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Abstract: The effects of boride coating on the bioactivity, antibacterial activity, and electrochemical behavior of
commercially pure titanium (CP-Ti) in phosphate buffer solution (PBS) with bovine serum albumin (BSA) were
studied. The grazing incidence X-ray diffraction (GIXRD) pattern confirmed the formation of a TiB/TiB, coating via
boriding process. Scanning electron microscopy (SEM) observation indicated that the TiB, cross-linked particles
covered the TiB whiskers. Water contact angle measurements revealed that boriding led to the formation of a surface
with intermediate water affinity. Potentiodynamic polarization (PDP) assays demonstrated that the TiB/TiB, coating had
acceptable passivation behavior in BSA-containing PBS. Electrochemical impedance spectroscopy (EIS) measurements
revealed that the passivation behavior of the CP-Ti and the borided samples was improved by increasing exposure time.
Based on the Mott—Schottky (M—S) tests, it was realized that the charge carriers of passive films of both samples
decreased with increasing exposure time in BSA-containing PBS. The bioactivity test results in a simulated body fluid
showed that the TiB/TiB, coating switched the CP-Ti from bioinert to bioactive material. Finally, the antibacterial
activity test of the TiB/TiB, coating against Escherichia coli and Staphylococcus aureus indicated 99% antibacterial

activity.
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1 Introduction

Commercially pure titanium (CP-Ti) is well
known in the area of biomedical applications due to
the high specific strength value and corrosion
resistance issued by the titanium dioxide (TiO,)
passive film. However, its development for implant
applications needs serious modifications, especially
on the surface [1]. Surface modification is required
not only for improvement of physical and
mechanical properties but also for enhancement of
biomimetic behavior [2]. The destruction of the
TiO, passive film is a major problem during
implantation. Weak tribology and bioinert behavior
are other challenges to implantation [3]. Therefore,
the novelty of this study is the utilization of surface
modification of titanium through boriding to

achieve the implant requirements in terms of
biological and antibacterial activities. Furthermore,
the boride layers protect the titanium against the
body environment due to the stable passive film
formation, high wear resistance and super high
adhesion to the titanium surface [4]. Among the
boriding methods [5—7], the pack cementation
method is a simple, cost-benefit and practical
method to create the diversity of TiB, TizBy
and TiB, intermetallic phases on the titanium
surface [8]. Furthermore, titanium borides have
excellent adhesion and good coincidence of the
thermal expansion coefficient with the Ti
substrate [9,10].

Numerous reports are available regarding the
electrochemical properties of titanium. In our
previous work, we studied the electrochemical
behavior of the TiB/TiB, coating on the Ti substrate
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in some simulated body fluid solutions with respect
to the primary essential requirements for any
biomaterial [4,9]. We found that boriding at 900 °C
(at which TiB/TiB, coating formed on the CP-Ti)
resulted in the most suitable electrochemical
behavior in both Ringer’s and Hanks’ solutions. In
this study, the electrochemical assays of the
TiB/TiB, coating were conducted in BSA-
containing PBS because aminoacids in the protein
structure have a significant role in biomolecular
adsorption and bioactive interactions during bone
tissue regeneration [11]. Furthermore, the serum
proteins in blood may degrade the titanium
surface surrounded with body fluids [12].
KORNYUSHOVA et al [13] found that the
adsorption of proteins on the Ti electrode surface
followed different patterns due to the difference in
adsorption modes among aminoacids. It has been
reported that BSA proteins can be adsorbed on the
titanium surface during the electrochemical assays,
resulting in the kinetics of repassivation [12].

Based on the literature review, numerous
studies have focused on the enhancement of the
bioactivity of titanium via several kinds of surface
modifications, but the influence of boriding on the
element’s bioactivity has rarely been investigated. It
has been reported that the TiB, coating may
promote bone-like apatite formation on the
TiB,/hydroxyapatite coating [2]. Despite its high
resistance to corrosion, Ti is susceptible to bacterial
infection and consequent biofilm formation after
implantation [14]. Such biofilms cannot be
destroyed using antibiotics and prevent bone
regeneration [15,16]. Therefore, it is essential for
the Ti implant to have an appropriate antibacterial
effect.

