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Abstract

A biomimetic approach for coating titanium-containing alloys with hydroxyapatite (HA) is reported in the article.
Two types of Ti-containing alloys were chosen as an object for coating: Ti-6Al-4V (recommended for orthopedic
application) and a novel highly biocompatible Ti-Zr-Nb alloy, with good mechanical compatibility due to a modulus
that is more close to that of human bones (E =50 GPa instead of 110 GPa in Ti-6Al-4V). Coating process was carried
out in a 10x-concentrated simulated body fluid (SBF)—synthetic analog of human body plasma. The effect of
oxidized and carboxylated alloy surface on formation of biomimetic hydroxyapatite has been studied. By XRD, we
found influence of thermal conditions on HA crystal formation and size. SEM images and Fourier transform infrared
confirmed that hydroxyapatite with different morphology, crystallinity, and Ca/P ratio formed on metallic surfaces.
X-ray photoelectron spectroscopy showed that in the Ti-6AL-4V sample the observed Ca/P ratio reach 0.97, whereas
in the Ti-Zr-Nb sample the observed Ca/P ratio reach 1.15.
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Background

Titanium alloys are the most widely used material for the
manufacturing of implants. This is due to their high inert-
ness to biological environments and close-to-human-bone
mechanical properties as compared to stainless steel and
other alloys employed in medical practice [1]. However,
after implantation with titanium alloy implants, some
problems in conjunction with bone and other tissues have
arisen in individual cases. That is why the possibility of ap-
plying to the surface of titanium implants more biocom-
patible coatings is still very important. One of the most
preferred ways to solve this problem is the coating with a
hydroxyapatite.

A coating of hydroxyapatite (HA) layer can be deposited
onto the metal alloy to assist the osseointegration of these
implants with surrounding tissues [2]. The main reason
for using HA coating on metallic substrates is to keep the
mechanical properties of the metal such as load-bearing
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capability and, at the same time, to take advantage of the
coating’s chemical similarity and biocompatibility with the
human bone [3].

Various methods have been reported to produce nano-
sized apatite crystals, including chemical precipitation [3],
solid-state reaction [4], hydrothermal synthesis [5], sol-gel
synthesis [6], emulsion technique [7], and the laser sinter-
ing approach [8], whereas most routine approaches ca not
control the crystal morphology and size precisely. Unfor-
tunately, subsequent heat treatment at high temperature
results in cracking and poor bond strength between the
hydroxyapatite coating and the metal substrate. Further,
an HA coating of high crystallinity, which is desirable for
optimal biocompatibility, could not be achieved through
these methods [8]. Much attention is paid to biomimetic
synthesis because it can prepare nanosized apatite crystals
with controllable size [9].

To simulate the natural properties of HA and its forma-
tion on a titanium substrate, in the last decade, the bio-
mimetic method is commonly used, which consists in the
creation of nucleation sites on the metal surface by modi-
fying its surface by functional groups and furthers the
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process of mineralization in the simulated body fluids
(SBF) equal by chemical composition to human plasma.
In vitro mineralization/crystallization of HA from SBF can
be induced by the especially treated metal implant sur-
faces. Therefore, great attention has been paid to give the
metal substrates a capability to induce HA formation by
attaching functional groups onto their surfaces [9]. It was
shown that the process of HA formation occurred on
negatively charged surfaces that contained, for instance, —
OH or —COOH groups [10] and lead to the formation of
good crystalline HA with a Ca/P ratio close to 1.67.

Large attention is paid to the development of the
new advanced alloys that combine high biological in-
ertness and mechanical compatibility with bone tissues
[11]. The latter is achieved by reducing the elastic modu-
lus of the alloys to a value close to that of the bones (20—
30 GPa). In addition, when choosing a low modulus ma-
terial for medical applications, it is necessary to consider
the following fundamental aspects. First, the chemical
composition of the alloy should be selected so that both
its base and the alloying elements be, on the one hand,
nontoxic and, on the other hand, their choice facilitates a
decrease in the interatomic binding forces in the alloy
[12-15]. Second, in addition to achieving low modulus, a
large strain recovery of the material should be attained,
which can be done either by increasing the yield stress of
the material by creating a favorable microstructure and
phase composition or by the implementation of a revers-
ible martensitic transformation [12—15].

