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Mechanical resistant bioactive materials are of high interest for biomedical applications. In this work, we address
the improvement in mechanical properties of HA coatings by the addition of a cheap and widely available
secondary phase material, the talc from soapstone. The composites hydroxyapatite/talc (HA/talc) were suc-
cessfully obtained by pulsed electrodeposition and characterized by scanning electron microscopy, energy-dis-
persive X-ray spectroscopy, Raman spectroscopy, corrosion and wear resistance and biocompatibility tests. We

found that the addition of talc greatly improves the mechanical properties of coatings (i. e., wear track and
friction coefficient in wear tests were significantly diminished) without diminishing corrosion resistance and
biocompatibility. Alamar Blue® tests, alkaline phosphatase activity, and collagen production indicate that the
biocomposites are biocompatible and talc itself induce bone maturation.

1. Introduction

The so-called biomaterials are natural or synthetic materials sui-
table to work inside the human body, where they are employed in
devices such as artificial joints and dental implants. To be inserted into
the human body materials must: (i) be non-toxic; (ii) not corrode or
degrade once they are inside the body; (iii) be stable during implanta-
tion process; (iv) be non-carcinogenic; and (v), present suitable me-
chanical properties, e.g., high resistance to wear and tenacity. Among
biomaterials, those classified as bioactive are of special interest.
Bioactive materials are those materials that, once inside the human
body, interact with the surrounding tissue, either bones or soft tissue,
promoting a beneficial effect. For instance, it has already been shown
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that a bioactive silicate-based ceramic material can bind to bone tissue
after being implanted, promoting osseointegration [1]. Other major
examples of bioactive materials are synthetic hydroxyapatite, glass-
ceramic A-W, and Bioglass. In common, all those materials have the
disadvantage of being fragile, a characteristic that prevents their use in
orthopedic prosthesis and dental implants, for instance. Therefore, the
study of bioactive materials with suitable mechanical properties (such
as fatigue resistance, wear-resistance, and tenacity) is of high interest.

In the last decades, advances in nanoscience and nanotechnology
have allowed the control of matter at the nanometric scale, which leads
to modifications in the macroscopic properties of materials. In parti-
cular, one can cite the improvement of the tenacity of a fragile ceramic
material through the incorporation of bidimensional nanomaterials,
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like graphene oxide, in the synthesis process [2,3]. The recently dis-
covered nanostructured talc (monolayer and few-layered flakes) pre-
sents adequate properties to improve the mechanical properties of
fragile materials. Such material was firstly obtained in 2015 [4]
through mechanical exfoliation of soapstone, and it presents properties
similar to those of graphene, such as the in-plane mechanical resistance
and the 2D elastic modulus. Few-layered talc sheets are also flexible
enough to form folds, however, because talc the monolayer is more
than one atom thick its value of flexural rigidity is thirty times larger
than that of graphene. Such properties, layer flexibility, and in-plane
resistance make nanostructured talc an excellent candidate to be em-
ployed as secondary phase material for reinforcement purposes. Be-
sides, talc from soapstone is a low cost and widely available material,
which makes it a very viable option. However, to the best of our
knowledge, biocompatibility tests on talc from soapstone have not been
performed nor talc has been incorporated in HA yet.

Talc from soapstone, which has the chemical formula Mg3Si,(OH)s,
is composed of biocompatible elements [5,6], which suggests that talc
itself may be biocompatible. In the present work, talc was incorporated
in HA films in different quantities to improve mechanical properties
without reducing HA biocompatibility. The electrodeposition technique
was chosen based on its ability to produce different coatings (metals,
polymers, ceramics, and composites), its low cost and synthesis ease
[7-11]. The electrodeposition process is performed by the action of an
electric current that flows between the working electrode (sample) and
the counter electrode, both immersed in an electrolyte containing the
desired ions be deposited [12]. A second phase, talc, for instance, can
be incorporated into the coating during the electrodeposition by sus-
pending it in the electrolyte by agitation and/or use of surfactants. The
kinetics of second phase incorporation into the film is usually described
by models that may consider the effects of electric, diffusion, and
gravity forces. Several models have been proposed to describe the in-
corporation of secondary phases within a matrix during the electro-
deposition process, several of them are detailed in the work of Lelevic
and Walsh [13]. The electrodeposited composite films were chemically,
morphologically and physically evaluated through scanning electron
microscopy, X-ray diffractometry, Raman spectroscopy, polarization
curves, and wear tests. Films biocompatibility was evaluated by Ala-
marBlue®, collagen production, and alkaline phosphatase (ALP).