The present work focused on the boriding of
CP-Ti via the pack cementation method to obtain a
TiB/TiB, coating on the CP-Ti surface. The
responses of pure and borided titanium to
BSA-containing PBS were investigated via
electrochemical assays including the open circuit
potential (OCP), potentiodynamic polarization
(PDP), electrochemical impedance spectroscopy
(EIS), and Mott—Schottky (M—S) assays. The
bioactivity of the TiB/TiB, coating was evaluated in
the simulated body fluid (SBF). Finally, the
antibacterial effect of the mentioned coating was
studied against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus).

2 Experimental

2.1 Sample processing

The CP-Ti grade 2 specimen (Ti: balance, Fe:
0.05, O: 0.19, N: 0.004, H: 0.0009, all in at.%) was
polished with 2000 grit sandpaper and cleaned
carefully prior to the boriding process via
immersion in a specific solution (10 mL HNO;s,
1 mL HF, and 89 mL H,0). The boriding process of
the sample was performed via the pack cementation
method. The powder composition of the process
was 50 wt.% B powder (Merck, 112070), 35 wt.%
activated charcoal (Merck, 102184) and 15 wt.%
NaCO; (Merck, 106392). The boriding process was
proceeded at 900 °C for 3 h under atmospheric
conditions. Prior to further investigations, the
obtained sample (called TB900) was polished and
etched using the previously mentioned solution
(10 mL HNOs, 1 mL HF, and 89 mL H,0).

2.2 Structural and morphological characterization

The grazing incidence XRD pattern of the
borided sample was provided by Philips
Xpert-MPD using Cu K, radiation (4=0.1540 nm)
with an incidence angle of 1°. The microstructures
of pure and borided CP-Ti after bioactivity tests
were studied by scanning electron microscopy
(SEM; FEI ESEM Quanta 200). ImageJ software
(1.38X, NIH-USA) was wused for further
microstructural investigations. The wetting ability
of the bare and borided CP-Ti surfaces was
evaluated by measuring the water contact angle
(WCA). Deionized water was dropped onto the
sample surface before the variation of the WCA was
monitored over 30 s. To ensure reproducibility, all
measurements were made thrice and the average
was reported.

2.3 Electrochemical characterization

The electrochemical assays were performed
using a galvanostat/potentiostat set (LAutolab Type
III/FRA2) coupled with a personal computer. A
PBS with pH adjusted to 7.4 (20 g/L Na,HPO, +
1 g/L Na;PO,) was used as the test solution at body
temperature (37 °C). The assays were performed in
250 mL of quiescent PBS solution containing
400 mg/L of BSA (Sigma Aldrich, 9048-46-8) using
a conventional glass three-electrode flat cell. The
CP-Ti (bare Ti) or borided (TB900) sample, a
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platinum foil, and a saturated silver chloride
electrode (Ag/AgCl, KCI (sat)) were used as the
working electrode, counter electrode, and reference
electrode, respectively. Prior to each -electro-
chemical assay, the working electrode was rinsed
with distilled water, subjected to ultrasonic cleaning
for 10 min, and dried with a stream of cold air. For
the PDP test, the working electrode was immersed
in the test solution for 120 h. For this analysis, the
sweep scan rate was 1 mV/s, and the potential was
scanned and registered in the cathode to anode
direction. The starting potential was —0.250 V (vs
OCP), and the potential terminated when the
potential of the TB900 sample reached the
breakdown potential of the passive layer. The EIS
data acquisition was carried out under OCP
conditions potentiostatically by applying an AC
frequency range from 10° to 10~ Hz with an
excitation potential (RMS voltage) of 10 mV. The
analyses, such as Kramers—Kronig transformation
(KKT) and fitting of the EIS data were carried
out using Nova software. Meanwhile, the
reproducibility of the obtained electrochemical
results was ensured through five repetitions of each
test; the average value of each electrochemical
parameter was reported. For the M—S technique, the
step rate was 25 mV with a potential scan range
from 0.6 to —0.8 V (vs Ag/AgCl). All the M—S
assays were done at a fixed frequency of 1x10* Hz
using an excitation potential of 10 mV in the
cathodic direction.

2.4 Biological characterization

The bioactivity test of the CP-Ti and TB900
samples was performed based on the Kokubo
procedure [17]. In this order, the 1 cm x 1 cm
specimens were soaked in the SBF solution at
biological temperature (37 °C) for several periods
of time (1, 3, 14, and 21 d). The surface of each
sample was washed using deionized water and then
dried at 80 °C prior to the morphological study.

