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In this study, 0.5, 1, 3, and 5 % nano-silver containing hydroxyapatite coatings (nAg-HA) on a
Ti6Al4V substrate were developed by atmospheric plasma spray (APS), and their antibacterial
efficiency was evaluated in the following bacterial strains: Escherichia coli, Staphylococcus aureus
and Pseudomonas aeruginosa. The optimal operating parameters for the coatings application were
determined by online diagnostic of thermal HVOF- and plasma spraying processes. Scanning electron
microscopy (SEM) showed that both micro and nano-silver (Ag) particles were distributed on the
coating surface. The antibacterial efficiency was studied according to the JIS Z2801:2000 standard
“Antimicrobial products-Test for antimicrobial activity and efficacy”. The results show that the
antibacterial efficiency of a 1 % nAg-HA coating against Escherichia coli, Pseudomonas aeruginosa,
and Pseudomonas aeruginosa strains was above 99 % antibacterial rate. Silver ion release tests show
that the coatings did not deliver the silver ions in the phosphate buffered saline solution, which
generate good cytotoxic properties. The antibacterial mechanisms observed in the coatings are based in
the combination of the two following theories proposed by Cao: 1) Disruption of transmembrane
proton electrochemical gradient, and 2) ‘‘bacterial charging’’ process. The electrochemical test in SBF
solution at 25 and 37 °C showed an i higher than 25.00E-6 A/cm?, which justified the good
antibacterial properties. The nAg-HA coatings developed presented excellent bond strength (35 MPa in
average), nano-mechanical properties, and the failure mode was identified as adhesion-cohesion. This
study opens perspectives for the development of in-vivo tests of the nAg-HA coatings applied by APS;
research in an alternative method to enhance the nano-particles dispersion into the HA matrix; and
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finally, the study suggests further research to determine which of the two mechanisms proposed by
Cao presents the major effect in the antibacterial rate.

Keywords: Silver nano particles; Hydroxyapatite coating; Atmospheric Plasma Spray; Antibacterial
Test; Cytotoxic Test; Electrochemical Test.

1. INTRODUCTION

Hydroxyapatite (HA-Cai0(PO4)s(OH),) is frequently used as bioactive material, because it is
about 69 % of the bone, tooth enamel and dentine inorganic content. Applications of HA include
implant coating, periodontal treatment, alveolar ridge augmentation, maxillofacial surgery, and
otolaryngology [1]. However, implant-associated infection is one of the most common and serious
complications in orthopedic surgery. It is known that such infections are caused by the adhesion and
colonization of bacteria on the artificial implant or the tissues adjacent to the implant surface [2]. It has
been reported that implant-related infections play an important role in the common clinical
complications that result in the failure of orthopedic surgery and increased health care costs [3]. It has
been reported that the postoperative infection rate is 5 % for primary cases, 6 % for revision cases, and
43 % for revision of previously infected cases [4].

Silver and silver ions have long been known to have antimicrobial activity [5], and in certain
given concentrations, do not generate toxicity in human cells [6]. In addition, bacteria have not yet
developed resistance mechanisms against silver.

As antibacterial material, silver particles have been researched through the evaluation of 1) the
size effect (um [7] or nm [9,10,11]); 2) presentation (Ag.0) [8,12]; 3) dispersion methods to obtain
homogeneous silver coating distribution (mechanical milling [7,8,10], soaking [3,10], plasma
immersion ion implantation system [9], shaking [13]); 4) combination effects with different matrix
(HA [7, 8,12,13,14], TiO, [9], Wollastonite [10], Ti [3]); and 5) coating application methods
(atmospheric plasma sprayed [9, 10, 15], vacuum plasma sprayed [3, 7], pulse laser deposition [14],
flame spraying [12, 13], inductive coupled RF plasma spraying [8]), among others. In all research, it is
necessary to incorporate an auxiliary method to obtain homogeneous silver particle dispersion in the
coating and/or the use of a sophisticated coating application process to develop an effective coating.