2. Experiments: material and methods
2.1. Sample pretreatment

Ti samples (Grade 2, see composition in Table 1), 10 mm in dia-
meter and 1 mm thick were mechanically cut from a titanium rod.
Samples were wet-ground with SiC emery paper to 1200 grit. After
griding samples were ultrasonically cleaned in acetone for 10 min fol-
lowed by rinsing in methanol and bi-distilled water. To improve the HA
coating adherence samples were immersed in 4% hydrofluoric acid for
2 min [14].

Table 1
Chemical composition of titanium samples (Grade 2) as
specified by the supplier (TiBrasil).

Element Composition (wt%)
N 0.01

C 0.01

H 0.0023

Fe 0.07

(0] 0.14

Ti Balance
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2.2. Hydroxyapatite and composite coating deposition

HA coatings were pulsed electrodeposited from an electrolyte con-
taining 0.042 M Ca(NO3),4H,0, 0.025 M NH4H,PO4 and 0.15 M
NaNOs, pH = 4.19. Hydrogen peroxide (2%) was added to the elec-
trolyte to reduce hydrogen evolution and improve the adhesive strength
between coating and substrate [15]. The electrodeposition process was
performed in a three-electrode cell fitted with the titanium sample as
the cathode, a graphite bar as the counter-electrode and a saturated
calomel electrode (SCE) as the reference electrode. A stirrer was used to
keep constant the electrolyte concentration at the cathode surface. The
electrolyte temperature (65 °C) was controlled by a thermostatic bath.

Electrodeposition of pristine HA coatings was performed at pulsed
potentiostatic mode imposing different cathodic potentials at a fre-
quency of 2 Hz. More compact and uniform films were obtained at
—5 V for 1 h. Composite coatings (HA/talc) were deposited with the
same electrochemical parameters by adding 10 g/1 (T10), 40 g/1 (T40)
and 80 g/1 (T80) of talc flakes to the electrolyte. A stirrer was used
during the electrodeposition to keep talk flakes suspended into the
electrolyte. The source of talc used in this work, soapstone, was pur-
chased in Ouro Preto (Brazil). As previously reported by Alencar et al.
[4], the soapstone talc from Ouro Preto presented exceptional me-
chanical properties. Talc flakes were obtained from unpolished soap-
stone by mechanical scraping and sieving.

2.3. Characterization of HA coatings

2.3.1. Scanning electron microscopy characterization

Scanning electron microscopy (SEM) images of HA coatings and
energy dispersive spectroscopy (EDS) analysis were performed in a
Vega3 Tescan at an acceleration voltage of 20 kV. A carbon coating was
used to cover HA samples.

2.3.2. Raman characterization

Raman spectra were recorded in backscattering geometry with a
Witec Alpha 300 Instrument employing an excitation wavelength of
532 nm and a grating of 600 grooves mm ~'. The laser power was kept
at 5 mW while using an objective of 100 X.

2.3.3. X-ray diffraction

The crystalline structure of HA coatings was investigated by X-ray
diffraction patterns. The X-ray diffraction patterns were obtained using
a Bruker D8 Advance Davinci X-ray diffractometer, model D8 Advance,
with Cu Ka radiation (A = 1.5406 /o\) with a scan range of 10-80°, a
step size of 0.02° and a measuring time of 2 s per point. Diffraction
patterns were defined by comparing them with the crystallographic
Joint Committee on Powder Diffraction Standards (JCPDS).

