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and Antibacterial Efficacy of Ti-Based Ceramic Coatings
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Analysis of the Anticorrosion Performance

for Biomedical Applications

Khokha Lalaoui (>, Nafarizal Nayan >, and Gorinne Nouveau

The anticorrosion and wear resistance, in addition to the biocompatibility are among the most important
considerations in the selection of biomaterials for implants (prosthesis). It is toward this goal that titanium-
based ceramic coatings were fabricated by a magnetron sputtering method. Surface characteristics,
microstructures, anticorrosion behavior, calcium-phosphorus (Ca-P) layer ability formation, and antibac-
terial adhesion resistance were systematically investigated. Obtained results showed superior anticorrosion
resistance in blood plasma of specimen coated with TiO, (the corrosion current density (Z.o.) = 0.02 pA/
cm?) when compared to the specimen coated with TiN (I, = 0.81 zA/cm?). Moreover, the in vitro
bioactivity test results carried out in Hank’s solution and the anti-adhesion resistance against Staphylo-
coccus aureus (S. aureus) and Escherichia coli (E. coli) bacteria, revealed a higher performance of the TiO,
surface when compared to TiN surface. The optimum performances (i.e., 7.3 .10 CFU/cm® versus S. aureus
and 1.13 .10 CFU/cm? versus E. coli) were shown for TiO, (O, = 20%) coating characterized by fine grain
microstructure, high wettability angle, and low defects density.
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1. Introduction

In orthopedic implant manufacture, the biomaterial must
possess the following properties: a high mechanical strength,
maximum resistance against corrosion, and minimum wear
products (close to zero) in association with excellent biological
properties, to guarantee the health and safety of patients (Ref
1).

Surface engineering has been widely studied to realize better
control of the interface biomaterial/life tissue that will enhance
the desired behavior. To improve further the surface capabilities
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of the implant, coating deposition is the appropriate strategy
among numerous surface modification techniques (Ref 2).
Therefore, the choice of coating must take into account all of
the needed intrinsic properties mentioned above.

The microbial infection of implants is one of the most
frequent and severe complications postoperative in orthopedic
surgery. Implantation of a prosthesis immediately provokes the
“race for the surface” i.e., competition between pathogen
microorganisms (proliferation, biofilm formation) and cells-
tissue integration (osteointegration, osteogenesis, angiogene-
sis...) for the surface colonization of the biomaterial (Ref 1-3).
Many surface modifications aimed at combating biofilm
formation by creating an unfavorable environment for initial
microbial adhesion are under development, up to date. The
surface coating technique provides implants with antibacterial
properties and thus favors the host cells to win the “race” (Ref
4). That is why the scientific research in this field is far from
over.

Titanium-based alloy films such as titanium nitride (TiN)
and titanium oxide (TiO,) have been popular protective
coatings on implants (Ref 5, 6). They have been used as
coating materials on titanium hip and Knee total prostheses,
especially for their inertness toward tissues and body fluids
(anticorrosion), favorable biocompatibility, and excellent clin-
ical response (Ref 4, 6-9). Furthermore, Ti-based alloy coatings
inhibit wear and corrosion products, which caused toxic
reactions with the host tissue and therefore, reduce the service
life of implants. Studies conducted to increase the anticorrosion
resistance against aggressive environments of Ti-based alloy
thin films (Ref 10, 11) as well as the tribological performances
are of practical interest for the development of structural
materials and ways to improve their strength characteristics
(Ref 12, 13).
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All this and other reasons (e.g., TiO, material possesses
intrinsic antimicrobial activity due to its photocatalytic prop-
erties) make Ti-alloys more useful than others inside the human
(animal) body (Ref 14, 15). However, due to its limited
bioactivity, Ti-based implants have poor bio integration.
Therefore, modification processes of the surface must be
conducted to get the appropriate connections between the
biomaterials and the bone tissue (Ref 9, 16). The production of
a hydroxyapatite (HA) film on the implant surface is an
effective way that enhance the osteointegration (Ref 17). HA is
a major mineral component of human bones, which could
provide spontaneous bonding with bone tissues and thus
prevent the implant failure associated with insufficient osteoin-
tegration.