In accordance to the ASTM G21-1996, the
antibacterial activity testing of the CP-Ti and
TB900 samples was performed in a solution
containing two kinds of bacterial species. These
species included S. aureus (ATCC 25923) and
E. coli (ATCC 25922), which represent gram-
positive and gram-negative bacteria, respectively.
The bacteria were prepared and adjusted by
spectrophotometry. All samples were sterilized and

then placed in sterilized tubes containing certain
amounts of each bacterial species (1x10° cfu/mL)
based on the spot induction method. The samples
were then incubated in Mueller—Hinton agar
(Merck, KGaA) for 24 h at 37°C in order to
evaluate their antibacterial activity.

3 Results and discussion

3.1 Characterization of boride layers

To understand the formation of the boride
phases at the top of the CP-Ti surface, the GIXRD
technique was applied. Figure 1 shows the GIXRD
pattern of the borided sample. Based on the
No. 01-073-2148 standard card of the Joint
Committee on Powder Diffraction Standards
(JCPDS), TiB was recognized as the main
component of the boride coating. It was also found
that TiB, (JCPDS No. 01-075—0967 standard card)
existed as the second phase alongside the TiB.
Although Ti;B4 is another common phase in the
Ti—B system, the corresponding peaks were not
detected. Moreover, no peaks indicative of a TiO,
phase were found in the GIXRD pattern. This
meant that the boriding process was performed well.
According to the results of phase identification, it
can be said that the TiB and TiB, were the main
components of the boride coating. The diffusion
coefficient of B into TiB and TiB, is intensified
with an increase in the temperature of boriding
based on the studies of MURRAY et al [18]. It
should be mentioned that the diffusion coefficient
of B into TiB and TiB, is 10°~10* times higher than
that of Ti in the mentioned phases [18]. Hence,
more B atoms could diffuse into the Ti substrate
due to the faster diffusion of B atoms in [010]
direction, thereby facilitating the formation of TiB
whiskers [8,19].

e o—Ti
«—TiB
+—TiB,

10 2IO 3I0 4I0 SIO 6I0 7‘0 80
20/(°)
Fig. 1 GIXRD pattern of borided sample
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Figure 2(a) shows SEM image of the top
surface of CP-Ti after boriding at 900 °C for 3 h. As
seen, the boriding process caused the formation of
cross-linked particles with an average size of
(1.6+0.3) um on top of the CP-Ti surface. Based on
our previous work, these particles can be attributed
to the TiB, phase [4,9]. The cross-section view in
Fig. 2(b) indicates the deep penetration of the TiB
whiskers well into the Ti substrate under the top
TiB, layer. The average thickness of the top TiB,
layer on the CP-Ti and the length of the TiB
whiskers were (1.2£0.2) um and (3.9£0.2) um,
respectively. The preferential orientation of the TiB
whiskers and the hard nature of the TiB, top layer
give rise to a super-adhesive coating suitable for
load-bearing implants [9].

Fig. 2 SEM images for top view (a) and cross-section
surface (b) of CP-Ti after boriding at 900 °C for 3 h

Wetting ability plays a significant role in
protein adsorption [20]. Therefore, the wetting
ability of the bare CP-Ti and TB900 samples was
evaluated based on the WCA measurements.
Figure 3(a) presents the variation of WCA on the
surface of the mentioned samples during the first
30 s of contact. The WCA at first contact was 54.5°
(hydrophilic) on the CP-Ti, while it was 82.5° (near

hydrophobic behavior) on the TB900 [21].
Figures 3(b) and (c) show the corresponding images
of the water droplets at first contact on the CP-Ti
and TB900 surfaces, respectively. The formation of
TiB/TiB; on the surface of Ti decreased the wetting
ability of CP-Ti due to the development of Ti—B
bonds and the generation of microtopography by
the cross-linked TiB, particles at the top of the
surface. A decreasing trend of WCA was observed
for both samples; the WCA after 30 s was 38°
and 63.5° on the CP-Ti and TB900 surfaces,
respectively. It is worth mentioning that the wetting
ability of a surface with intermediate water affinity
(in-between hydrophilic and hydrophobic) is
favored for the adhesion of cells or proteins [3].
Therefore, it can be elucidated that boriding CP-Ti
accelerates protein adsorption and consequent
cellular responses [22].

