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Abstract
Hydroxyapatite (HAP) coatings are applied onmetallic implantmaterials to combinemechanical
properties ofmetallicmaterial with bioactivity abilities ofHAP ceramic. In this study,HAP coatings
with additions of Si andMg are proposed to be deposited onTi6Al4V substrates by RFmagnetron
sputtering. Chemical bonding,morphology, topography and corrosion resistance in simulated body
fluids (SBF) of the coatings were investigated. Additionally,mechanical and biological properties of
the coatings were evaluated. It was found that the addition of Si andMgdoes not influence the
formation of aHAPphase. All the coatings exhibited smooth surface and uniform growth, without
defects or cracks. Both hardness and elasticmodulus of the coated samples decrease withMg addition
in theHAP-Si structure. BothMg and Si addition intoHAP coatings were found to enhance the
corrosion resistance of the Ti6Al4V alloy in the SBF solution. Coatingswith lowMg content exhibited
better corrosion performance. All the coatings investigatedwere biocompatible, as demonstrated by
SaOS-2 bone cell attachment and growth.However, cell proliferation andmorphology were inferior
on samples with the highestMg content.

1. Introduction

For dental and orthopaedic implants to succeed, it is
important to ensure a good bond between the
implants and bone [1–3]. Biomaterials with high wear
and corrosion resistance during the exposure of
implants to human tissues and fluids [4–7], and
suitable mechanical properties for minimizing the
stress-shielding effect [8–11], are required for such
orthopaedic applications. The main drawback of
orthopaedic implants is the weak fixation between the
implant and human bone [12–15]. Up to now,
cemented prostheses have been used to fix it to the
bone. Unfortunately, these have some major draw-
backs, which limit their usage in orthopaedic applica-
tions, such as: (i) the cement can undergo fatigue
fracture, and this leads to loosening of the implant;

(ii) the cement particles and wear debris can activate
the immune system, leading to bone resorption; (iii)
the cement monomer is absorbed by the blood and
ends up in the heart, which may cause intraoperative
deaths. The first two effectsmay lead to rejection of the
artificial joint, in which case revision surgery is
necessary [12–15]. For the third reason, many sur-
geons prefer cementless prostheses. However, even
these prostheses exhibit some disadvantages. Firstly,
cementless prostheses should be placed in healthy
bones [16]. Secondly, more than three months are
needed for bone to grow on an implant surface [16].
Besides this, cementless hip or knee implants are
textured, and during fixation there are some friction
processes between the implant and the bone [7, 17].
As all of these processes can lead to a loosening of
the orthopaedic implants, revision surgery might be
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necessary. This would imply a new trauma for the
patient. Thus, in recent years, research has focused on
improving the strength of the implant-tissue interface.
One way is to coat the implant surface, to develop
implants with high biocompatibility and bioactivity
capabilities. Hence, to improve bone ingrowth of
uncemented prostheses, the application of calcium
phosphate (CaP) as coatings was performed [18].
Thus, the main goal in the healthcare industry is to
find a solution for combining the biological properties
of the coatings with the excellent mechanical proper-
ties of traditional implant materials. Implant surfaces
coatedwith bioactivematerials promote the osseointe-
gration of dental and orthopaedic implants. The most
used bioactive coating is hydroxyapatite (HAP;
Ca10(PO4)6(OH)2), which stimulates direct bone
apposition and osseoconductive properties, due to its
chemical similarity with bone [19–22]. HAP coatings
have a high chemical reactivity in the human body,
due to their dissolution rate in contact with human
fluids [22–24], which is mainly dependent on their
degree of crystallinity. Furthermore, there are some
restrictions for usage of HAP-based bone substitutes
during the surgery due to low mechanical integrity,
and this could lead to failure during surgical proce-
dures such as press-fitting or screwing [3, 4, 6,
7, 17, 25]. Usage of HAP coatings with improved
mechanical and adhesive properties results in their
accelerated self-adaptation in the human body, and
enhances long-term performance [26, 27]. A variety of
plasma-assisted techniques have been employed to
obtain CaP-based coatings with desirable features
including powder as well as suspension or liquid
plasma spraying (PS), radio-frequency (RF) magne-
tron sputtering and pulsed laser deposition (PLD)
[28]. Each method exhibits advantages and disadvan-
tages, but the hydroxyapatite coating obtained by RF
magnetron sputtering methods is more suitable for
biomedical applications, because this technique allows
us to control the coating structure (amorphous or
crystalline) and the Ca/P ratio, and to obtain a
uniform coating thickness with dense pore-free coat-
ing [28, 29]. Nevertheless, hydroxyapatite has two
main drawbacks—poor mechanical properties and
random dissolution rate in contact with human fluids
—whatever the preparation method. Thus, the aim of
this research is to improve the mechanical properties,
and to decrease the dissolution rate of hydroxyapatite
coatings, without losing its osseoconductive ability.
In previous work, we showed that the mechanical
properties of the sputtered HAP could be improved by
Si addition, but the dissolution rate and osseointegra-
tion remained close to that of undoped HAP [30, 31].
To improve this, we propose the addition of controlled
amounts of Mg to the Si doped HAP matrix. The
choice of these elements was determined by the
following reasons: magnesium ions are the fourth
most abundant cations in mammals after sodium,