In this study, the anticorrosion resistance of titanium bi-
oxide and titanium nitride films was investigated and compared
in blood plasma as an aggressive medium. Besides, surface
characteristics and the antibacterial activity were analyzed in
details. The goal is to give a precise response to biomaterial
manufacturers and hospital practitioners about the cost-benefit
ratio of each one of them. Besides, the current trend is to
develop optimized multifunctional surface coatings combining
anticorrosion resistance and biocompatibility.

2. Experimental Procedures

2.1 Goatings Deposition

Titanium nitride (TiN) and titanium dioxide (TiO,) thin
films (1.5 to 2.0 & 0.1 um in thickness including the Ti under
layer) were elaborated by a physical vapor deposition (PVD)
method i.e., the reactive radio frequency (RF) magnetron
sputtering using an SYNTEX/Korea system. A high purity Ti
target (99.95%) was sputtered, under—600 V bias voltage and
deposited upon an amorphous glass substrate (designed for
corrosion and biological tests (¢ = 10 mm x 3 mm thick)), and
upon Silicon (100) wafer substrate for physical-chemical
analyses (x-ray diffraction, MEB/EDS). The thickness of Si
(100) is e =370 & 20 um, and the Ra=1 4+ 0.2 nm. The

scratch-tests are performed on specimens deposited upon
titanium alloy substrates (Ti-6Al-4 V; ¢ =20 mm x 5 mm in
thickness and Ra = 0.25 4+ 0.5 um).

Before the sputtering process, substrates were ex situ
ultrasonically cleaned for 10 min, in acetone and distilled
water successively, and finally dried on air. After that, the
substrates are etched using high-purity argon (99.99%) under 3.
10~ mbar. Deposition parameters such as base pressure (9.3
.107® mbar), working pressure (6.6. 10> mbar), target-sub-
strate distance (12 cm), and RF power (200 W) have been kept
constant for all of the specimens.

Figure 1 illustrates a schematic of the design of the
investigated samples. Firstly, a pure Ti layer was deposited as
an adhesion layer to improve the adhesion between the coating
and the substrate for 27 min in pure Ar gas (99.95%).

After that, TiN or TiO, layers will be deposited for 180 min
in reactive gas (O, or N,). During the TiO, coatings deposition
process, two O,/Ar ratios were used i.e., 0.11 and 0.25 for D2
and D3 samples (Fig. 1), respectively. The Ratio of N2/Ar for
TiN was 0.43. The parameters of the coating’s deposition, as
well as the selection of the oxygen content in TiO, specimens,
were chosen based on the previous work (Ref 18). Table 1
summarizes the main parameters used in this study.

2.2 Gorrosion Testing

The electrochemical studies were carried out to investigate
the anticorrosion performance using a potentiostat/galvanostat
Gamry 600 + . A conventional three-electrode cell was used
for electrochemical measurements. Tested specimens were used
as the working electrodes (WE), a platinum plate as the counter
electrode (CE), and a saturated calomel electrode (SCE) as a
reference electrode (RE). A human blood plasma (Fresh frozen
blood plasma) at pH~7.4 was selected to be the tested medium
(50 ml per test). Generally, the blood Plasma contains about
90% water, with 10% being made up of ions, proteins,
dissolved gases, nutrient molecules, and wastes. The average
concentration of the ionic components (in [mol/L].10~?) of the
blood plasma, generally given in the literature, is Na' = 142.0,
K'=5.0, Ca® =25, Mg*" = 1.5, CI” =103.0, (HCO;) =
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Fig. 1 Schematic of the specimen design: D1 (TiN), D2 (TiO, (10%)), and D3 (TiO, (20%))

Table 1 Coating deposition parameters

Gas flow, sccm Total time process, min

Specimen Ar N, 0,

D1 70 30 207
D2 90 .. 10 207
D3 80 20 207

27.0, HPO4*~ = 1.0, (SO4)~ 2
19).

The potentiodynamic polarization test was raised from
— 1V to+1V, at a scan rate of 1 mV/s. Before the test,
specimens were immersed in the electrolyte for 1 h to attain
stable open circuit potential (OCP). The main electrochemical
parameters of the working electrode are calculated based on the
Tafel and polarization curves. The polarization resistance (Rp)
was estimated from linear polarization measurements as the
slope of the linear region of the AE-Ai curve. The corrosion
potential (E..), and anodic and cathodic slopes (fa, fc) are
estimated from Tafel plots. The corrosion current density (Ioorr)
is calculated based on previously determined parameters using
the Stern-Geary equation (1) as follows:

Pa.pc 1
2,3039(fla + fc) " Tcorr

= 0.5, and the Ca/P = 2.5 (Ref

Rp = (Eq 1)

The electrochemical impedance spectroscopy (EIS) tests
were performed after 1 h of immersion of the working electrode
in the blood plasma at 37 &+ 0.5 °C, during which the OCP was
recorded to ensure the stability condition. The impedance data
are collected within a frequency range of 100. 10° Hz to
102 Hz, at a rate of 5 points/decade at OCP condition with an
alternating current (AC) amplitude of 10 mV. The impedance
data were fitted by an electrical equivalent circuit (EEC) using
EC-Lab Software. Each electrochemical test was performed at
least three times to ensure the reproducibility of data.

2.3 Bioactivity Tests

The in vitro bioactivity of all samples deposited onto Si
(100) substrates was evaluated in terms of their apatite-forming
ability by soaking the samples in 20 ml of Hank’s solution at
37 °C, which was renewed regularly after 24 h for 21 days.
The ionic concentrations of Hank’s solution compounds are

nearly equal to those of human plasma ((mol/L). 1073):
Na' = 142.0, K" = 5.0, Mg*" = 1.0, Ca®" = 2.5, CI” = 131.0,
(HCO;)™ = 5.0, (HPO,)* = 1.0, (SO4)*” = 1.0 and the pH =
7.0 — 7.4).

After exposure, the samples were extracted, washed in
double-distilled water, and dried at 100 °C. The final step was
SEM/EDS analyses to evaluate (qualitatively) the mineral layer
formation at the top surface

2.4 In Vitro Anti-Bacterial Adhesion Tests

Gram-negative Staphylococcus aureus (S. aureus) and
gram-positive Escherichia coli (E. coli) bacteria were selected
to evaluate the antibacterial activity of TiN and TiO, coatings
deposited onto a glass substrate. The first step is to place the
tested specimens (D1, D2, and D3) in contact with bacteria.
Beforehand, samples were sterilized within Petri dishes, using a
drying oven at 100 °C for 90 min. In the meantime, a stock
solution (bacterial suspension) has been prepared in a nutrient
solution called “Buffered Glucose Broth (BGT).” After that,
the stock solution will be poured slowly inside the Petri dishes
(samples). The bacterial suspension quantities used in this study
are ~8.25. 10° UFC/ml and ~45.0. 10> UFC/ml for E. coli and
S. aureus, respectively (CFU means Colony Forming Unit). An
incubation period of 24 h at 37 °C was kept constant for all the
biological samples (Petri dishes). The second step is to wash
samples in physiological solution (0.9% NaCl in aqueous
solution), then vigorously cleaned with a vortex mixer to detach
bacteria from the surfaces of the specimens (D1, D2, and D3).
Detached bacteria were collected in new petri dishes, contain-
ing agar (nutrient) and will be maintained for a second
incubation period for 24 h at 37 °C. The final step is to count
the colony densities (UFC/cm?). All biological tests were
carried out in strict compliance with workspace sterilization and
were repeated twice.

3. Results and Discussion

3.1 Microstructural Surface Analysis

3.1.1 X-ray Diffraction Analysis (XRD). To define the
structures of the deposits made, XRD analyses were carried out
by using the conventional symmetrical Bragg-Brentano con-
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Fig. 2 The x-ray diffraction patterns spectra of the tested specimens: D1 (TiN), D2 (TiO, (10%)), and D3 (TiO, (20%))

figuration. The obtained x-ray diffractograms are shown in
Fig. 2. The D1 sample indicated the presence of crystalline Ti-
phase and TiN-phase, according to the standard ICDD cards
(International Centre for Diffraction Data) N° 01-089-3726 and
00-031-1403, respectively. Figure 2 also indicates that the D2
and D3 samples are composed of the TiO, anatase phase
(ICDD standard cards N° 01-073-1764) and the TiO, rutile
phase (ICDD standard cards N° 98-003-3844).