(a) .
= — Bare CP-Ti
807 o —TB900
70t
8 60
= 50+
40t
30

0 5 10 15 20 25 30
t/s

(b)

Fig. 3 Variation of WCA on bare CP-Ti and TB900
samples during 30 s (a), and images of water droplet at
first contact on bare CP-Ti (b) and TB900 (c) surfaces

3.2 Electrochemical behavior
3.2.1 Potentiodynamic polarization

Figure 4 illustrates the PDP curves of the
bare CP-Ti and TB900 samples in quiescent PBS
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Fig. 4 PDP curves of bare CP-Ti and TB900 samples
after 120 h of stabilization in PBS solution with

400 mg/L BSA

solution containing 400 mg/L of BSA. Similar PDP
curves were reported for bare and borided CP-Ti
samples in Ringer’s and Hanks’ balanced salt
solutions [4,9]. Although both the bare CP-Ti and
TB900 samples indicated typical passive behavior
in the studied solutions, there were distinguishable
differences between the two samples. Specifically,
the bare CP-Ti sample had a broader passive
domain compared to the TB900 sample. The
passive current density of the bare CP-Ti was lower
than that of the TB900 in the studied passive region.
Generally, a smaller value of the passive current
density represents that the passive layer forms more
easily on the surface [23]. Moreover, the breakdown
potential (¢y,) of the passive layer is a criterion used
to evaluate the passive layer susceptibility to
deterioration by halide ions. Comparatively, a
greater ¢, value indicates the development of a
more stable passive layer on the metal surface [24].
Based on published papers [4,25], the ¢y, of the
borided CP-Ti samples in Ringer’s solution at high
potentials during the PDP measurements could be
attributed to the localized corrosion sites. According
to Fig. 4, the ¢y, of the TB900 sample was lower
than that of the CP-Ti sample. Also, the ¢y, value
for the TB900 sample was above 0.592 V (vs
Ag/AgCl). As a result, the TB900 sample can be
considered as a bioimplant material because of the
in-vivo potential range of CP-Ti as well as its
alloys, which ranges from 0.495 V (vs Ag/AgCl) to
0.592 V (vs Ag/AgCl) [25—27]. Table 1 lists some
electrochemical parameters obtained from the PDP
curves (Fig. 4) such as the corrosion current density

(Jeorr), the corrosion potential (@peor), and the
breakdown potential (¢y,). According to Table 1, the
corrosion current density of the TB900 sample was
greater than that of the bare CP-Ti sample.

Table 1 Electrochemical parameters obtained from PDP
plots of bare CP-Ti and TB900 samples in PBS solution
containing 400 mg/L BSA

corr (VS Ag/AgClY  Jeon/ Ag/AgCl)/
Sample * (vs Ag/AgCl) . oop (vs Ag/AgCl)
mV (pA-cm ) mV
B
e -179 10.6 >3000
CP-Ti
TB900 —-164 10.07 2591
3.2.2 EIS data
The EIS technique was employed for

elucidating further information concerning the
passivation behavior of the bare CP-Ti and TB900
samples in PBS solution containing 400 mg/L of
BSA as a function of immersion time [4,28—30].
The EIS results of the studied samples in different
formats (i.e., Nyquist, Bode and Bode-phase plots)
recorded after different immersion time are
illustrated in Fig. 5. As seen, for each sample, these
formats maintained general shape throughout the
investigated immersion time of 1 to 120h,
representing that no changes in electrochemical
mechanisms occurred. Similarly, the Nyquist and
Bode plots have also been reported for bare and
borided CP-Ti samples immersed in both Ringer’s
and Hanks’ solutions [4,9].

Based the plot in the Nyquist format shown in
Figs. 5(a) and (c), augmentations of the semicircles
of both samples were clearly seen with increasing
immersion time. Normally, a larger diameter (or
radius) in the Nyquist curve verified the greater
electrochemical corrosion resistance of a sample [4].
According to the plot in the Bode format shown in
Figs. 5(b) and (d), it is clearly distinguishable that
the values of total impedance in the middle to low
frequency range were augmented with increasing
exposure time across both samples. According to
this plot, the maximum phase angles were less than
—90°. Therefore, a deviation from ideal capacitive
behavior was apparent for both samples [9].
Moreover, the vestige of two capacitance arcs was
seen for both the bare CP-Ti and TB900 samples. It
is worth mentioning that non-ideal capacitance
behavior is recognizable from an incomplete
semicircle in a Nyquist curve and a straight line
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Fig. 5 Nyquist (a, c) and Bode (b, d) plots for bare CP-Ti and TB900 samples under different immersion time

with a slope of close to —1 in a Bode-phase
curve [4,9]. The presence of the constant phase
elements (CPEs) in the proposed electrical
equivalent circuits (EECs) in lieu of the Warburg
impedance (W) and pure capacitance (C) elements
is a general rule for obtaining the best fit between
experimental and theoretical information [29].