In order to find a solution to the problems related to HA coatings and long-term stability when
joined with the metallic substrate, researchers have developed coatings that show higher strength
adhesion (coating-substrate) and biological affinity. This is key, since strong adherence at the coating
and metal interface is a critical factor for successful implantation. Almost all current methods have
their limitations, and the search for an optimal technique to obtain a strong HA/metal bonding interface
and physiologically stable HA phases is still of immense interest. Yang et al. reported that the HA
coatings show an adhesion bond strength average value of 29.8 MPa (on Laser gas nitriding (LGN)
technique) and 16.1 MPa (as grit-blasted substrates) [16]. Therefore, the present study attempts to
overcome the limitations of the HA coatings (antibacterial and strength adhesion properties) by
producing coatings containing silver nanoparticles (nAg-HA) on Ti6Al4V substrates, using a simple
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shaking method to disperse the nano-silver particles in the HA, and establishing the optimal parameter
through “real thermal” processes for the atmospheric plasma spray method. This would allow the
reduction of the silver nano-particle content to below 3 % in order to obtain up to 99% determined, i.e.,
electrochemical interaction between bacteria and silver nanoparticles in concordance with the
antibacterial mechanism proposed by Cao et al. [9,11]. Moreover, the strength adhesion; nano-
mechanical properties such as Stifness (S), elastic modulus (E), and hardness (H); and the cytotoxic
test of the silver nanoparticles containing hydroxyapatite coating would be defined.

2. MATERIAL AND METHODS

2.1 Preparation of Nano-silver Containing Hydroxyapatite Coatings.

Atmospheric Plasma Spraying is the easiest and most widely applied method to deposit HA
coating onto titanium alloy prostheses (90 % of implant manufacturers use this type of coating
deposition). The method consists of injection of HA particles into a high temperature (>10 000 K)
plasma jet. To develop nano-silver containing hydroxyapatite coatings (nAg-HA), a mixture of
commercial HA (CaP Bionmaterials) powders with a 50 um average size and a semi spherical,
granular shape, and silver nano-powder (Alfa Aesar, No. 45509) with a 40 nm average size, an
irregular shape and 99.9 % purity were used. The powder mixture was shaken at 70 rpm during 1 hour
in a plastic container. Five mixtures were made: a) HA, b) HA-0.5% nAg, ¢) HA-1% nAg, d) HA-3%
nAg, and ) HA-5% nAg. Afterwards, further spraying was applied on the surface of the Ti6AI4V
alloy by atmospheric plasma spray thermal (APS) system (SG-100, Praxair). The optimal operating
parameters were determined by the Process diagnostic tool GTV NIR-Sensor, and a process parameter
variation was obtained. The measured distance to the nozzle was 50 mm. Ti6Al4V disks of 1.25
(diameter) x 0.5 cm were used as substrate. The parameters evaluated were: Current [A], process gas 1
(Ar) pressure, and process gas 2 (He) pressure.

2.2 Surface chemistry and structure characterization

The elemental distribution and surface morphologies of nano-silver containing hydroxyapatite
coating was examined by Field Emission Scanning Electron Microscopy, using a JEOL JSM-7401F,
operated at 7 kV. SEM images were obtained in backscattered electron image modes. In addition,
elemental analysis of the coatings was achieved by means of energy dispersive X-ray spectroscopy
(EDS), using an Oxford Inca microanalysis system attached to an electron microscope, with 100 s of
live time acquisition and 5 eV/ch of energy dispersion. High-resolution transmission electron
microscopy of the cross section of the coatings was performed in a JEOL JEM-2200FS system
operated at 200 kV. Samples for HRTEM were prepared using a JEOL JEM-9320 focused ion beam
system operated at 30 kV, with Ga ions.