3.1.2 Coating Adherence. The coating adherence char-
acterizes the mechanical resistance of the interface between the
coating and the substrate. The adherence tests of coated
specimens were carried out using a Millennium 200 Scratch
Tester, equipped with a conical diamond tip (radius = 0.2 mm),
to characterize the critical load at which failure occurs in dry
conditions (load increase rate =79 N/min, sliding veloc-
ity = 8 mm/min, and the scratch length = 8 mm). Three (03)
scratch experiments were conducted on each tested sample. The
critical load of cohesive (L¢;) and adhesive damage (Lc,) are
(Lcy =6, S£05N; L, =111.48 £ 1.5N) for DI (TiN)
specimen. Specimens D2 (TiO, (10%)) and D3 (TiO, (20%))
displayed equal values (Lc; = 6.7 £ 1.0 N; Lo, =153 £ 1
N).

3.1.3 Surface Morphologies. Figure 3 shows the surface
morphologies of the deposited coatings obtained by two
different techniques. The SEM micrographs revealed typical
columnar growth microstructures with domes i.e., the tops of
the columns (Fig. 3a, c, and e). Pinholes, micro-pores,
protrusions, and macroparticles (droplets) could be seen on
the surfaces of both TiN and TiO, PVD coatings, as expected.
The aspect of the columnar structure is shown in Fig. 3c,
whereas an example of a defect (droplet) is presented in Fig. 3e.

Small globular grains with a narrow particle size distribution
are observed in the case of D1 coating specimen (Fig. 3a). The

D2 and D3 specimens exhibited denser microstructures with
homogeneous grain sizes when compared to the D1 case (Fig. 3
and 3). Moreover, domes become smaller with increasing
oxygen content (D3 case).

In order to obtain further information on the surface
characteristics, the atomic force microscopy technique (AFM)
was carried out using a Park System XE—100/Korea. Conse-
quently, additional quantitative information can be obtained
such as surface roughness with high accuracy, which helps to
better understand the different mechanisms evolved during the
electrochemical tests.

During AFM analysis, the distance between the cantilever
and the substrate’s surface is very close, about 10 nm, without
touching (non-contact mode). The cantilever lip oscillates with
a specific scan rate of 1.5 Hz over the entire scan area of the
sample (1 um?). The sample was scanned line by line and then
gathered by simulation, to obtain the surface topography. In this
study, the roughness was characterized by the arithmetic
average roughness (Ra) and the quadratic average roughness
(Rq). Obtained results, based on statistical data processing
using Gwyddion Free Software, are shown in Table 2.

Finally, the deposited coatings have a columnar microstruc-
ture with globular domes. It is indicated that D1 presents the
highest roughness, while D3 shows a low grain size and the
denser microstructure.

3.1.4 Wettability. In the field of biomaterials, the wetta-
bility (the surface free energy) has long been understood as a
defining parameter in determining cellular adhesion (osteoin-
tegration) and a key factor to prevent biofilm formation (Ref
20).

The hydrophobicity of the surface is based on the evaluation
(measure) of the angle value between the drop of water and the
surface of the material. For this purpose, a volume of 0.2 uL of



Fig. 3 SEM micrographs and AFM images from the top surfaces of the deposited coatings; (a, b): D1-(TiN), (c, d): D2 (TiO, (10%)), and (e,
f): D3 (TiO; (20%)). (a") The cross-sectional view of D2 specimen and (¢’) cross-sectional view of D3 specimen (the white arrow shows a

microstructural defect) (Color figure online)

deionized water is placed on the surface of the samples. Five
drops of each liquid were recorded to determine the measure-
ments.

Figure 4 shows the average wettability angles (0) of each
sample. As one can see, (Fig. 4a-c), the D3 specimen exhibits
the highest 0 value which approaches 90°. However, it must be
noticed that the 0 (D1) & 72° is greater than 0 (D2) (TiN versus
TiO; (10%); this could be related to the lower electronegativity
of nitride-based coatings as compared to oxide-based coatings
(Ref 21). However, increasing the oxygen percentage (TiN

versus TiO, (20%), leads to an opposite phenomenon i.e., an
increase in hydrophobicity of D3. These data are consistent
with the findings of contact angle measurements using the
sessile drop technique on surface free energy analysis of PVD
coatings of TiN and TiO, systems (Ref 20, 22). The authors
considered that the difference observed in 6 values between
TiN and TiO, was due to the reduction in oxidation states (from
Ti*" to Ti*") by water (Ref 22).

Generally, when a liquid comes into contact with a surface,
the resulting wettability depends on numerous factors (such as



surface roughness, surface chemistry, surface tension, and
porosity, among others) of the involved solid surface (Ref 23-
25). The influences of these factors on the wettability angle
measurements are explained in detail in the literature (Ref 26,
27). In this study, the hydrophobicity of the D3 surface TiO,
could come (probably) from the highest density of the surface
morphology (low pores and other defects).