potassium, and calcium; they can easily substitute the
calcium in body minerals due to their chemical
similarities; and they can influence the bone mineral
metabolism, formation and crystallization processes
[32]. Silicon, in contact with simulated body fluids
(SBF), forms silanols (Si-OH) on its surface, which
provide favourite sites for the migration and deposi-
tion of Ca and P ions, promoting the formation of a
bone-like apatite layer, and thus favouring the attach-
ment of osteoblasts [33–35]. It was demonstrated that
the Si-OH groups are negatively charged, and promote
formation of apatites such as calcium silicate, which is
an amorphous calcium compound [35, 36].Moreover,
according to the literature, silicon carbide (SiC) is a
bio-amorphous coating formed from two essential
elements, and has a microstructure similar to that of
bone. This compound promotes protein adhesion,
and improves the mechanical properties of potential
implant materials [37]. In our previous paper, we
showed that the addition of Si improves the bioactivity
and resistance of HAP in artificial saliva, thus being a
good solution for dental implants [38]. Moreover,
hardness and elastic modulus were increased by
adding Si to the basic HAP structure [39]. Thus,
it is expected that the addition of Mg to Si doped
hydroxyapatite will combine the mechanical proper-
ties of HAP+Si coatings with the good osseointegra-
tion capability of Mg, thereby forming an
advantageous candidate for orthopaedic implants.

2. Experimental details

2.1. Synthesis of the coatings
The coatings were prepared by RFmagnetron sputter-
ing on Si wafers and ELI-Ti6Al4V alloy (Bibus Metals
CO.), using a system (AJA International) equipped
with three cathodes made of stoichiometric HAP, SiC
and MgO (99.9% purity, 1 inch diameter, Kurt
J. Lesker Company), which worked simultaneously.
Before the deposition, the substrates were sputtered
using Ar+ bombardment (1000 eV; 10 min). The
deposition conditions were as presented in table 1. For
this study, the deposition temperature was 700 °C,
leading to crystalline HAP coatings without any post
deposition annealing process [40]. Usually, the coating
of HAP by RF magnetron is performed at room
temperature; the coatings obtained in this way are
amorphous, and need to be further annealed in order
to obtain crystalline coatings [28, 40].

2.2.Microchemical,microstructural and
morphological properties
The elemental composition was carried out using a
scanning electron microscope (SEM) (JEOL 6060)
coupled with an energy dispersive spectrometer
(EDS). The structural properties were determined
by x-ray diffraction (XRD) using Rietveld and
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Williamson−Hall methods. In determining XRD
spectra, a Smartlab system (Rigaku, Japan) with CuKα

radiation was used, with 2θ range from 15 to 100° and
a scan rate of 0.02°min−1. Fourier transform infrared
spectroscopy (FTIR) was performed using a Jasco
FTIR 6300 spectrometer at a resolution of 4 cm−1 and
16 scans using an attenuated total reflectance (ATR)
unit in order to investigate the chemical bonding in
the coatings. The surfacemorphologies and roughness
at the nanoscale level were evaluated by atomic force
microscopy (AFM) (INNOVA). The tapping mode
was used, in order to prevent damage to the coated
surface. AFM images were acquired over an area of
about 3×3 μm2.