2.3.4. Corrosion behavior

The corrosion behavior of the samples was evaluated through po-
tentiodynamic polarization curves in a simulated body fluid environ-
ment (phosphate-buffered saline solution (PBS)) at a scan rate of
0.167 mV/s using an Autolab PGSTAT128N potentiostat. The PBS so-
lution used was composed of 8 g/1 NaCl; 0.2 g/1 KCl; 0.594 g/1 Na,HPO4
and 0.2 g/l KH,PO,4, pH = 7.1. The tests were performed in a three-
electrode cell. A saturated calomel electrode (SCE) was used as a re-
ference electrode and platinum wire as a counter electrode. The ex-
posed area of the samples (0.253 cm?) was determined by an o-ring.
Before the beginning of the corrosion tests, the system was maintained
1 h in the solution to stabilize the open circuit potential (OCP).

2.3.5. Wear tests

The wear tests were conducted with a ball-on-plate type wear test
machine computationally controlled (UMT TRIBOLAB, Bruker). The
apparatus operates by rubbing a 6.15 mm diameter alumina ball against
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Fig. 1. SEM images of pristine HA coating morphology (a) and thickness (b) pulse electrodeposited at —5 V, 2 Hz during 1 h. SEM magnification 2600 x.

the sample. Reciprocating wear tests were carried out with an applied
force of 2 N, the velocity of 2 mm/s and a linear wear track of 2 mm.
The wear tracks were measured and examined with an optical micro-
scope.

2.4. In vitro tests

2.4.1. Osteoblast extraction

The biocompatibility of the coatings was tested in vitro with the
primary culture of osteoblasts extracted from the calvary of 3 to 5 days-
old neonatal Wistar rats [16]. Animals were euthanized by a lethal dose
of 2% Lidocaine Hydrochloride without a constrictor vessel. The cal-
varies of the animals were exposed by performing bilateral clipping and
skin retraction, starting from the eye rhyme to the ears. Then, after
clipping the suture regions around the parietal bones, they were de-
tached and placed in saline phosphate buffer (PBS) containing peni-
cillin and streptomycin. The samples were fragmented and subjected to
enzymatic treatment in 1% trypsin-EDTA for 10 min, followed by four
sequential incubations with 2% collagenase baths at 37 °C for 20 min
each. The last three baths were centrifuged and the pellets resuspended
in supplemented Dulbecco's Modified Eagle's Medium (DMEM) sup-
plemented with 10% fetal bovine serum, penicillin (100 IU/ml) and
streptomycin (100 mg/ml). Then the cell suspension was transferred to
T25 cell culture bottles containing 5 ml of supplemented DMEM. The
cells were led to grow in an incubator at 37 °C in a 5% CO, atmosphere.
All experiments were conducted in the second cell passage.

2.4.2. Biocompatibility test

After sterilized, the sample was transferred to 24 well, and cell
culture plates where they were humidified with PBS overnight in an
incubator at 37 °C in a 5% CO, atmosphere. Subsequently, PBS was
removed and 1 X 10° osteoblasts were plated onto each sample with
supplemented DMEM culture medium. The culture medium was re-
newed every 2-3 days, and on days 3, 7 and 14, 10% (v/v) of
AlamarBlue™ Cell Viability Reagent (Invitrogen) was added to the wells
and the plates were kept in an incubator under cell culture conditions.
After incubation for 4 h a fluorescence at 530 nm excitation and 590 nm
emission wavelengths were performed (Varioskan™ LUX multimode
microplate reader).

2.4.3. Collagen production

Supernatant from each well was collected on days 3, 7 and 14 for
analysis of collagen production. Analyzes were performed by colori-
metric kit using the Sircol™ Soluble Collagen Assay (Biocolor), ac-
cording to the manufacturer's instructions.