The emergence of CPE behavior could be
ascribed to many well-known factors such as the
preferential active sites (i.e., impurities and grain
boundaries), existence of pores in the surface oxide
films, and different types of surface heterogeneities
on the working electrodes including scratches,
adsorption of ions, roughness, and the impact of
resistive variations that pertain to the covering
films [31-35]. We measured the roughness (R,) of
the bare CP-Ti and TB900 surfaces, and it was
found that the R, parameter increased from 0.257 to
0.732 pm in the longitudinal mode and from 0.233
to 0.503 um in the transversal mode after boriding.
This meant that the heterogeneous surface of
TB900 resulted in the CPE behavior. As seen in the

Bode and Bode-phase plots of both the bare CP-Ti
and TB900 samples (Fig. 5), the values of the
absolute impedance and phase angles at high
frequencies (higher than 100 Hz) were almost
constant and independent of frequency, which
demonstrated pure resistive behavior (R). This
behavior was attributed to the solution resistance
between the reference and working electrodes. In
this work, the Kramers—Kroning transformation
(KKT) of the imaginary and real parts of the
impedance was examined as a simple way for
studying the limitations of the linear system theory
(i.e., stability, causality and linearity) in order to
investigate the validation of the EIS results. If
any of these three limitations are not achieved,
the interpretation of the EIS results may be
delusive [36]. The niceties of KKT have been
presented in Refs. [37,38]. The comparison between
the KKT and the experimental EIS data for the bare
CP-Ti and TB900 samples after 1 h of exposure to
the studied solution is illustrated in Fig. 6. Clearly,
correspondence between the experimental data and
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the corresponding KKT ratifies the conformity of
the studied system with the conditions of the linear
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Fig. 6 KKT of EIS results obtained for bare CP-Ti (a)
and TB900 (b) samples after 1 h of stabilization in PBS
solution with 400 mg/L BSA

It should be mentioned that there may often
exist various EECs that represent impedance
responses identically; the EIS results were fitted by
the most common EEC types for simplicity.
Moreover, different formats of the EIS spectra
(Fig. 5), the accessible information on EECs used
for fitting the EIS curves of the CP-Ti and borided
samples in SBF solution [4, 9, 25, 39], and the good
quality of fitting according to Chi-square values (y°)
were considered in the selection of the EEC shown
in Fig. 7. As seen, the EIS results of the bare CO-Ti
and TB900 samples were fitted by an EEC that
included two CPEs. In this EEC, R, stands for
solution resistance; R,, R;, CPE,, and CPE, denote
the resistive contribution of the dense/inner oxide
film, the resistive contribution of the porous/outer
oxide film, the CPE of the inner film, and the CPE
of the outer film, respectively. The impedance of a

CPE (Zcpg) can be expressed as follows [40—42]:
Zepe=[O(jw)'T"! (1)

where j represents the imaginary unit, @ indexes the
angular frequency (rad/s), n marks the deviant
degree of a CPE from the ideal capacitance
behavior known as the CPE exponent or adjustable
parameter, and Q denotes a frequency-independent
modulus.

CPE,

CPE,

Fig. 7 EEC for simulation of impedance curves of bare
CP-Ti and TB900 samples

The obtained values of the fitted EIS spectra
are reported in Table 2. Analysis of the parameters
in Table 2 revealed that for both the bare CP-Ti and
TB900 samples, the resistive contribution of the
inner oxide film was remarkably higher than that of
the outer one regardless of the immersion time in
the studied solution. Hence, the diffusion process
occurred in the outer oxide film. In addition, the
corresponding resistance of both the inner and outer
oxide films showed a general ascending trend with
increasing exposure time. On the other hand, a
comparison of the polarization resistance (R,)
values for the studied samples at the early stage of
immersion illustrated that the R, of the TB900
sample was remarkably lower than that of the
bare CP-Ti sample. This difference was clearly
decreased by extending the immersion time. Also,
the variation of R, for the TB900 sample indicates a
significant augmentation during the first 24 h (over
29 times). Furthermore, for both studied samples,
the CPE exponent values (n) of the inner passive
films were relatively high, representing a near
capacitance behavior of the surface films developed
in the studied solution [43]. Finally, the descending
trends of the Q values during immersion can be
attributed to the thickening of the passive films
formed.