2.3.Mechanical properties
Nanoindentation measurements were performed
with a NanoTest instrument (Fischer-Cripps Lab.),
equipped with a Berkovich indenter with a face angle
of 65.3°. Load-unload measurements at 1.0 mN were
carried out in order to determine the elastic modulus
(E) and hardness (H) of the coatings. The position of
each sample was randomly selected. For eachmeasure,
the holding time at the maximum load was 5 s. This
time was selected to minimize the creep effect, which
might influence the values of the elastic modulus and
hardness. The values ofH and Ewere averaged over 10
measurements. The values of E and H were calculated
using themethod described byOliver andPharr [41].

2.4. Electrochemical behaviour
The electrochemical behaviour of the coatings was
investigated by electrochemical tests using a PARSTAT
4000 Potentiostat/Galvanostat. These tests were per-
formed in simulated body fluid (SBF) [42] with
pH=7.2 at 37±0.4 °C. The tests were conducted
with a typical three-electrode cell, with saturated
calomel electrode (SCE) and Pt foil as reference,
working and counter electrodes, respectively. The
working electrode (sample) was placed in a special
Teflon sample holder in order to keep only an area of
1 cm2 exposed to the SBF. All electrochemical mea-
surements were carried out with a scanning rate of
0.167 mV s−1, according to standard ASTM G5–94
(reapproved 1999). Also, a magnetic microstirrer
(VelpScientifica) with speed range 300 rpm was used.
The electrochemical tests involved the following
measurement sequence:

• monitoring of the open circuit potential (OCP) for
2 h, immediately after immersion in the electrolyte;

• recording of the potentiodynamic polarization
curves from −0.5 V (versus EOC) to +2.5 V (ver-
sus SCE).

The electrochemical parameters were calculated as
follows:

• the corrosion potential (Ecorr) and corrosion current
density (icorr) were estimated by extrapolation from
Tafel plots;

• the polarization resistance (Rp) was determined as
the tangent of the curve at i=0 from the polariza-
tion curve as a linear potential−current den-
sity plot.

The roughness parameters on a large scan length
(4 mm) were analysed using a surface profilometer
(Dektak 150), equipped with a low-inertia stylus sen-
sor (12.5 mm radius). At least ten profiles were asses-
sed in different areas of each sample. The Ra (average
roughness) and Rq (root mean square roughness)
parameters were calculated for all the coatings, before
and after electrochemical tests.

All collected data are presented as mean standard
deviations (SD), being statistically analysed by paired
Student’s t-test, withα=0.05.

2.5. Biological experiments
Human osteogenic sarcoma cells (SaOS-2) were pur-
chased from the American Type Tissue Collection
(ATCC HTB 85), and cultured in 85% McCoy’s 5A
medium, supplemented with 15% fetal bovine serum
and 1%penicillin/streptomycin at 37 °C and 5%CO2.
Cells at densities either 10 000 (3 day exposure) or
15 000 (1 day exposure) cells cm−2 were seeded onto
coated and uncoated Ti6Al4V discs (15 mm diameter,
1 mm thick). The medium was changed every sec-
ond day.

Cell viability was assessed by live/dead fluores-
cence staining using calcein-AM (Invitrogen, USA)
and propidium iodide (PI, Sigma, USA). On the first
and third day after seeding, cells were washed with
HEPES buffered saline (HBSS) and stained with cal-
cein-AM (2 μM) and PI (4 μM) in HBSS for 30 min at
room temperature (RT) in the dark. Thereafter, the
staining solution was removed, and samples were

Table 1.Deposition parameters of the coatings.

RF powers fed (W)

Abbreviation of

the coating

Base pressure

(×10−4 Pa)
Ar pressure

(×10−1 Pa)
HAP

cathode SiC cathode

MgO

cathode

Substrate bias

voltage (V)
Deposition

temperature (°C)

SM-0 1.3 6.6 50 15 −60 700

SM-1 50 15 25

SM-2 50 15 50
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mounted upside down into coverslip bottom dishes
(SPL, Korea) using a drop of ProLong Diamond anti-
fade solution (Molecular Probes, USA). Samples were
immediately photographed, and analyzed with Axio-
vision software and an Axiovert 200 microscope
(Zeiss, Germany), using appropriate filters. At least
five random microscopic visual fields for each sample
surface were analyzed for cell counts. Cell morphology
was determined after day 1 or 3 of culture. Cells were
washed with phosphate buffered saline (PBS), fixed
with 4% formalin (5 min, RT), permeabilized using
0.5% Triton X-100 (6 min, RT), and incubated with
1% bovine serum albumin in PBS (10 min, RT) to
block unspecific bindings. After washing with PBS,
cells were incubatedwith 0.1 μMof phalloidin-TRITC
(Sigma, USA) for one hour at RT to detect actin fila-
ments. Thereafter, cells were washed three times with
PBS. Cell nuclei were visualized by means of incuba-
tion with 1 μg ml−1 DAPI (Sigma, USA) for 5 min at
RT. Images of cells growth on samples were acquired
with a fluorescence microscope (Zeiss, Germany),
using appropriate filters.