2.4.4. Alkaline phosphatase (ALP) activity

ALP activity was evaluated using the BCIP-NBT assay. The super-
natants from each well were removed on days 7 and 14, the wells were
washed with PBS and then 200 pl of BCIP-NBT solution, which was
prepared according to the manufacturer's recommended protocol, was
added to each well. After 2 h of incubation at 37 °C in a 5% CO, at-
mosphere, the solution was replaced with 200 pl of SDS containing 10%
of HCl and the plates were incubated overnight at 37 °C to promote cell
lysis and an optical density measurement at 595 nm was performed
(Varioskan™ LUX multimode microplate reader) [17].

2.4.5. Scanning electron microscopy (SEM) characterization

The morphology of osteoblasts adhered to the samples was de-
termined using SEM after 14 days of culture. Cells were fixed in a so-
lution containing paraformaldehyde 4% and Glutaraldehyde 0.5% for
10 min at 4 °C. After fixation, the PBS was replaced by a 1% osmium
tetroxide (OsO4) solution in PBS pH 7.4. Then, cells were dehydrated in
increasing concentration of ethanol (35%, 50%, 70%, and 100%) for
10 min each. The surfaces were coated with 10 nm of gold and stored in
a desiccator until analysis using SEM (TM3000) imaging.

3. Results and discussion
3.1. SEM and EDS

3.1.1. Pristine HA coatings

Fig. 1(a) and (b) shows the morphology and thickness of pristine HA
coating pulsed deposited at the best conditions tested: -5 V, 2 Hz, for
1 h. SEM images show that coatings are composed of rough and well
compact grains with no identified defects. The deposition of well
compact deposits with low amounts of defects can be ascribed to the
pulsed deposition technique and to the addition of hydrogen peroxide.
In comparison to the conventional potentiostatic deposition, the pulsed
electrodeposition reduces the adverse effects of concentration polar-
ization and allows the hydrogen bubbles, produced in the process, to
escape at pulse off [18,19]. The addition of hydrogen peroxide induces
the production of OH™ ions on the cathode diminishing the effects of
the H, [15]. Fig. 1(b) also shows a mean coating thickness, of about
34.70 um, obtained during 1 h of deposition.

3.1.2. Talc from soapstone

With the aim to improve the mechanical properties of the ceramic
coatings, a second phase, talc from soapstone, was added to the elec-
trolyte to be incorporated into them. SEM image of talc platelets and
size distribution is shown in Fig. 2. It can be seen that talc platelets are
composed of a layered structure with lateral dimensions varying
roughly between 29 um and 120 pm. Talc thickness were not measured
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Mean platelet size = 42.36 ym |
SEM = 2.29 pm

150

100
Platelet size (um)

200

Fig. 2. (a) SEM image of talc platelets obtained from an unpolished soapstone after mechanical scraping. SEM magnification 1000 x. (b) Size distribution of talc

platelets.

but it is possible to observe from SEM images that the aspect ratio,
lateral dimensions/thickness are high. The size distribution was ac-
quired from a lower SEM magnification (400 X) to have a re-
presentative sample of talc platelets. The average platelet size is about
42.36 pm.

3.1.3. Composite HA/talc coatings

Fig. 3 shows a composite coating electrodeposited in an electrolyte
containing 10 g/1 of talc (T10). The figure shows that the addition of
talc does not modify the basic morphology of the coating, which is still
composed of rough and compact grains. The incorporation of talc leads
to a more compact structure probably because the matrix inter-
connection effect, which results from the presence of a material whose
lateral dimensions are much larger than its thickness. Pei et al. [14]
have shown that the incorporation of secondary phase with high aspect
ratio, such as carbon nanotubes, binds the coating structure together.
Also, Jankovi¢ et al. [3] have shown that graphene effectively acts as a
nano reinforcement filler and prevents the creation and propagation of
cracks. Fig. 3 also shows a talc platelet (see dark circle), which is an

Fig. 3. HA coating electrodeposited in an electrolyte containing 10 g/1 of talc
(T10). The coating was pulse deposited at —5 V, 2 Hz, during 1 h. The dark
circle shows a talc platelet and the red circle shows crystals of calcium phase.
SEM magnification 2600 x. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. EDS spectra of HA coating with the addition of 10 g/1 of talc (T10) in the
electrolyte. The coating was pulse deposited at —5 V, 2 Hz, for 1 h.

evidence of the incorporation of talc into the HA coating.