The crystalline structure of the HA powder (before coating development) and HA coating was
analyzed by grazing incidence XRD in a Panalytical X-Pert system, and the patterns were obtained
using Cu Ka radiation at 40 kV and 35 mA. A diffracted beam path included a graphite flat crystal
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monochromator. The grazing incidence angle was fixed at 0.5°; whereas the scanning angle 26 was
varied between 20° and 110°, at a 0.02° step size.

2.3 Mechanical Properties

2.3.1 Strength Adhesion

The bond strength adhesion of the nAg-HA coatings was evaluated using the ASTM C633
standard tensile adhesion test with three replicates. The counter Ti6AI4V substrates were sandblasted
and attached to the surfaces of the nAg-HA coatings using quick set epoxy resin as the adhesive
(Armstrong A-12). After curing in an oven at 120 °C for 1 h, the fixtures were subjected to a tensile
test at a constant cross-head speed of 0.017 mm/s until failure [17]. The adhesive bond strength was
calculated as: failure load/sample area (A = 5.06 cm?). The data are reported as means + standard
deviation.

2.3.2 Nano-mechanical Properties

Nano-mechanical coating properties such as Stifness (S), elastic modulus (E), and hardness (H)
were evaluated by means of nano-indentation, using Oliver and Pharr method, employing a Nano
Indenter G200 coupled with a DCM Il head. The equipment was calibrated using a standard fused
silica sample. Tests parameters were the following: the constants area function Cy=24.05, C;=-175.30,
C,=6844.30, C3= -25507.27, and Cs= 16602.70; Berkovich diamond indenter with a tip radius of 20
+5 nm; maximum load of 5 mN; strain rate of 0.05 s *; passion’s coefficient of v = 0.25; and time load
10s.

2.4. Antibacterial Test

The antibacterial properties were quantitatively evaluated against strains of importance in the
clinical area such as Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and
Staphylococcues aereus ATCC 29213. The antimicrobial activity was evaluated according to JIS Z
2801:2000 “Antimicrobial products-Test for antimicrobial activity and efficacy” standard test method.
The Ti6Al4V disk with nAg-HA coating was challenged with 4 mL of bacterial inoculum in a 20 mL
vial. The inoculum was a soy trypticase broth diluted 1/500 (v/v), containing 5 x 10* colony forming
units (CFU) of bacteria/mL. The vials were placed in an incubator for 24 h at 37°C with RH > 90%.
After test and control coatings had been in contact with bacteria from each vial for over 24 h, 1 mL of
liquid was taken and diluted to a sterilized physiological saline solution at 107, 10?1073, 10*, 107®, 10°
6 and 107. The diluted solution aliquots were plated on a soy trypticase agar and incubated for 24 h at
37 °C. Viable colonies of bacteria on the agar plate were counted, and the reduction in numbers of
bacteria was calculated. Three coating disks were assessed for each type of sample to obtain an
average value.
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The value of antimicrobial activity was obtained according to Eq. 1 [18]:

R =[log (B/A) - log (C/A)] =[1og (B/C)]....cvvieieeaeeeiiiieeen (1)

Where:

R : value of antimicrobial activity

A : bacteria viable cell average number immediately after inoculation on the untreated test
piece

B : bacteria viable cell average number on the untreated test piece after 24 h

C : bacteria viable cell average number

The antibacterial ratio K was calculated by the following Eq. 2 [19] :
K=[(A=B)/ A} X100 .....coiiiiiiiiiiiieieee, (2)

Where:
A and B are the average number of bacteria for the control and tested samples, respectively.

2.5 Determination of antibacterial mechanism

For the purpose of determining the main antibacterial mechanism generated by the silver
nanoparticles containing coating applied by APS, both the silver ions release and the effect of
electrochemical processes were evaluated.