3.2 Corrosion Behavior

3.2.1 Potentiodynamic Polarization Curves. Figure 5
shows the potentiodynamic polarization curves of the tested
specimens after 1 h of immersion (time to achieve equilibrium)
in the electrolyte at 37 °C. These curves allow finding the
values of the anodic and cathodic slopes, required to calculate
the corrosion parameters for each specimen. A lower corrosion
current density and higher corrosion potential indicate that the
sample has relatively excellent corrosion resistance. As can be
seen, the three curves (Fig. 5) showed the same trends in the
anodic and cathodic regions, in general. Figure 5 also evi-
dences that the TiO, surface has the best electrochemical
behavior because it presents the lowest /corr in both the anodic
and cathodic regions. Besides, the best resistance against
corrosion is presented by the D3 sample (Fig. 5; slope in blue).

The evolution of the D3 curve (taken as an example) shows
a corrosion potential of Ecorr = — 580 mV/SCE. From this
value up to approximately a potential of zero (0.0) mV/SCE,
the curve indicates a well-defined linear range in the anodic
region, that corresponds to the self-passivation domain. The
existence of this passive region is due to the spontaneous
formation of a thin oxide (passive layer) on the external surface.
From 0.0 up to + 0.35 mV/SCE, the current density increases
indicating a breaking dawn of the passive film i.e., the
dissolution of the passive film took place (corrosion). Beyond
0.35 mV/SCE, a second passivation region started again until
the end of the tested potential range. The quantitative values of

Table 2 Surface roughness and grain size of the tested
specimens

Roughness, nm

Specimen Rq Ra Grain size, nm
D1 7,741 £+ 0.02 6,199 £ 0.01 38£5
D2 3,281 £ 0.03 2,623 & 0.03 29+£3
D3 3,83 £ 0.03 2,053 4+ 0.03 20+ 2

0= 71.7°-73.2°

O=61.2°- 68.3°

the corrosion parameters are reported in Table 3. Although the
anti-corrosion property of TiN coating was attributed to its
stable electronic structure brought about by strong interactions
between Ti 3d and N 2p orbitals (Ref 28), it is clear that, in the
conditions used in this study, the TiN surface has the lowest
performances than that for other samples.

Compared to the TiN surface, the high electrochemical
performance of the TiO, surface may be due to its superior
hydrophobicity. Indeed, it was demonstrated that the resistance
of the TiO, surface to corrosion current increased due to the
low surface free energy (Ref 29). Furthermore, the protective
TiO, film has low electrical conductivity and can behave like a
barrier for electron transportation, as reported by Tekdir et al.
(Ref 30).

3.2.2 Electrochemical Impedance Spectroscopy. Fig-
ure 6 shows the results of the EIS analysis. Nyquist plots
(Fig. 6a) and Bode plots (Fig. 6b) are selected to investigate the
electrochemical performance of the specimens. Nyquist plots in
Fig. 6a show that all samples have arcs (large incomplete
semicircles) with different radii of curvature. It has been well
demonstrated that increasing the diameter of the semicircle is
an indication of higher corrosion resistance. Therefore, Fig. 6a
indicates that the D3 specimen has the largest one. Moreover,
all Nyquist plots reveal two (02) capacitive loops; the first one

0
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< 47
5 - —a-TiN
:,3 61 —=-Ti0:(10%)
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10 05 00 05 10
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Fig. 5 Potentiodynamic curves of the investigated systems: D1
(TiN), D2 (TiO, (10%)), and D3 (TiO, (20%))

O= 88.4°- 89.5°

Fig. 4 Water contact angles for the tested specimens: (a) D1 (TiN), (b) D2 (TiO, (10%)), and (c) D3 (TiO, (20%))



Table 3 Potentiodynamic polarization parameters of different coatings in Blood Plasma at 37 °C

