude that surface modification
of TisoNb;Ta,Zr;0, ; improves apatite formation on the
surface through ion exchange, which forms a ‘bioactive’
layer on the surface. Furthermore, we conclude that the
methodology we adopted is effective in promoting cell
adhesion and proliferation, thus enhancing ‘bioactivity’ of
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GUMMETAL®. Hence, this technique could potentially be
adopted as a universal strategy for the simple and effective
surface modification of existing titanium-based implant
materials.
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