2.5.1 Electrochemical Process Effect of Silver Nano-particle

The electrochemical effect of silver nanoparticles in the behavior of both contexts, 1) in contact
with the substrate or 2) in the HA matrix, was evaluated in simulated body fluid solution (SBF) at 25
and 37°C. The SBF solution was prepared in concordance with Kukobo et al. [20]. The
Potentiodynamic Polarization Curves were obtained in a PGSTAT 12 Potentiostat/Galvanostat
(Autolab); the operating parameters used in the tests were: Sweep potential + 2000 mV vs Ecorr, and
sweep rate 60 mV/min. The experimental cell consisted in reference electrode (SCE) and counter
electrode (platinum). Later, the electrochemical test samples were characterized by HRSEM, so the
morphological and mechanical evolution of the corrosion and the coating bioactivity were determined.

2.5.2 Silver and Calcium lons Release

A silver and calcium ion release study was performed by immersion of the nAg HA coatings in
30 mL phosphate buffered solution (PBS) at 37°C. Concentrations of 1, 3 and 5% of nAg were studied
along with a control HA coating. Initial Ag and Ca ion release rates were measured by collecting the
media at 0.5, 1, 2, 4, 6, 12, 24, 72, and 168 h. The concentration variations were examined by
inductively coupled plasma optical emission spectroscopy (ICP-OES).
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2.6 Cytotoxicity

2.6.1 Cellular Samples - Animal Cells

For the purpose of this study, human lymphocytes were used. The blood sampling method
included previously heparin-treated, disposable and sterile needle and syringe, and local-sterile
conditions applying iodated alcohol or 70 % alcohol. The sample included 5 mL of blood (voluntarily
donated). Lymphocytes were isolated through Ficoll-Paque™ PLUS (GE Healthcare) and placed on
containers to initiate treatments. The lymphocytes cells were exposed to the material (substratum, HA,
HA-1% nAg and HA — 3% nAg) during 1, 6, 24 and 48h and to the negative control (PBS). After
exposition the cells were prepare to Comet Assay (Single Cell Gel Electrophoresis Assay- SCG),
image cytometry to measure the viability and Cytogenetic analysis.

2.6.2 Tali® Image-Based Cytometry — Cellular Viability Analysis

Analysis consisted of Tali® image-based cytometry. The treatment included a total of 100 pL.
There were 105 cells/mL. Cells and coatings were placed in 6 well plate for 1 hr. After this time the
cells without the coated pieces (Ti6AlI4V) were removed and centrifuged for 5 min at 1500 rpm. The
supernatant was discarded and a Tali® apoptosis kit treatment was applied. The mixture was placed in
special reading blades and was read using image-based cytometry equipment. Results indicated cell
viability through green/red fluorescence, discriminating among live, apoptotic, and dead cells. The
outcome was studied using a one-way variance analysis (ANOVA), as well as the statistical Tukey-
Kramer method. Statistical significance was set at <0.05.

2.6.3 Single Cell Gel Electrophoresis Assay

Post-treated cells were homogenized with 120 uL of 0.8% agarose at a low melting point
(LMP) and placed on slides previously covered with 1.5% normal agarore. After this the slides were
immersed for 50 minutes in a lysis solution (1 mL Triton-X + 10 mL DMSO + 89 mL stock solution:
2.5 M NaCl; 100 mM EDTA; 10 mM Tris; 8 g NaOH; 1 % Na lauryl sarcosinate; pH 10). After lysis
the slides were placed for 20 minutes in an electrophoresis vat and covered with an alkaline plug (30
mL NaOH 10 N + 5 mL EDTA 200 mM, pH 10 + 965 mL H20O). After lysis the treated slides these
underwent electrophoresis for 20 minutes at 1.16 V/cm (300 mA and 25 V). Then, they were
neutralized ina Tris 0.4 M pH 7.5 during 15 minutes and left in fixative solution for 10 minutes. After
these steps the slides were dyed in silver. The readings of the slides were done through optical
microscopy with a 20x lens. Damage levels were classified from 0 to 4, were 0 (zero) stands for no
damage and 4 (four) means highest damage level (Figure 1). During the object-holder analysis,
apoptotic-like cells were observed, i.e., lack of the comet’s head and the presence of a long tail due to
migration of the damaged DNA (Figure 1F) [21].
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Figure 1. “Comets” images to classify damage according to “tail” size: A = class zero/ undamaged,
B =class 1; C =class 2; D = class 3; E = class 4; F = apoptosis/cell death [21].