Resentment, aseptic inflammation, the occurrence of
connective tissue capsule around the implant, metal
corrosion, the appearance of negative cardiovascular
responses during endovascular interventions, the oc-
currence of restenosis, occlusion, and rigidity are gen-
erally the results of the organism’s reaction to a

foreign body with different mechanical properties. Thus,
after finding out problems of cytotoxicity of chemical ele-
ments, to the forefront comes the problem of obtaining
medical materials with mechanical compatibility with liv-
ing human tissues (bones, vessels, etc.). For mechanical
compatibility with biological tissues, what are necessary
are materials with a low elastic modulus (E), close to the
characteristics of organic tissues. Thus, biocompatible
metals has such elastic modulus values: in Zr ~ 95GPa, Ti
~ 110GPa, Hf ~ 135GPa, Pt ~ 150Gpa, whereas bone ~
20-30 GPa.

Thus, implants, produced from alloys developed earl-
ier, do not have the desired low modulus of elasticity,
or a low modulus of elasticity of reversible deformation
is observed only in the tensile and compressive stresses
when they lose their desired properties.

To ensure the necessary mechanical compatibility of
metallic materials, they must, in addition, have a re-
versible deformation, which is inherent to biological
tissues.

Such unique properties can be achieved because of
the formation of a biocompatible alloy with low elastic
modulus based on zirconium-titanium-containing zir-
conium, titanium, niobium, and alloy components re-
cently developed in the G.V. Kurdyumov Institute for
Metal Physics (IMP) NAS of Ukraine.

This new alloy has the following main features: (i) excel-
lent biocompatibility due to inclusion into its composition
of only neutral chemical elements for the human body
(contrary to Ti-6Al-4V which includes such relatively dan-
gerous elements like aluminum and vanadium) and (ii)
good mechanical compatibility due to low modulus more
close to human bones (E ~ 50 GPa instead of 110 GPa in
Ti-6Al-4V), high reversible deformation (also close to
numbers of bones—elastic elongation =2.9 %), and high
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tensile and fatigue strengths (>1100 and 600 MPa) that
ensures high reliability of implants during service period
[12, 13]. Such unique properties were achieved as a result
of the formation (by choice of the chemical composition)
of mostly single-phase stable § condition with some inclu-
sion of w phase providing stable mechanical characteris-
tics and geometrical dimensions of implants during long
period of high-loaded cycled loading.

The main goal of this article is finding peculiarities of
the HA formation processes on the new biocompatible
alloy and its carboxylated surface.

Methods

Materials

Two alloys were chosen for coating by HA. The first of
them was VT6 (or Ti-6Al-4V in the international desig-
nation), having the following composition: 6 (wt.)% Al
4 % V, Ti-balance) which is still up to the present time
the main material for the manufacture of a wide range
of implants for the human body [12]. The second one is
Zr-22 (at)% Ti-18 Nb alloy recently developed in the
G.V. Kurdyumov Institute for Metal Physics (IMP) NAS
of Ukraine [14].

Methods

Specimens of Ti-6Al-4V (VT6) for coating were cut into
discs from a commercial rod having a diameter of
20 mm and then flattened out by grinding to 1-mm
thickness. Zr-Ti-Nb alloy with the same diameter rod
was produced in IMP via elemental powder approach
[14, 16], and specimens were cut and grinded in the
same manner as Ti-6Al-4V.

Pre-treatment of titanium alloys was performed as fol-
lows. Firstly, alloy plates were mechanically cleaned then
degreased with acetone and kept in an ultrasonic bath
for 6-10 min to completely remove the organics. Next,
the surface of samples was oxidized in the reaction mix-
ture of HyO, (30 %):H,SO,4 (conc.)=1:1 (by volume)

with stirring for 10-15 min at room temperature. After
preparation, the plates were washed with distilled water.
After oxidation, we obtained Ti-6Al-4V-OH and Ti-Zr-
Nb-OH samples (Scheme 1).

Triethoxysilylpropylcarbamoyl butanoic acid (TESPCBA)
was obtained by reacting y-aminopropyltriethoxysilane
with glutaric anhydride in anhydrous dimethylforma-
mide (DMF) (Scheme 2).