Samples E.or, mV Ieors LA em’ Pos mV dec! P, mv dec! Corrosion rate, mmpy* Rp, Q cm?
D1 —450.023 0.809 311.9 162.4 0.02.102 56.43
D2 —480.943 0.022 205.0 65.9 1.013.103 983.88
D3 —580.365 0.020 144.3 69.7 0.774.1073 1019.9
(*mm per year).
1.0
—=TiN
——Ti0, (10%)
0.5 -+TiO, (20%)
6 o)
0.0 6 0 @
-na 5 ,,4 0.0 0.5 1.0 — §>
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Fig. 6 Electrochemical impedance spectroscopy results (a) Nyquist plots with the chosen electrical equivalent circuit and (b) Bode plots of the
investigated specimens: D1 (TiN), D2 (TiO, (10%)), and D3 (TiO, (20%))

Table 4 EIS parameters of the tested specimens in blood Plasma at 37 °C

Samples Re, Q cm? CPEjayer , ((F/lem® a Rpore » Q@ cm’ CPEq ,F/cm>.107¢ a, R ,Q em2.10°
DI 58.82 1.252 .1073 0.798 2650 26.43 0.996 1.722
D2 337 7.254 10°° 0.741 149.7 16.86 0.947 3.145
D3 117.7 11.59 .10°° 0.854 11.46 10.19 0.958 7.142

is at the high frequency, and the second one is at the medium
frequency side. Besides, the capacitive character of the passive
layer is clearly shown in the Bode plots (Fig. 6b). In a wide
range of frequency, the impedance modulus remains a straight
line, the inclinations are close to 1, and the phase angle tends to
zero at the high-frequency range. The Bode diagrams also
implicated two relaxation time constants, representing the rate
of the electrochemical reactions.

The obtained spectra were interpreted in terms of an EEC
(electrical equivalent circuit). The EEC (inset in Fig. 6a) is
composed of the following circuit elements: Re represents the
resistance of the electrolyte, CPEj,y., represents the coating
capacitance, (constant phase element of the barrier layer) and
Ryore s the resistance associated with pores and the coating’s
defects (i.e., the current flow resistance through the pores).
CPE is the double layer capacitance in parallel with the charge
transfer resistance R.. A CPE was adopted because the “a”
parameter is less than 1 in both cases. The fitting data were
obtained using EC-lab software, as summarized in Table 4. The
average value of chi-square (y%), obtained for all of the
experiments was in the order of (5 to 6). 1073, The lower value

of Rp,ores thus the greater values of R, of the TiO, coatings (D2
and D3) could be attributed to the lower porosity and hence, the
lower penetration of the electrolyte into the coating (Ref 31).

Summary, the observed EIS results are in a good correlation
with the results obtained using the potentiodynamic polariza-
tion method. Both TiO, and TiN coatings are able to form a
protective oxide layer. The D3 specimen exhibited superior
anticorrosion resistance, which could be attributed to the lower
density of defects (pores) and to the chemical stability in blood
plasma environment.

3.3 In Vitro Bioactivity Analysis

One of the essential requirements for a biomaterial to bond
(in vivo) to living bone is the formation of a bone-like apatite
layer on its surface. It is from this perspective that bio-reactivity
tests were carried out here.

Figure 7 displays the SEM micrographs of the tested
specimens soaked in Hank’s solution. As shown in Fig. 7a, b
and c, the surfaces of the specimens are entirely covered by a
calcium phosphate coating (Ca-P layer) with a “spongy



morphology.” These microstructures are mainly characterized
by brittleness in addition to a “hazardous growth” of mineral
crystals and “heterogeneous” interconnected pores. The Ca-P
layer, formed on the material’s surfaces from simulated body
fluid solutions (SBF) was considered as a hydroxyapatite layer
(HA) or a carboxyapatite (CHA) by numerous authors, and is

1 2 3 4 5 6

still very much in demand due to its chemical and crystallo-
graphic structure being similar to that of bone mineral (Ref 32).

Images in Fig. 7a, b and ¢ show the EDS spectra of the D1,
D2 and D3 coatings (spectra in yellow) as well as the EDS
spectra of the corresponding Ca-P layers; which formed during
the bioreactivity tests (spectra in red). The quantitative EDS

7 KeV

Fig. 7 SEM images of Ca-P layer formation upon surfaces of the tested specimens: (a) D1 (TiN), (b) D2 (TiO, (10%)), and (c) D3 (TiO, (20%)).
(2, b’, and ¢’ EDS spectra of the coatings (in yellow) and the corresponding Ca-P layer (in red) at the indicated squares (Color figure online)



results (average values) for all tested specimens are presented in
Table 5. Obtained results indicated approximately similar
chemical compositions for all samples.