According to the mentioned information, the
noticeable difference between the R, values of the
two samples (especially early stage during
immersion) can be attributed to different surface
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Table 2 Electrochemical elements extracted from EIS plots of bare CP-Ti and TB900 samples as function of immersion

time in PBS solution containing 400 mg/L. BSA

. O/ 0,/
Immersion R/ R,/ ) R,/ 4 Ry/
Sample 5 .o (10 o . (107 ) i
time/h (Q-em’) (kQem’) (kQ-cm”) R (kQ-cm”)
Q -cm”) Q -cm )
1 50.49 7.525 1.45 0.670 1162.300 0.64 0.870 1169.825 5.64x10°
Bare 24 50.52 8.251 1.48 0.752 3081.350 0.633  0.920 3089.601 2.05x107°
CP-Ti 72 48.97 8.882 1.34 0.763 3863.500 0.538  0.930 3872.382 1.63x10°°
120 48.77 10.077 1.27 0.793 4228.120 0.518  0.940 4238.197 4.25x10°°
1 46.18 0.036 19.60  0.610 75.960 0.64 0.860 75996 2.23x10°°
TB900 24 45.72 0.035 18.78  0.630 2236.740 0.61 0.890 2236.775 2.93x107°
72 45.26 0.038 17.67  0.630 3648.130 0.52 0.910 3648.168 6.43x10°°
120 46.26 0.041 1589  0.620 3881.240 0.49 0.930 3881.281 6.43x10°°

behaviors of the studied samples for adsorbing
PO;” and BSA [44]. It seemed that the surface of
the bare CP-Ti sample was more capable of forming
a protective passive film relative to the TB900
sample in the studied solution under OCP
conditions. In contrast, the results of our previous
studies [4,9] indicated that the passivation behavior
of TB900 was better than that of bare CP-Ti in both
Hanks’ and Ringer’s solutions. These differences
could be ascribed to the chemical composition of
the studied passive films and solutions.

A passive oxide layer (TiO,) was formed on
the surface of the uncoated CP-Ti specimen. This
passive oxide layer adhered to the surface of the
specimen; the impermeable and insoluble nature of
this layer in aqueous solutions prevented Ti ions
from entering the solution [25]. In regard to borided
specimen, the boron atoms created defects within
the passive layer (TiO,). Therefore, in the borided
specimen, localized sites were available for the
passivity breakdown. The electrochemical reactions
in the solution containing the borided specimen
may lead to the dissolution of the TiB, compound
and the formation of H3;BO; and TiO,, with the
latter being an insoluble compound (see Eqgs. (2)

and (3)) [9].

TiB,+6H,0—Ti*+2H;BO;+3H, 1 (2)
Ti* +2H,0— TiO,+4H +2e (3)
3.2.3 M-S analysis results

The M-S assay, which is an in-situ
electrochemical technique for evaluating the

semiconductive behavior of passive films, was

performed in order to recognize the semiconductor
type and determine the charge carrier density
variations of the passive films on the studied
samples in BSA-containing PBS. According to the
point defect model (PDM), the mechanisms of
growth, dissolution and breakdown of passive films
can be justified by the charge carriers that they
contain [45,46]. Therefore, the concentration of
these carriers in passive films has been evaluated by
many researchers [4,46—49]. Based on the PDM,
these charge carriers are classified into two major
groups, namely the electron acceptors and the
electron donors. It is well known that the electron
acceptors are cation vacancies, causing the passive
layer to behave as a p-type semiconductor; however,
the donors are oxygen vacancies and cation
interstitials, resulting in n-type semiconductive
properties [46—50]. In the M—S assay, the electrode
capacitance (C) is measured as a function of the
applied electrode potential (¢). Under the depletion
conditions, there is a linear relationship between the
applied potential and the reciprocal of the square of
the capacitance (C2). The slope of this relationship
is used to determine the concentration of the charge
carriers [47—52]. The nonlinear behavior in the
M-S plot can be ascribed to uniform charge carrier
densities [51], the existence of a surface state [52],
and surface roughness [53]. For a n-type semi-

conductor, it can be derived as follows [48—50]:
1 2

KuT
CZ - ggOeND ((p ¢fb e )

(4)

where e is the electron charge (1.60x107" C), Kj
stands for the Boltzmann constant (1.38x107* J/K),
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T indexes the thermodynamic temperature, g,
marks the flat band potential, & represents the
vacuum permittivity (8.854x107'° F/m), ¢ stands for
the dielectric constant of the passive film, and Np is
the acceptor density. The value of the K7/e term is
approximately 25 mV at 273 K. The value of the
flat band potential can be extracted by extrapolation
of the linear region of the M—S curve to C>=0.