Synthesis of the reactive carboxyl groups (Scheme 3) on
the surface of titanium alloys was performed by modifying
their oxidized surface by TESPCBA in DMF for 24 h.

Simulated body fluid solutions (Table 1) were prepared
according to [17].

As a direct consequence, nucleation and precipitation
of calcium phosphates from SBF are rather slow [18]. To
get total surface coverage of a 10 x 10 x 1 mm titanium
or titanium alloy substrate immersed into a 1.5x SBF so-
lution, one typically needs to wait for 2 to 3 weeks, with
frequent replenishment of the solution [17-19]. 10x-SBF
was chosen to enhance the kinetics of coating deposition.

X-ray diffraction analysis (XRD) was performed using a
DRON-UML1 diffractometer (Burevestnik, St. Petersburg)

Table 1 Composition of human blood plasma, 10x-concentrated
simulated body fluid (SBF) and Tas-SBF

lon Concentration (mM)

Human Body Plasma SBF Tas-SBF
Na* 1420 1420 1420
K* 50 50 50
Mg?* 15 15 15
%t 25 25
cr- 103.0 148.8 125.0
HCO?~ 27.0 4.2 27.0
HPOZ™ 10 10 10
503~ 05 05 05

bold numbers shows difference in ion concentrations for compared simulated
body fluids



Pylypchuk et al. Nanoscale Research Letters (2015) 10:338

Page 4 of 8

WD=15.9mm 20.00kV x250
Fig. 1 SEM images of Ti-6Al-4V (a) and Ti-Zr-Nb (b) alloy oxidized surfaces

with Co K, (1=0.17902 nm) radiation and graphite
monochromator in reflected beam. XRD patterns of the
samples were recorded over 26 = 10—80° range.

Fourier transform infrared spectroscopy (FTIR) of the
sample surface was performed by a Perkin Elmer, model
1720H. Diffusion reflectance spectra were collected.

X-ray photoelectron spectra of Ca2p and P2p levels
using Gauss-Newton method were mathematically decom-
posited into linked components with parameters AE3,;
12=1.0 eV and 1;/5/I3,, = 0.5, respectively. Their width
at half maximum was amounted to AE=1.4 eV in the
case of the Ca2p line and AE = 1.3 eV in the case of the
P2p line.

Scanning electron microscopy (SEM) performed at
PEM-106 microscope, produced by “Electron” company
located in Sumy, Ukraine.

Results and discussion

Scanning electron microscopy (SEM) images of Ti-6Al-
4V and Ti-Zr-Nb oxidized surfaces are presented in
Fig. 1a, b, respectively. SEM defined the surface morph-
ology as a rough microstructure with chaotic grooves
(scratches). There, we can observe furrows that appeared
after cleaning of the surface with sandpaper. The surface
of oxidized Ti-6Al-4V alloy contains more local defects
than Ti-Nb-Zr.
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Fig. 2 FTIR spectra of initial Ti-6Al-4V (a) and Ti-Zr-Nb (b) alloy surfaces
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Fig. 3 FTIR spectra of Ti-Zr-Nb (a) and Ti-6Al-4V (b) alloys immersed in 10x-
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Initial samples of Ti-6Al-4V and Ti-Zr-Nb alloys were
studied by Fourier transform infrared spectroscopy
(Fig. 2.). Adsorption bands (AB) corresponding to alloy
surface groups showed at Fig. 2. AB at 1400-1500 and
871 cm™" indicate stretching vibrations of CO3". AB of
metal oxides and metal-OH (depending on alloy nature)
bonds on alloys surface appear at 1100-450 cm™".

After coating by HA, all AB corresponding to metal
oxide or metal-OH (Me-O) bond vibrations disappear.

HA-coating in 10x-SBF

In the case of 10x-SBF, the HA layer grows no more
than 24 h. After that period of time, HA is clearly identi-
fying in IR (Fig. 3) and XRD spectra (Fig. 4).