3. Results and discussions

3.1. Elemental composition and chemical bonding
The EDSmeasurements were performed at three points
of each sample. The averaged EDS values of the coatings
are given in table 2. The Mg doped hydroxyapatite
coating can be written as Ca10−xMgx(PO4)6(OH)2. For

this reason, the (Ca+Mg)/P ratio was calculated, and is
presented in table 2. It was found that (Ca+Mg)/P ratio
of the prepared coatings is higher than the stoichio-
metric ratio of undopedhydroxyapatite (Ca/P=1.67).
As evidence of the effect of Mg addition into Si doped
HAP, theXRD results are presented below (figure 1). As
expected, the amount ofMg increased by increasing RF
power fed to the MgO cathode. At higher power, the
Mg content is more than doubled. It is worthmention-
ing that we intended to keepMg at a low content in the
coatings, in order to limit its effect on the dissolution
rate in corrosive human solution, and to improve the
biological capability of the coatings.

The XRD spectra of the investigated coatings are
illustrated in figure 1. The structural data determined
from XRD spectra using Rietveld and Williamson
−Hall methods are shown in table 3. Results on the

Table 2.Elemental composition of the coatings;mean of values obtained in three different points.

Elemental composition (at.%)

Coating Ca P Si Mg Ti (Ca+Mg)/P

SM-1 8.5±0.06 5.1±0.08 6.6±0.3 0.8±0.02 balance 1.82

SM-2 8.2±0.05 4.9±0.05 5.4±0.2 1.9±0.02 balance 2.01

Figure 1.XRDdiffraction patterns of the coatings (SM-0 is the coatingwithoutMg addition).

Table 3. Structural data determined fromXRD spectra using
Rietveld andWilliamson−Hallmethods: a0, c0—lattice constants,
γ0—angle between cell edges, CDD—the size of the coherently-
diffracting domains, ε—relative lattice strains.

Sample a0 (Å) c0 (Å) γ0 (
0) CDD (Å) ε (%)

HAP-model

(theory)
9.426 6.880 120 — —

UndopedHAP 9.526 6.856 120 630 0.896

SM-0 9.494 6.780 120 100 −0.181

SM-1 9.526 6.880 120 110 −0.201

SM-2 9.463 6.791 120 110 −0.209
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unit cell geometry of various HAP structures obtained
using the Rietveld refinement method together with
the Willliamson−Hall plot suggest that the doping
process reasonably influences geometry of the lattice
structure. Pure HAP crystal appears similar to the
theoretical structure, because the diffraction reveals
several relatively sharp peaks considering, for instance,
(002) and (211) reflexes. The size of coherently-
diffracting domains (CDD) exceeds 600 nm, and is
found to be the largest among the samples under
study. Unlike the remaining samples, its relative
microstructural strains also turn out to be tensile at the
level of 0.9%, which demonstrates cell elongation
within the x−y plane. The diffraction spectra were
analysed in the reduced range from 15° to 100°, in
order to remove several low-angle peaks of unknown
origin.

Doping with silicon decreases the size of CDD
domains to a value of 100 nm, i.e. by a factor of 6.
Simultaneously, Si dopedHAP appears to bemore dis-
ordered, because of observed very broad XRD peak at
around 30°, in place of the previous sharp (002) and
(211) peaks. Also important is that the substitution of
atoms in the HAP structure with Si results in contrac-
tion of the unit cell, compared with undoped HAP.
Both lattice constants are smaller than in undoped
HAP, and themicrostrains are found compressive.