Fig. 4 shows the EDS spectra revealing the presence of Mg and Si,
the main components of talc. The EDS also shows that the electro-
deposited HA coatings present a Ca/P ratio of 1.96. Ratios above the
stoichiometric values, 1.67 for pure HA, may indicate the presence of
CaO or Ca(OH), [16,17,20]. The coating contains a small amount of
well-faceted crystals (see circles in Fig. 3). EDS analysis reveals that
such crystals have high Ca concentration suggesting the formation of
phases like CaO, Ca(OH), or CaCOs3 [9,10].

3.2. Raman spectroscopy

For completeness of SEM characterization, we have also employed
Raman spectroscopy characterization of pristine HA coatings to de-
termine the morphology and composition of the coatings and crystals.
Fig. 5 presents the characterization results obtained employing Raman
spectroscopy for the same coatings discussed earlier. To investigate the
homogeneity of HA coatings, we took spectra at different locations for
all films. Fig. 5(a), (b) and (c) give the images, taken using the spec-
trometer-coupled optical microscope, of the investigated areas, whereas
Fig. 5(d) and (e), the acquired Raman spectra at two distinct points
within the sample. Spectra in Fig. 5(d) and (e) are representative
Raman spectra of these coatings. From the images, the sample appears
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Fig. 5. Raman spectroscopic analysis of HA coatings. (a), (b) and (c) images of the investigated areas. A representative spectrum of (d) pristine HA coatings and (e)

CaCOj present in the coating.

heterogeneous in texture, presenting similar morphology as the SEM
images did. Two regions can be distinguished in the coatings: one
containing dark coarse structures (Fig. 5(b)) and another one bearing a
little amount of light-colored crystals (Fig. 5(c)). The Raman spectra of
these two regions were observed to be completely different: the latter
being characterized by three pronounced peaks at 279 cm™?,
712 cm ™, and 1086 cm™*, while the former by bands with maxima at
430 cm™ Y, 590 cm Y, 961 cm ™Y, 1048 cm ™! and 1071 cm . The first
four Raman bands of this last group can be attributed to the vo, v4, v4,
and v; vibrational modes, respectively, expected for the phosphate ion
in HA coatings [22-24]. The fifth mode at 1071 cm ™! has been as-
signed to a combination of a carbonate mode with a phosphate one
[25]. Indeed, the three distinct peaks of the spectrum from point 2
(Fig. 5(e)) indicate the presence of little amounts of CaCO3 [26] crystals
also observed in SEM images.

3.3. X-ray diffraction

We have also employed X-ray diffraction to corroborate the Raman
results and access the crystalline structure of the talc and HA coatings.

3.3.1. Pristine HA coatings

Fig. 6 shows the X-ray spectrum obtained for pristine HA coating.
The titanium substrate gives rise to the most intense peaks observed in
the spectrum. Peaks related to calcium phosphate hydroxide
(Cas(P0O4)3(0OH)) phase (JCPDS 09-0432) confirms the deposition of HA
coatings through pulsed electrodeposition. In agreement to Raman re-
sults, a calcium carbonate phase (JCPDS 96-210-3120) is observed.
Molecules and ion of the environment may lead to the formation of
carbonate phases according to the following reactions:

Ca*? + 20H- = Ca(OH), 1)
CO, 4+ H,0 = H,CO; 2
H2C03 + Ca(OH)Z = CaCO:‘, + 2Hzo (3)

According to the above equations, Ca(OH), is formed from ions of
electrolyte solution during the electrodeposition process (Eq. (1)).
Later, the coating is exposed to moist air, allowing H,CO3 molecules
(see Eq. (2)) to react with Ca(OH), resulting in the CaCO3 carbonate

¢ HA
0 CaCo,

Counts (a.u.)