Generally, FTIR spectra of Ti-Zr-Nb and Ti-6Al-4V al-
loys immersed in 10x-SBF for 24 h are very close to each
other (Fig. 3(a, b)). After 1-day soaking in 10x-concen-
trated SBF solution, HA is clearly identified in the FTIR
spectra.
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Fig. 4 X-ray diffraction patterns of Ti-Zr-Nb (a) and Ti-6Al-4V (b) alloys immersed in 10x-SBF for 24 h
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Fig. 5 X-ray photoelectron spectra of P2p levels for TI-6AL-4V (a)
and Ti-Zr-Nb (b) alloys immersed in 10x-SBF

All the characteristic absorption bands of HA are present.
The AB corresponding to v, bending mode of PO}~ can be
observed at 472 cm ™. At 560 and 602 cm ™, we can see
v4 asymmetric bending vibrations of the PO}  groups.
AB at 875 cm ™' can be attributed to P-O—H vibration of
the HPOZ™ that is characteristic for Ca-deficient apatite
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Fig. 6 X-ray photoelectron spectra of Ca2p levels for TI-6AL-4V (a)
and Ti-Zr-Nb (b) alloys immersed in 10x-SBF
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Fig. 7 Ca/P ratio in the TI-6AL-4V (7) and Ti-Zr-Nb (2) alloys,
immersed in 10x-SBF

with a deficiency of calcium and nonstoichiometric struc-
ture (Ca/P ratio lower than 1.67). Symmetric and asym-
metric stretching vibrations of PO}~ groups appear at
960 and 1030-1096 cm ™, respectively. AB at 1654 cm ™'
correspond for water bending vibration. A weak carbon-
ate ion peak appears at 1420 and 1496 cm™".

Increasing of the 10x-SBF solution temperature to 80 °C
causes an increasing speed of HA precipitation. In those
circumstances, HA precipitation occurs within 60 min. Due
to good crystallinity of the HA coating obtained in 10x-
SBE, diffraction patterns corresponding to HA can be ob-
served on X-ray diffractograms (Fig. 4). The diffraction pat-
terns, ascribed to JCPDS card no. 74-0566 (hydroxyapatite)
can be observed at 20 =13.56, 30.31, and 37.58°. Appar-
ently, process of HA precipitation in warm 10x-SBF solu-
tion is connected with the high concentration of the
solution and its thermodynamic instability.
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Fig. 8 FTIR spectra of Ti-Zr-Nb—COOH (a) alloy immersed in 10x-SBF
for 24 h (b)
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Fig. 9 FTIR spectra Ti-6Al-4V-COOH (a) alloy immersed in 10x-SBF
for 24 h (b)

X-ray photoelectron spectra of Ca2p and P2p levels
were obtained for the samples with different synthesis
conditions. The decomposition spectra of the compo-
nents are shown in Figs. 5 and 6. As we can see from
Fig. 5 in TI-6AL-4V (a) and Ti-Zr-Nb (b) samples, phos-
phorus exists in three nonequivalent conditions. Binding
energy varies in the range from 132.4 to 134.0 eV (P2ps;,
5, component 1). The component with E, = 132.4 eV cor-
responds to NaH,PO,. The component with E,=
134.0 eV can be attributed to NaPO; whose presence
can be explained by nonequilibrium HA precipitation
conditions due to oversaturation of simulated body fluid.

The binding energy main component in Ca2ps),
spectra in TI-6AL-4V (a) and Ti-Zr-Nb (b) was
amounted, E, = Ca2psz/,, =347.5 eV (Fig. 6). Also, the
Ca2ps/, spectra is present in the low-intensity contri-
bution at Ej; = 348.4 eV (component 2), which can be
explained by CaCl, signal [20]. Presence of calcium
chloride can be explained insufficient washing of the
sample.
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At Ej, = 346.6 eV, we can observe a signal from calcium
carbonate (CaCO3). It should be noted that the presence
of the carbonate ion was also confirmed by FTIR spec-
troscopy (Fig. 3).

In Fig. 7 the integrated intensity ratios of the Ca2p/
P2p levels are given. In the TI-6AL-4V sample, the ob-
served Ca/P ratio reaches 0.97. In the Ti-Zr-Nb sample,
the observed Ca/P ratio reaches 1.15.