Sample SM-2, and also—to a lesser degree—the
remaining samples doped with silicon, exhibit sig-
nificant background in their XRD spectra, which
might be due to several factors. First of all, one needs
to consider diffuse scattering due to various crystallite
imperfections. Short-range ordered material with
CDD domains not larger than around 100 nm could
be a source of intense scattering. On the other hand,
the very sharp and intense peak at 52° suggests the
opposite. This peak is characteristic of highly-ordered
granular material, with preferred orientations of the
polycrystals of which it is made. In this case, however,
one should expect larger grains of the HAP material,
which suggests that the CDDdomainsmight form tex-
turized mosaic hyperstructures. On the whole, the
HAP structure appears to be a mixture of disordered
and crystalline phases.

Additional doping with Mg further influences the
crystalline structure of the Si doped HAP. Compared
to the theoretical structure, the lattice constants in
Mg- and Si doped HAP are found larger within the
x−y plane, but lower along the z axis. Despite these
small variations in the lattice parameters, the overall
microstrains are foundmore compressive, which indi-
cates progressive lattice contraction. The size of the
CDD domains remains untouched at around 100 nm.
Note that the sharp peak at 52° is still seen in lightly
Mg doped coatings, but disappears in that heavily
doped. The XRD data showed that theMg and Si addi-
tion into HAP lead to amorphisation, an effect related
to the nucleation growth, leading to the decrease of
grain size.

The FTIR spectra of SM-1 and SM-2 coatings indi-
cated the presence of characteristic IR absorption
bands which can be attributed to CaP coatings
(figure 2). The absorption bands at 939 and 680 cm−1

correspond to asymmetric stretching (ν1) and bend-
ing (ν4) vibrations of PO4

3−. As depicted infigure 2, the
presence of the absorption bands from 3900 to
3400 cm−1 can be assigned to the hydroxyl groups
(OH−), while the weak absorption bands located
between 1600 and 1480 cm−1 were associated to the
CO3

2− vibrationmode. In a previous paper, we showed
that the Si doped HAP coating exhibited bands attrib-
uted to HAP phase at 682 cm−1, 962 cm−1, and a low
one at 1045 cm−1, indicating that the Si addition does
not affect the formation of HAP phase [39]. Also,
weak bands at 1528 cm−1 and 3553 cm−1 were found,
attributed to CO3

2− and hydroxyl bands, respectively.
Incorporation of more magnesium content into Si
doped HAP coatings lead to an intensity change of
CO3

2− and OH− absorption bands. Further, the
ν1-PO4

3− band structure at 939 cm−1 was changed,
indicating a possible modification of HAP structure as
a consequence of Mg addition in the Si doped HAP
structure.

3.2.Morphology and topography
Figure 3 shows the AFM 3D images. The coatings
without Mg addition (SM-0) are presented for com-
parison. As depicted in figure 3, all of the coatings
exhibited smooth surfaces and uniform growth.
The roughness parameters calculated from the AFM

Figure 2. FTIR spectra of the coatings (SM-0 is the coatings
withoutMg addition).
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images are illustrated in figure 4. The uncoated
substrate exhibited an rms roughness of about
23.7 nm. The roughness of the coating without Mg
addition is 7.8 nm. One may see that the surface
roughness of the coatings was decreased by Mg
addition (SM-1=7.1 nm and SM-2=4.8 nm). The
coating with small Mg content has a smooth surface,
indicating that the increasing RF power fed to the Mg
cathode led to a slight increase in roughness. The flat
surfaces presented skewness close to zero. If the
skewness has negative value, it can be said that the
surface consists ofmany valleys. Figure 4 shows that all
of the coatings as well as the uncoated substrate have a
negative skewness. The valleys found on the uncoated

substrates are due to the polishing process. The coating
process covers most of the substrate valleys obtained
during the polishing process, leading to a uniform
distribution on the uncoated substrate.

Experimental data that follow a perfectly normal
distribution have a kurtosis value of zero. Those data
which deviate from zero indicate that roughness is not
normally distributed. The uncoated substrate has a
negative kurtosis value, proving that the surface has
some grooving, probably due to the polishing process.
Also, the coating without Mg addition has a negative
kurtosis value. Both Mg doped coatings exhibited a
positive kurtosis value. In the literature, it is reported
that the surfaces with few high peaks and low valleys

Figure 3.AFM images of the uncoated substrate and coatings deposited on the Ti6Al4V.

Figure 4.Roughness parameters calculated from theAFM images (rms—rootmean square surface roughness; Sk—skewness).
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showed a kurtosis of less than 3, and ofmore than 3 for
surfaces with higher peaks and low valleys [43]. The
coating SM-1 demonstrated a high positive kurtosis
(3.02), meaning that on the surfaces of coatings few
high peaks and low valleys are seen compared with the
SM-2 surface (1.14).