The M-S plots of the bare CP-Ti and TB900
samples obtained after 1 and 120 h of immersion in
PBS solution containing 400 mg/L BSA at body
temperature are depicted in Fig. 8. As seen, the
M-S plots illustrated similar behavior and possess a
positive linear region, which implied that the
oxide/passive layers formed on the surfaces of
the studied samples in PBS acted as n-type
semiconductors. In addition, by increasing the
immersion time from 1 to 120 h, the positive linear
slope of the M—S plots for the samples increased.
Therefore, the concentration of the carriers (donors)
within the passive films of both samples decreased
with increasing exposure time. In other words,
the reduction of the carriers occurred, which was

10
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Fig. 8 M-S plots of bare CP-Ti (a) and TB900 (b)
samples after 1 and 120 h in PBS solution containing
400 mg/L BSA

indicative of the stability and compaction of the
passive films [4,48—50]. Similar behavior was
reported for CP-Ti and borided samples in SBF
solutions [4,9]. According to Fig. 8, the variations
in charge carriers within the passive films of the
studied samples in BSA-containing PBS during the
studied immersion time were calculated; these
results are summarized in Table 3 (Np(120 h)/
Np(1 h) stands for the donor ratio).

Table 3 Variations in donor concentration of bare
CP-Ti and TB900 samples in PBS solution containing
400 mg/L BSA during the first 120 h

Sample Np(120 h)/Np(1 h)
Bare CP-Ti 0.62
TB900 0.37

3.2.4 Surface micrographs

The micrographs of the CP-Ti and TB900
samples over 7 d of immersion in PBS solution
containing 400 mg/L BSA are shown in Fig. 9. As
seen, there were no vestiges of pitting on the
specimen surfaces. It seemed that the surface of the
TB900 sample was eroded over 7 d of immersion.

”

Fig. 9 SEM micrographs of surfaces of CP-Ti (a) and
900TB (b) after 7 d of immersion in BSA-containing
PBS solution
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3.3 Bioactivity

The regeneration of bone-like apatite on the
surface of an implant has an essential role in
the process of bone replacement [54]. The
morphological changes of CP-Ti and TB900
samples during 21 d of immersion in SBF solution
are shown in Fig. 10(a). As observed, the surface
morphology of the CP-Ti sample remained constant
over the immersion period. In contrast, the borided
surface experienced a variety of morphological
changes, indicating the effect of the surrounding
environment. In addition, the energy-dispersive
X-ray spectroscopy (EDS) spectra shown in
Fig. 10(b) revealed different chemical natures of the
surfaces of the CP-Ti and TB900 samples. As seen,
the intensities related to Ca and P were much higher
for the TB900 sample relative to the CP-Ti sample,
meaning that more bone-like apatite with higher
crystallinity deposited on the former. According to
the micrographs, it was found that the TiB/TiB,
coating accelerated the formation of bone-like
apatite. The response of the TiB/TiB, coating for
the formation of bone-like apatite commenced after
14d of immersion in SBF. Apatite nucleation
commenced with the transfer of the PO}  and

1d 3d

(a)

CP-Ti

TB900

Ca’* from the SBF to the surface, where they
bonded with the OH— group of TiOH,4. (TiOH)4
compound was produced beforehand through the
hydrolysis and destruction of the TiO, passive film
in accordance to Eq. (5) [55]:

TiO,+2H,0=(TiOH), (5)

The electrochemical assays demonstrated the
formation of a stable passive film on the TiB/TiB,
coating, which later acted a facilitator for apatite
formation. It should be mentioned that not only the
production of Ti—OH groups but also surface
charges have significant role in apatite formation.