FTIR spectroscopy previously indicated a deficiency of
Ca ions by the presence of AB at 875 cm™" (vibration of
the HPO3Z™ that is characteristic for Ca-deficient apatite
with deficiency of calcium and nonstoichiometric struc-
ture). Despite high efficacy of HA precipitation from an
oversaturated SBF solution, XPS data lead us to the con-
clusion that this process is insufficient in terms of opti-
mal Ca/P ratio.

In the case of —-COOH-modified surfaces, HA growth
take the same time, 24 h. The FTIR spectra for Ti—
COOH-modified samples immersed for 24 h in 10x-SBF
are shown in Figs. 8 and 9.

Bands of the O-H stretching and bending of H,O
were seen at, respectively, 3440 and 1649 cm™'. The
bands at 1490-1420 and 875 cm™' confirmed the pres-
ence of carbonate groups. PO, bands were recorded at
570 and 603 (v4), 962 (v;), and 1045 and 1096 (v3) cm ™.
It is important to note that neither the precipitates
themselves nor the coating layer contained CaCOj (cal-
cite) [17-18]. Additional AB at 1430, 1562, and 1660 cm
~! (Fig. 9) can be explained by overlapping of ~OH, CO3
7, and ~COOH groups. That means, on the surface of —
COOH-modified samples, we have HA, carbonated HA,
and uncoated carboxyl groups simultaneously.

SEM images of Ti-6Al-4V-COOH and Ti-Zr-Nb-
COOH alloy surfaces after HA deposition are showed
on Fig. 10. SEM observations showed that when HA de-
posited onto Ti-6Al-4V and Ti-Zr-Nb alloy surfaces, it
forms irregular structure with HA grain size no more
than 50 pm.

Fig. 10 SEM images of Ti-6Al-4V (a) and Ti-Zr-Nb (b) alloy surfaces coated with HA

20.00kV

x1.00k
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As we can conclude from SEM and FTIR data, surface
treatment by —COOH group does not have any significant
effect on HA formation in 10x-SBF.

Conclusions

Fourier transform infrared spectroscopy and XRD con-
firmed the formation of the biomimetic hydroxyapatite
coating on the surface of Ti-containing alloys with dif-
ferent quantities of HA as dependent on thermal condi-
tions. By XRD, the influence of thermal conditions on
HA crystal formation and size was found. Fourier trans-
form infrared and X-ray photoelectron spectroscopy
confirmed that hydroxyapatite with different morph-
ology, crystallinity, and Ca/P ratio formed on metallic
surfaces.

In contradistinction to pure Ti, modification of Ti-
containing alloy by —COOH groups does not cause any
positive effect on HA formation. Coating of Ti-
containing alloys by HA can be achieved by simple con-
centration of SBF and elevating temperature. Despite
high efficacy of HA precipitation from oversaturated
SBF solution onto the surface of Ti-containing alloys,
XPS data lead us to the conclusion that this process is
insufficient in terms of optimal Ca/P ratio. X-ray photo-
electron spectroscopy showed that in the Ti-6AL-4V
sample observed Ca/P ratio reach 0.97, whereas in the
Ti-Zr-Nb sample observed Ca/P ratio reach 1.15.

All obtained data show that developed materials are
promising for use in medicine as implants with biocom-
patible surface, similar in composition to natural HA.
The results presented in this article may be used to
optimize the preparation of biocompatible coatings on
titanium and other surfaces.

Competing Interests
The authors declare that they have no competing interests.

Authors’ Contributions

le.V. carried out chemical experiments and drafted the manuscript. A.L.
carried out chemical experiments. AM. carried out the XPS investigations
and their interpretation. P.E. prepared alloy samples and took significant
impact in article editing. P.P. and O.M. conceived of the study and
participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.

Author details

'Chuiko Institute of Surface Chemistry of National Academy of Sciences of
Ukraine, 17 General Naumov Str., Kyiv 03164, Ukraine. °GV. Kurdyumov
Institute for Metal Physics, National Academy of Sciences of Ukraine,
Academician Vernadsky blvd., 36, 03680 Kyiv-142, Ukraine.

Received: 20 October 2014 Accepted: 24 July 2015
Published online: 22 August 2015

References

1. Mohseni E, Zalnezhad E, Bushroa R. Comparative investigation on the
adhesion of hydroxyapatite coating on Ti-6Al-4V implant: A review paper.
Int J Adhes Adhes. 2014;48:238.