260(deg.)

Fig. 6. X-ray spectrum of pristine HA coating pulsed electrodeposited on tita-
nium substrate.

phase (Eq. (3)). The formation of calcium hydroxide during the elec-
trodeposition is consistent with previous results of Ansari et al. [21],
who have observed the calcium hydroxide formation in addition to HA
obtained by aqueous precipitation reaction.

The calcium carbonate phase present in the coatings should not be a
problem for biomedical applications because it is easily converted to
carbonated hydroxyapatite when in a PBS solution. Tang et al. [27]
have shown that calcium carbonate particles begin to dissolve just after
being soaked in PBS solution. The released Ca™ 2 ions react with PO, ™3,
HPO, 2, and OH™ ions in PBS to form carbonate hydroxyapatite. The
general reaction can be expressed as follows:

(10 — x — y/2)Ca™ + xHPO, =2 + (6 — x — y)PO, 3 + yCO; ™% + (2 — x)
OH™ = CalO—x—y/Z(HPOAI)x (PO4)6—x—y(CO3)y (OH)Z—X (4)
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Fig. 8. Potentiodynamic polarization curves in PBS solution for bare titanium

(Ti), pristine HA coating (HA) and HA with the incorporation of 10 g/1 of talc in
the electrolyte (T10). Sweep rate: 0.167 mV/s.

Table 2
Corrosion current densities obtained from Tafel plot for different
tested samples.

Sample icorr (A/cm®)
Bare titanium (Ti) 1.6 x 1077
Pristine HA coating (HA) 7.9 x 1078
HA/talc coating (T10) 1.3 x 1077

3.3.2. Talc from soapstone

Fig. 7 shows the X-ray structural characterization of our talc pla-
telets. Such an X-ray spectrum is characteristic of Monoclinic Talc
(Mg3Si4010(OH),) indexed from the JCPDS database (02-0569).

3.4. Corrosion behavior

We employed potentiodynamic polarization curves to evaluate the
corrosion behavior of HA coatings with and without incorporation of
talc in PBS solution (to simulate the body environment). The results in
Fig. 8 are for bare titanium, HA coating and HA coatings with talc in-
corporation (T10). From the presented curves, we have extrapolated
Tafel lines and estimated corrosion current density of the samples, see
Table 2. The titanium polarization curve shows a corrosion potential

Surface & Coatings Technology 397 (2020) 126005
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Fig. 9. Friction coefficient of bare Ti, pristine HA, composites T10 and T40
developed during wear test. Wear tests were performed at a normal load of 2 N,
velocity of 2 mm/s and a linear wear track of 2 mm.

Table 3

Wear track length for different coatings and materials
tested on a ball-on-plate tribometer at 2 N, 2 mm/s and a
wear track of 2 mm.

Sample Wear track length (um)
Ti 1001
HA 439
T10 303
T40 437
T80 536
Alumina ball
Talc

Cracks

Fig. 10. Schematic drawing showing the occurrence of the cracks due to pla-
telets excess. The matrix cross section is reduced by talc platelets excess and
does not support the rubbing load.

around —70 mV [28,29] and leads to a corrosion current density of
about 107 A/cm?. The corrosion current density decreases to half of
this value when the titanium substrate is protected with HA coatings,
which shows an important increase in corrosion resistance. Ceramic HA
coatings without or with low amounts of defects are expected to pro-
vide protection to the substrate since they provides physical barriers,
between the metal substrate and the electrolyte, which are not de-
graded by the environment [30].