As presented in Table 5, the D3 sample shows a higher
content of Ca than D2 and D1, whereas the contents of O and P
are close enough. The average concentration ratios of Ca:P (the
molar Ca/P ratio), calculated for D1, D2, and D3, are 0.89, 0.57
and 1.46, respectively. Therefore, except for D3, the semi-
quantitative analysis shows that the composition of the Ca-P
layers for D1 and D2 is not close to the physiological HA (Ca/P
ratio in the range 1.35-1.46), nor to CHA i.e., Ca/P ratio in the
range 1.33 -1.8 (Ref 32, 33).

Therefore, a better nucleation of the HA layer seems to take
place on the denser surface (the D3 specimen) due to their
higher degree of hydration as described in the literature (Ref 34,
35). The OH groups adsorbed on the surface substrates (TiN or
TiO,) play an important role in the nucleation process since the
adsorption of Ca is supposed to initiate the nucleation of the
apatite phase (Ref 36, 37). One possible explanation is the
larger specific surface area of a denser surface (D3), which can
carry more OH groups and therefore favors a dense formation
of apatite nuclei, thus the HA formation (Ref 38).

It should be noted here that magnesium (Mg), sodium (Na),
potassium (K), and chlorine (Cl) were also detected by EDS
analysis (inset in Fig. 7a, b and c).

Table 5 EDS analysis results of the obtained Ca-P layers

Elements, mass %

Label o Na Mg P Cl K Ca

D1 50.16 1046 6.65 1223 545 0.61 14.02
D2 48.73 814 507 1085 43 0.78 797
D3 48.0 8.14 507 1034 730 0.85 19.56

S. aureus

E. coli

TiN

Ti10,(10%) TiO,(20%)

The cations Mg>" and Na" might substitute the Ca®" in
apatites, as reported by numerous works (Ref 33). The main
reason for the existence of sharp peaks of Cl is due to the
existence of CI~ ions (Cl~ = 131. 107> mol/L), voluntarily
introduced in the initial Hank’s solution (section 2.3) to reach
natural conditions of the in vitro bioactive tests, because the
natural apatite contains Chlorine (Ref 33-34). In fact, most
biological apatites (e.g., human bones) contain a small amount
of several foreign ions mainly the cations Mg®", Na + , K, and
the anions (CO;)*~, (HPO,)*~, F~, Cl", and they are non-
stoichiometric. Additionally, CI” ions have a direct influence on
the apatite-forming ability of the Ti alloy surfaces. The
influence of CI™ ions occurs through the surface charges
(negative, positive, or neutral, as the case may be) produced by
the dissociated chlorine ions and the released sodium ions, thus
depending on the pH of the SBF solution as reported by Nga
et al. (Ref 39).

3.4 In Vitro Antibacterial Adhesion Performance

3.4.1 Assessment of Bacterial Adhesion. Figure 8 shows
aspects of the analyzed specimens (petri dishes). The bacteria
colonies appeared colored in yellow with this method, and
therefore, counts are easy. As described above (section 2.4), the
density of the residual colonies of bacteria is estimated directly
by optical microscopy.

Figure 9 displays the quantitative results of the bacterial
anti-adhesion tests of the investigated surfaces versus E. coli
and S. aureus bacteria. Overall, as one can see, bacterial
adhesion occurred with all the materials, thus no total absence
of adherence was shown.

The TiO, surface (D2 and/or D3) showed better perfor-
mance. In other words, TiN coating surface was observed to
have the lowest proclivity toward bacterial adherence. The
ability for high adherence was observed with S. aureus in all

cases.

Fig. 8 Anti-bioadhesion test analysis of the investigated specimens (D1 (TiN), D2 (TiO, (10%)), and D3 (TiO, (20%)) against E. coli and S.

aureus bacteria
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Fig. 9 Antibacterial adhesion test results of the investigated
specimens: (D1 (TiN), D2 (TiO, (10%)), and D3 (TiO, (20%))

Precisely, the D3 specimen presents less residual adhered
bacteria ((7.3 & 0.22) .10° versus S. aureus and (1.13 £ 0.05)
.10 CFU/em? versus E. coli), whereas the D1 exhibits the
worst performance ((9.2 & 0.57) .10° and (2.49 + 0.13)
.10 CFU/em? versus S. aureus and E. coli, respectively).