Skewness and kurtosis are two roughness para-
meters which influence the corrosion and friction per-
formance of a material. More positive values of
skewness indicate good corrosion resistance, while
negative skewness can lead to pitting corrosion, as
indicated in the literature [44]. According to this fact,
one may observe that SM-2 having more positive
skewness than SM-1 probably indicates a better corro-
sion resistance.

3.3.Mechanical properties
Inour previous study, it is reported thatRF power fed to
the SiC target has an enhanced effect on themechanical
properties ofHAP-Si coatings, and optimum results are
obtained at 1.0 mN [39]. Therefore, in this study load
−unload measurements at 1.0 mN were performed.
The maximum penetration depth is smaller for the
HAP-Si coating without Mg addition (SM-0),
suggesting that Mg addition does not have any remark-
able influence on the mechanical properties of HAP-Si
coatings.

The experimental values of mean hardness, H,
mean elastic modulus, E, H/E and H3/E2 ratios
obtained from the nanoindentation testing of SM-0,
SM-1 and SM-2 coatings are presented in table 4. It is
observed that both hardness and elastic modulus of
the coated samples decrease with Mg addition. The
SM-2 sample exhibited low elastic modulus (52 GPa),
being more or less closer to that of human bone (max-
imum20 GPa) [45].

Although hardness has long been regarded as a pri-
mary material property which defines wear resistance,
there is strong evidence to suggest that the elasticmod-
ulus can also have an important influence on wear
behaviour. In particular, the elastic strain to failure,
which is related to the ratio of hardness (H) and elastic
modulus (E), has been shown by a number of authors
to be a more suitable parameter for predicting wear
resistance than is hardness alone.

It is recognized by many authors that the ranking
of materials according to their H/E ratio can provide
extremely close agreement to their ranking in terms of
wear. The ratio between H and E (H/E ratio) is called
the ‘plasticity index’, and it was first used as a material

ranking parameter by Oberle [46, 47], as a valuable
measure in determining the limit of elastic behaviour
in a surface contact, which is clearly important to
describe the ‘elastic strain to failure’. H3/E2 should
also be a strong indicator of a coating’s resistance to
plastic deformation. This ratio is indicative of the
material’s elasticity, high values of H3/E2 reflecting a
predominantly elastic behaviour [48].

The results shown in table 4 reveal the Mg content
in HAP-Si coating structure to have an insignificant
effect on theH/E ratio; both HAP+SiC+Mg coatings
exhibitedH/E ratio similar to that of HAP+SiC. Con-
cerning the H3/E2 ratio, SM-0 proved to have a more
elastic behaviour during loading than that of Mg
doped coatings—indicative of good wear resistance.
Comparing the Mg doped coatings, the SM-1 surface
shows high H3/E2 ratio, predicting a good wear
resistance.

3.4. Electrochemical behaviour
Open circuit potential measurement was carried out
for 2 h in SBF solution (figure 5(a)). The potentiody-
namic curves of the uncoated substrate and the
coatings are presented in figure 5(b). The electroche-
mical parameters are presented in table 5. The results
can be summarized as follows:

• Both the coatings exhibited similar Eoc potential
values, and they are slightly more electronegative
than those of the uncoated substrate, as is seen in
figure 5(a).

• The Eoc potential of both coatings started to
gradually increase, indicating that a protective layer
was formed on the surfaces. The uncoated surface
does not exhibit any significant change in Eoc during
the test, demonstrating that the protective layer
formed is stable.

• SM-2 coating exhibited large fluctuations of current
density in the anodic branch during the potentiody-
namic tests. Fluctuation in the current density may
be attributed to the sequential effect of protection
process and further dissolution aggravated by the
increase in potential. This phenomenon is observed
for SM-1 coating at low potential values, settling
rapidly.

• Potentiodynamic polarization curves for both coat-
ings have passivation domain, being more evident
for SM-1 (0.2–1.2 V), indicating that this coating is
able to resist SBF corrosive attack.

Table 4.Mechanical properties ofHAP-Si coatings with andwithoutMg addition at
1.0mNapplied load.