Besides, the HA-coated titanium is also nobler than the bare sub-
strate, with higher corrosion potential (around 350 mV) and lower
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14 days

Fig. 11. (a)-(d) SEM images of osteoblast cells seeded on different surface coatings over a period of 14 days: (a) HA, (b) T80, (c) T40 and (d) T10. (e) Osteoblast cell
viability cultured on Ti, HA, T80, T40, T10. Cell viability was assessed by Alamar Blue® after 7 and 14 days of cell culture. The data are expressed as the

mean *= SEM. *** p < 0.001 as measured using two-way ANOVA, n = 3.

anodic current densities (up to 1 V) than the respective values for bare
titanium. This increase in corrosion behavior indicates the formation of
compact coatings, as observed by SEM. The corrosion behavior of HA
coatings with talc incorporation (T10) is similar to that of bare titanium
(see also Table 2), suggesting the presence of cracks or voids in the
coating [2]. Also, the talc flakes, whose dimensions are larger than the
coating thickness, may create an interface that connects the Ti substrate
to the solution, serving as a passageway for the electrolyte to reach the
substrate. HA coatings with the addition of 40 g/1 (T40) and 80 g/1
(T80) of talc to the electrolyte present the same corrosion profile pre-
sented by T10 coatings (not shown in Fig. 8).

3.5. Wear tests

We employed the ball on plate wear tests to evaluate the mechanical
properties of coatings. It is important to point out that material intrinsic
surface properties such as strength, hardness, ductility, etc. are very
important factors for its wear resistance. However, other factors like
surface finish, lubrication, load, speed, properties of the opposing sur-
face, etc. are equally important. In this sense, the response of wear tests
(friction coefficient, depth, and width of wear track, the morphology of
wear track) is a combination of several mechanical properties.

Fig. 9 shows the friction coefficient obtained from the wear tests on
bare titanium, pristine HA, composites HA/talc (T10 and T40). Bare

titanium samples present a mean friction coefficient of about 0.58,
while it is about 0.68 for HA coating. Despite the higher fiction coef-
ficient of HA coating, the wear track width is much lower than that
observed for bare titanium (an observed decrease of about 56% in the
wear track width, see Table 3), which indicates an increase in wear
resistance conferred by the HA coating. The augmented friction coef-
ficient of the HA coating can be related to differences in the surface
finishing of materials, or it can be an intrinsic characteristic of HA
coatings; meanwhile, the lower wear width is related to the HA hard-
ness, which is higher than that of Ti. Buciumeanu et al. [31] observed
an increase in the friction coefficient of Ti6Al4V by making a composite
of Ti6Al4V and HA. The authors attribute the increase in friction
coefficient to the presence of the HA phase (harder than Ti6AL4V
alloy), which increases the hardness of the composites.

By adding 10 g/1 of talc to HA coatings (T10), we observe a decrease
in friction coefficient (u = 0.52). In agreement with the decrease in
friction coefficient, the wear track width also decreases to about
300 pum. The friction coefficient and the wear track reduction are as-
cribed to the lubricating action of talc platelets. The talc itself is a lu-
bricating material characterized by van der Walls bonds between layers
[4]. Interestingly, the addition of a higher amount of talc (40 g/l and
80 g/1) increases the friction coefficient and the wear track width. This
occurrence may be ascribed to the matrix disintegration that is due to
the excess of platelets and loading action (see schematic drawing in



L. Moreira Mota, et al.

—
Q
N’

7days

—_
by

e
£

Collagen
(absorbance 555nm)
o o
® @2

0.0-

Ti HA T80 T40 T10

(C 7 days
0.10
0.081
0.06
0.041

0.02

ALP Activity ~—

Absorbance (595 nm)

0.00-
Ti HA T80 T40 T10

(b)

Surface & Coatings Technology 397 (2020) 126005

14 days

—_
i

e
i

Collagen
(absorbance 555nm)

o o

® o

e
-

Ti HA T80 T40 T10

(d

A

14 days
0.10

E
c
v 0.08
o

©
> 0.06
2
S 0.04
K=}

ALP Activity

$0.02
Q
< 0.00

Ti HA T80 T40 T10
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Fig. 10). During the rubbing, the excess of platelet reduces the matrix
cross-section that does not support the rubbing load and cracks itself,
leaving third body particles.