2. Dickert FL, Hayden O. Bioimprinting of polymers and sol-gel phases.
Selective detection of yeasts with imprinted polymers. Analytical chemistry.
2002;1302-6.

15.

20.

Page 8 of 8

Nejati E, Firouzdor V, Eslaminejad MB, Bagheri F. Needle-like nano
hydroxyapatite/poly(-lactide acid) composite scaffold for bone tissue
engineering application. Materials Science and Engineering: C. 2009,29:942-9.
Karlinsey RL, Mackey AC. Solid-state preparation and dental application of
an organically-modified calcium phosphate. J Mater Sci. 2009;44:346-9.
Sujaridworakun P, Koh F, Fujiwara T, Pongkao D, Ahniyaz A, Yoshimura M.
Preparation of Anatase Nano-crystals Deposited on Hydroxyapatite by
Hydrothermal Treatment. Mater Sci Eng C. 2005;25:87-91.

Liu DM, Troczynski T, Tseng WJ. Water-based sol-gel synthesis of
hydroxyapatite: process development. Biomaterials. 2001;22:1721-30.

Li H, Zhu M, Li L, Zhou C. Processing of nanocrystalline hydroxyapatite
particles via reverse microemulsions. J Mater Sci. 2008;43:384-9.

Fratzl P. Biomimetic Materials Research: What Can We Really Learn from
Nature's Structural Materials. Journal of Royal Society Interface. 2007;4:637-42.
Deng Y, Sun Y, Chen X, Zhu P, Wei S. Biomimetic synthesis and
biocompatibility evaluation of carbonated apatites template-mediated by
heparin. Materials Science & Engineering C, Materials for Biological
Applications. 2013;33(5):2905-13.

Dinger M, Teker D, Sag CP, Oztirk K. Enhanced bonding of biomimetic
apatite coatings on surface-modified titanium substrates by hydrothermal
pretreatment. Surf Coat Tech. 2013;226:27-33.

Meng-Hui C, Hsi-Kai T, Chi-Jen C, Ju-Liang H. Biomimetic hydroxyapatite
grown on biomedical polymer coated with titanium dioxide interlayer to
assist osteocompatible performance. Thin Solid Films. 2013;549:98-102.
Geetha M, Singh AK, Asokamani R, Gogia AK. Ti based materials, the ultimate
choice for orthopedic implants. Progress in Material Science. 2009,54(3):397-425.
Niinomi M. Mechanical biocompatibilities of titanium for biomedical
applications. J of the Mechanical Behavior of Biomedical Materials.
2008;1:30-42.

Ivasishin OM, Skiba 10, Karasevska OP, Markovsky PE. Biocompatible low
modulus alloy on the base of Zirconium-Titanium system (variants). Patent
of Ukraine #102455, A61L 27/00, A61F 2/02, C22C 11/00, B82B 3/00, 2013.
Popov AA, Ivasishin |0, Grib SV. Effect of Heat Treatment and Plastic
Deformation on the Structure and Elastic Modulus of a Biocompatible Alloy
Based on Zirconium and Titanium. The Physics of Metals and
Metallography. 2012;113(4):382-90.

Ivasishin OM, Savvakin DG. The impact of diffusion on synthesis of high-
strength titanium alloys from elemental powder blends. Key Engng Mater.
2010/436:113-21.

Tadic D, Peters F, Epple M. Continuous Synthesis of Amorphous Carbonated
Apatite. Biomaterials. 2003;23:2553.

Dorozhkina El, Dorozhkin SV. Structure and properties of the precipitates
formed from condensed solutions of the revised simulated body fluid. J
Biomed Mater Res. 2003,67A:578-81.

Takadama H, Kim HM, Kokubo T, Nakamura T. TEM-EDX study of mechanism
of bonelike apatite formation on bioactive titanium metal in simulated
body fluid. J Biomed Mater Res. 2001,57:441-8.

XPS and OES database: http://www.lasurface.com/accueil/index.php.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://www.lasurface.com/accueil/index.php

	Abstract
	Background
	Methods
	Materials
	Methods

	Results and discussion
	HA-coating in 10×-SBF

	Conclusions
	Competing Interests
	Authors’ Contributions
	Author details
	References