Coating Load (mN) E (GPa) H (GPa) H/E H3/E2

SM-0 1.0 114.9±0.6 12.1±0.3 0.1054 1.3432

SM-1 1.0 98.3±1.2 10.4±0.3 0.1055 1.1538

SM-2 1.0 52.9±1.5 5.5±0.2 0.1046 0.6060
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• Comparing the electrochemical parameters, both
coatings improved the corrosion resistance com-
pared to uncoated substrate.

• Comparing the coatings, the SM-2 showed a higher
electropositive Ecorr value.

• SM-1 coatings have high polarization resistance and
low corrosion current density.

It is well known that a material with a higher elec-
tropositive Ecorr, low icorr, and high Rp display a good
corrosion resistance [49, 50]. Both coatings showed
the superior corrosion resistance compared to the
uncoated substrate. It can be seen that the SM-1 exhib-
ited low icorr and high Rp, indicating better corrosion
resistance in SBF solution. This conclusion is also in
good agreement with the AFM results, which showed
the SM-1 sample to have positive values of skewness—
that can indicate good corrosion resistance.

3.5.Mass loss rate and roughness on large area after
electrochemical tests
In order to evaluate the effect of the electrochemical
tests on the investigated surfaces, the mass loss rate
and roughness of the coatings and uncoated alloy after
corrosion tests were calculated. The mass loss rate
(MR) was determined by weight loss technique, the
samples were weighed before and after electrochemi-
cal tests andMRwas calculated using the formula

= - ´ -( ) ( ) ( )/ /MR w w A d mg cm day1 2
2

wherew1 ismass before the electrochemical tests (mg),
w2 is mass after the electrochemical tests (mg), A is
exposed specimen area (cm2), d is the duration of the
electrochemical tests (days).

The mass loss rates of the uncoated substrate and,
coatings are presented in figure 6. The results of the
coatings without Mg addition are also presented for
comparison, results reported in the study of Ak Azem
et al [30]. It is observed that the coatings significantly
decreased the mass loss rate of Ti6Al4V alloy. The
addition of theMg in Si dopedHAP led to a decrease in
mass loss rate, indicating a better resistance to corro-
sive attack. It can be seen from figure 6 that the mass
loss rate of the coatings increases with increasing Mg
content. From the point of view of themass loss rate of
the coatings, SM-1 has low dissolution rate compared
to SM-2 and SM-0.

The surface roughness parameters of the samples
on scan length of about 4 mm, before and after elec-
trochemical tests, were presented in figure 7. It has
been found that surface profilometry measurement
results are consistent with the AFM analysis results.
AFM analysis results showed that the substrate surface
became smoother with coating process and the SM-1
coating is smoother than the SM-2 (figures 3 and 4).
The Ra and Sk values of coatings decreased after corro-
sion testing, being attributed to a presence of dissolu-
tion phenomena during the electrochemical tests
which is uniform on entire surface. The roughness and
mass loss rate results confirm the electrochemical
ones: respectively, the SM-1 samples have better cor-
rosion resistance in SBF solution and small dissolution
of coating.

3.6. Biological properties
Bone cell adhesion and morphology were investigated
by plating SaOS-2 cells directly on standard titanium
alloy (Ti6Al4V) and the coated surfaces (figure 8).
After day 1, attached live cell numbers were higher on

Figure 5.Variation ofmeasure open circuit potential (a) and potentiodynamic curves (b) of the investigated samples.

Table 5.Electrochemical parameters of the investigated
samples: corrosion potentials (Ecorr), corrosion current
density (icorr), polarization resistance (Rp).

Sample Ecorr (mV) icorr (nA cm−2) Rp (kΩ)

Ti6Al4V −163.1 46.068 1032

SM-1 −305.8 34.920 1563

SM-2 −300.5 38.779 1504
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Ti6Al4V alloy, but significantly lower on the coatings
(table 6). SaOS-2 osteoblasts displayed their typical
polygonal shape with prominent actin stress fibres
visible on uncoated alloy and SM-1. In contrast, cells
on the SM-2 coating were less spread, thus smaller in
size and the formation of actin fibres was less
developed. After day 3, cell numbers almost doubled
on TiAl4V and SM-1, demonstrating active bone cell
proliferation. Again, numbers of cells grown on SM-2
were considerably lower. Actin cytoskeleton appeared
best developed on SM-1, followed by standard alloy
and SM-2.