In agreement to the present study, other works also shows that
addition of secondary phases improves wear resistance of pristine HA
[32-35]. Lahiri et al. [32] have shown that the addition of 4 wt%
carbon nanotubes to HA coating reduces the volume of wear debris
generation by 80% as a result of the improvement in elastic modulus
and fracture toughness. Mittal et al. [34] added Al,O3 secondary phase
to HA coatings and observed an increase of wear resistance with the
Al,O3 content. In this case, authors ascribe the mechanical improve-
ment to the lubricating effect and hardness of Al,O3; secondary phase.

3.6. Biocompatibility tests

3.6.1. Viability

The sample's biocompatibility is a fundamental parameter for the
biological study and the use of implants. In this sense, the cyto-
compatibility was characterized by seeding osteoblast cells on the dif-
ferent samples studied in this work. Scanning electron microscopy was
employed to access osteoblast cell morphology and attest cell adhesion
on different coatings (HA, T10, T40, and T80), see Fig. 11(a-d). The
biocompatibility of the different samples studied in this work was
measured by evaluating the viability of the cells and proliferation
through the Alamar Blue® test, see Fig. 11(e).

SEM images show that osteoblast cells adhere to the different
coating surfaces they are grown on, besides they present typical os-
teoblast morphology with cytoplasmatic extensions indicating that the
tested coatings are biocompatible with bone cell tissue [2]. Osteoblast
cell viability analysis reveals that coatings with the highest talc con-
centration have under viability in 7 days of culture compared to the
other samples. The lower viability presented by the composite coating
with highest talc amount (T80) may be due to talc hydrophobic char-
acter [36]. On the other hand, this trend was reversed on 14th culture
day, showing good osteocompatibility and absence of citotoxicity.
Thus, because of its hydrophobic character, talc reduces viability at the
first days of culture, but because talc is not cytotoxic, cells are able to
recover themselves at 14 days.

3.6.2. ALP activity and collagen production

Alkaline phosphatase is one of the first functional genes expressed in
the calcification process [37,38]. ALP is widely used as an osteoblast
marker, and the increased ALP activity is associated with the calcifi-
cation process and osteoblastic differentiation. From the ALP results
(see Fig. 12(c) and (d)) one can conclude the bone maturation improves
in as much as the talc concentration in the coatings increases. The
observed improvement in bone maturation with increasing talc content
may be ascribed to the presence of magnesium. Magnesium, one of the
main components of talc, is an important agent of bone maturation and
it is known to improve ALP activity [39,40].

On the other hand, our data (see Fig. 12(a) and (b)) show higher
collagen production for bare Ti and pristine HA compared to composite
coatings. When cells enter the differentiation period, the proliferation
rate decreases and consequently the collagen expression decreases and
ALP begins to be actively expressed [41]. From these results, our data
suggest that our biocomposites (HA/talc) favor the differentiation
process of osteoblasts.

In summary, the presented results demonstrate the good bio-
compatibility of composite coatings, which indicates that talc is bio-
compatible and favors bone maturation.

4. Conclusion

We successfully employed pulsed electrodeposition to produce HA
and HA/talc coatings. Pristine and composite coatings (HA/talc), both
composed of well-compacted grains, improve the corrosion resistance
of titanium substrates. Wear tests indicate that HA/talc composites
present much better mechanical properties than pristine HA coatings
and bare Ti, i. e., lower wear track and lower friction coefficient.
Biocompatibility tests confirm that composite coatings are biocompa-
tible and induce cellular proliferation and bone maturation. In sum-
mary, our results show that it is possible to use a simple technique and
cheap and widely available materials to obtain improved composite
coatings with potential for biomedical applications, in particular, in
dental and orthopedic implants.
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