KAWASHITA et al [56] investigated the role
of various metals doped on the CP-Ti surface for
apatite-forming ability. They found that apatite
formation depended on the chemical states of the
doped metals. It seemed that the presence of B on
the CP-Ti surface could alter the surface, resulting
in greater adsorption of PO3~ and Ca’" from the
SBF to the OH— group of TiOH. Our findings
clearly showed that a homogeneous layer of
bone-like apatite precipitates covered the TB900
sample surface after 21 d of immersion. These
observations confirmed one essential requirement

14d 21d

IE"? \ ab

)
b % .
(b) CP-Ti Ii TB900 Ti
(0]
Ca P
Ca .
5 b Ti B £ Ti
Ca
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Fig. 10 SEM micrographs of surfaces of CP-Ti and TB900 after 1, 3, 14 and 21 d immersion in SBF (a), and EDS
spectra from surfaces of CP-Ti and TB900 over 21 d immersion in SBF (b)
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of advanced bioactive materials for bone

bonding [57].

3.4 Antibacterial activity

The antibacterial efficiency of pure and
borided CP-Ti was studied by evaluating the ability
of attached bacteria to form colonies in agar. The
attached bacteria are capable of moving and
forming more colonies beside the TiB/TiB,
surface [58]. The assessment of the antibacterial
activity showed that CP-Ti had no activity against
both E. coli and S. aureus bacteria, with the number
of bacteria remaining about 1.4x10° cfu/mL. In
contrast, the results showed that the boriding of
CP-Ti caused the destruction of almost all the
bacteria across both mentioned species. It is worth
mentioning that the number of bacteria remaining
beside the borided sample was approximately
10 cfu/mL. On one hand, the OH— group of TiOH,
as described in Reaction (5), may degrade the
intracellular and extracellular structures of
bacteria [59,60]. On the other hand, the presence of
B atoms on top of the surface enhanced the OH"
due to the electron deficient nature of B** [58]. The
enhancement of antibacterial activity by boron is

CP-Ti

E. coli

S. aureus

not limited to the Ti—B bonds in TiB and TiB,. It
has also been found that the Ti—O—B bonds have
significant roles in antibacterial activity [58].
Figure 11 displays the photographs of incubated
agar plates containing the E. coli and S. aureus
bacteria after 24 h against the CP-Ti and TB900
samples. The bacteria growth value was calculated
at 40% and —99% with respect to the CP-Ti and
TB900 samples, respectively. Our findings are in
good agreement with other research on boron-
containing compounds. SOPCHENSKI et al [61]
found that the incorporation of B into TiO, coatings
improved their antibacterial activity, thereby
preventing the implant from becoming infected. On
the other hand, PRASAD et al [62] found that the
presence of B,O; on the surface of an implant
enhanced the implant’s bioactivity. According to
the results, it can be said that the TiB/TiB2 coating
had powerful antibacterial activity, making the
boriding of Ti a remarkable solution for
antibacterial applications. This phenomenon has a
great impact on the success of implantation because
it can destroy the bacterial biofilm which was
formed in peri-implantitis, thereby preventing
implant failure [63].

TB900

Fig. 11 Photographs showing CP-Ti (a, c) and 900TB (b, d) activity against E. coli and S. aureus respectively incubated

on agar plates for 24 h
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Finally, considering the passive film formation
on borided CP-Ti in BSA-containing PBS, the
generation of bioactive sites, and the excellent
antibacterial activity of the TiB/TiB, coating, it can
be concluded that boriding CP-Ti opens new
avenues for more widespread applications of Ti
implants.

4 Conclusions

(1) Characterization of the borided sample by
GIXRD demonstrated the formation of the TiB/
TiB, composite coating on the CP-Ti surface. The
wetting ability evaluation showed that boriding of
CP-Ti resulted in intermediate water affinity
(between hydrophilic and hydrophobic), facilitating
greater protein adsorption.

(2) The electrochemical assays indicated that
the corrosion and passive current densities of the
bare CP-Ti sample increased through the boriding
process. Moreover, M—S measurments indicated
that the passive films developed on bare CP-Ti and
borided sample had n-type semiconducting
behavior.

(3) The bioactivity evaluation of TiB/TiB,
coating indicated that the boriding process
accelerated bone-like appatite formation on CP-Ti
during implanation. The antibacterial activity test
against both E. coli and S. aureus bacteria showed
that the CP-Ti had low activity, while the borided
CP-Ti destroyed almost all the mentioned bacteria.
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