3.4.2 Discussion. The process of biofilm formation in
vivo on titanium biomaterials used as implants (prostheses) is a
complex of multifunctional steps. Biofilms are multicellular
agglomerations of microorganisms that have catastrophic
consequences for the patient’s health. Pathogens anchored on
the titanium surface through various surface interactions can
produce biofilms. The literature suggests that the difference in
bacterial adhesion ability to different material surfaces is
principally due to the roughness, hydrophilicity, crystalline
phase, surface topography, and surface charges which influence
protein adhesion, according to the recent review by Tardelli
et al. (Ref 23).

In this work, the evaluation of the adherence property of
different biomaterial surfaces showed significant differences in
global bacterial adhesion between TiO2 and TiN surfaces
toward E. coli and S. aureus bacteria. In all cases E. coli pre-
sented the least adherence potential than S. aureus. This result
is consistent with the findings of Vishwakarma et al. (Ref 22).
Malhotra et al. (Ref 40) reported the same result regard-
ing E. coli (weak adherence to Ti alloys), while in contrast, S.
aureus strains showed no adhesion to the same tested bioma-
terials.

The main reason regarding such a great difference in the
number of CFU/ecm? value of D1, D2 and D3 surfaces against
E. coli, and S. aureus bacteria can be attribute in part, to the
difference in TiO,/TiN phase microstructure. Indeed, TiO,
microstructure possesses intrinsic antimicrobial activity against
several pathogens in vitro due to its photocatalytic properties
(Ref. 15), while no similar advantages were reported for TiN
microstructure. The antimicrobial properties of TiO, derive
from the combination of two different characteristics of these
materials, namely, their self-cleaning and self-disinfection
properties, as reported by Visai et al. (Ref 14). Vishwakarma
et al. (Ref 22) and Del Curto et al. (Ref 41) have demonstrated
that the TiO,-anatase phase reduces bacterial adhesion and
subsequent colonization on the surfaces that produce biofilms.

The second reason of the highest degree of bacterial
invasion shown on TiN surface is probably the surface
roughness. Although the surface roughness parameters of TiN
surface can be considered moderate values (Ra~6 nm, Rq~7
to 8 nm), however, they exceed by more than twice the value
obtained in the TiO, surface case (Table 2). The results
obtained in this work are consistent with most of the literature
data. Yoda et al. (Ref 42) demonstrated that the rough surface
presents higher bacterial adhesion, as it provides a greater
surface area, and the depressions in the roughened surfaces can
provide more favorable sites for colonization. In contrast,
Ludecke et al. (Ref 43) established that an increase in the
roughness of titanium surfaces at a nanometric scale decreased
the number of adhesion points, subsequently reducing adhesion
of E. coli and S. aureus bacteria. Other studies have reported no
correlation between roughness and bacterial adhesion ability
(Ref 44).

Hydrophobicity is another factor that also governs bacterial
adhesion together with surface roughness. As mentioned above
(section 3.1.4) high hydrophobicity leads to weak bacterial
adhesion (TiO2 (20%) specimen), thus high antibacterial
performance. These results are consistent with those reported
by Shah et al. (Ref. 26).

Finally, the bacterial cell surface’s ability to create anchor
links (e.g., secretion of specific proteins, acids, collagen) when
in contact with a specific surface (Ref 45) is another way to
understand the difference in the interaction between the tested
material surfaces and bacteria. These are the limitations of this
study, in addition to in vivo testing.

4. Conclusions

According to the results and within the limitations of this
study, it can be concluded as follows:

e Columnar growth microstructure characterizes all of the
deposited coatings.

e The electrochemical behavior of all specimens was simi-
lar, and the best electrochemical performances were dis-
played by the TiO, microstructure. Specimen labeled D3
(TiO, (20%) presents the lowest current density and the
highest charge transfer resistance (impedance) due to its
denser microstructure with less pores and defects.

e The in vitro bioactivity tests indicated that the Ca-P layer
nucleation and growth were accelerated on the D3 coat-
ing, as it has the highest calculated molar Ca/P ratio (=
1.46) which favors a dense formation of apatite nuclei.

¢ The D3 coating exhibited superior anti-adhesion efficiency
against S. aureus and E. coli bacteria than samples coated
TiN because of their surface characteristics (wettability,
roughness, defect density...).

e Tested in the same conditions, it is clear and preferable to
consider titanium bi-oxide (TiO,) with a high oxygen con-
tent as an orthopedic biomaterial.
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