Cell viability after day 1 or 3 in direct contact with
standard alloy or the coated surfaces was investigated
by means of live/dead fluorescence staining. Figure 9
shows that almost all cells were vital (green), with only
very few dead cells (red, arrows) detected. The live/
dead assay also showed significantly more attached
and living cells per microscopic view on the Ti6Al4V
surface than on the coatings. The same parameter is
significantly higher on SM-1 coating when compared

to the SM-2 surface. As such, this data supports the
outcome of the adhesion test.

Our findings are supported by data fromWagener
et al [51] who demonstrated that MG63 osteosarcoma
cells showed lower cell numbers and inhibited cell
spreading when seeded directly on puremagnesium or
on differently coatedMg. It was reported that the local
rise in Mg level does not seem to have a significant
impact on osteosarcoma cell proliferation [31, 51].
High Mg levels can, however, inhibit deposition of Ca
phosphate mineral matrix [52]. Deposition of mineral
matrix is a crucial step in bone formation and healing.
We demonstrated that the SM-2 coatings possess less
corrosion resistance than SM-1, hence osteoblast see-
ded on SM-2 coatings will be more affected by hydro-
gen evolution, and thus should attach and proliferate
more slowly. Thismay explain the low attachment and
growth rate of SaOS-2 osteoblasts on SM-2 coatings
described in this paper.

Calcium ions can be partially substituted with
magnesium ions in the body. More than 60% of total
Mg is stored in bones, and a strong association

Figure 6.Mass loss rate of the investigated samples.

Figure 7.Roughness of the investigated surfaces, obtained over a large area by surface profiler before and after electrochemical tests:Ra

(average roughness) and Sk (skewness).
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between bone density and Mg intake has been found.
Yet Mg can also antagonize Ca, andmay thereby affect
Ca-dependent cell functions. A diet low in Mg pro-
motes osteoporosis in rodents and humans. This
results, inter alia, from decreased bone formation, due
to lower osteoblast numbers and activity enhanced
osteoclast proliferation. Also, elevated Mg levels seem
to negatively influence bone metabolism, and thus
have a harmful effect on osteoblast function and bone
health [53].

4. Conclusions

In this study, Si andMgdoped hydroxyapatite coatings
were prepared on Ti6Al4V alloy substrates, using
magnetron sputtering. The results can be summarized
as follows:

• Si andMg addition does not influence the formation
of a hydroxyapatite phase.

• Both hardness and elastic modulus of the coated
samples decrease with Mg addition in the Si doped
HAP structure.

• Both doped HAP coatings were found to enhance
the corrosion resistance of the Ti6Al4V alloy in the
SBF solution at human body temperature. The best
corrosion resistance was found for the coatings
preparedwith lowRFpower fed to theMgO cathode
(25W), which also proved to have a smooth surface.

• The addition of the Mg and Si doped HAP led to a
decrease in mass loss rate, indicating a low degrada-
tion rate in contact with SBF solution. The coatings
with low Mg content have low mass loss rate
compared to thosewith highMg content.

• All the coatings were biocompatible as demon-
strated by SaOS-2 bone cells attachment and
growth. Compared to Ti6Al4V alloy, however, cell
numbers were significantly lower on both coatings.
Also, cell proliferation and morphology were infer-
ior on samples with the highMg contents.

Based on these results, the incorporation of both
Mg and Si into the structure of HAP could be a pro-
mising way to prepare implantable surfaces suitable
for bone substitution. The present paper showed
that the mechanical properties, corrosion resistance
and degradation rate of hydroxyapatite can be sig-
nificantly improved, in detriment of cell proliferation
and morphology characteristics. All of the coatings
promoted bone cell attachment and growth, but the
cell numbers were significantly lower on both coat-
ings than on uncoated alloy. For this reason, we
believe that further studies should be developed for
investigation of the interaction between cells and
coated surfaces.

Figure 8.Adhesion andmorphology of SaOS-2 cells after 1 day and 3 day of culture onTi6Al4V, SM-1, and SM-2 coatings. Actin
cytoskeleton appears in red, nuclei in blue fluorescence.Magnifications are 100× and 400× respectively.

Table 6.Relative numbers of living cells after 1 and
3 days of culture. The different superscript letters
within each column indicate the p value.

Surface 1 d 3 d

Ti6Al4V 42.33±6.15a 81.83±13.35a

SM-1 27.50±3.45b 56.83±23.03b

SM-2 15.83±2.04c 22.17±5.15c
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