2.6.4 Cytogenetic Analysis using Fresh Whole Blood Cell Culture

500 mL of heparin-treated whole blood were used in the cytogenetic analysis. It was set in an
RPMI culture medium supplemented with a 10 % fetal bovine serum and 2 % phytohaemagglutinin
(PHA) cultured for 72 h. Two hours before the test was completed, 100 uL of colchicine were added as
culture. After the incubation period the material was passed to hypotony with KCI 0.075 M and fixed
in a methanol solution: acetic acid (3:1, v:v). The slides were dyed with Giemsa and analyzed using
optical microscopy.

The mitotic index (MI) was evaluated and the metaphases were counted to analyze the presence
of any disorder (Eq. 3).
_ Mitoticcell total

M = e (3)

Cell total

Results were viewed through the one-way variance analysis (ANOVA), as well as the statistical
Tukey-Kramer method. Statistical significance was set at p<0.05.

2.6.5 Atomic force microscopy (AFM) analysis of coated materials

The atomic force microscopy studies of the titanium disks coated with different kinds of
materials (substratum, HA, HA-1% nAg and HA — 3% nAg) were done with a Nanosurf Easy Scan 2
Basic atomic force microscope (Nanosurf, Switzerland) before and after the cito and genotoxicity
studies. Each disk was air-jet dried and scanned by a contact mode using a cantilever Contr 10. The
analysis of the images obtained from the disks surfaces were performed using Nanosurf Easy Scan
software.
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3. RESULTS

3.1 Determination of Optimal Parameter to Apply Nano-silver Containing Hydroxyapatite Coatings by
APS.

The dependencies of particle velocity and particle temperature at 50 mm distance from the
nozzle are shown in figure 2. The results show that the particle temperature and particle velocity are
raised by increasing the operating current, this is due to the increase of the particle’s total energy, and
it results in higher velocity and surface temperature. Helium gas pressure does not show a significant
influence in the particle properties. The stable temperature value is especially interesting because a
lower plasma pressure leads to less charge carrier (figure 2-a). The reduction of the Argon pressure
leads to a significant decrease in the particle temperature since Argon can transport more energy than
Helium due to its higher mass. The maximum particle velocity was achieved at 50 - 55 psi. This can be
a superposition of the higher collision rate at higher pressure and the simultaneously observed
reduction of the operating voltage. In concordance with the analysis by Process diagnostic tool GTV
NIR-Sensor, the optimal parameters to apply the nAg- HA coating are shown in table 1.
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Figure 2. Dependency of particle properties (50 mm distance) with: a) operating current, b) He
pressure, and c) Ar pressure.
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Table 1. Plasma-spraying optimal parameters

Main gas Ar 55 psi
Auxiliary gas He 110 psi
Arc current 600 A
Arc voltage 25V
Spraying distance 50 mm
Powder feeding rate 2 Lb/h
Spraying thickness 200 um

3.2 Surface chemistry and structure characterization

Surface morphologies before and after the powders of nano-silver and Hydroxyapatite were
mixed by shaking, including dark field (TEM) and backscatter electron images (HRSEM); these are
shown in Figure 3. From the dark field image given in Figure 3 (a), it can be seen that nano-silver
powders were agglomerated and presented a semi spherical form. From the backscattering image given
in Figures 3 (b), (c), and (d), it can be seen that the distribution of silver was preferentially located at
the border of the

Figure 3. Photomicrographs of a) nAg powders (TEM), b) HA powders (HRSEM), c), and d) nAg-
HA powders mixture (HRSEM).
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After spraying the nAg-HA powders to form the coating, there was a heterogeneous
distribution of Ag on the surface (figure 4), with plasma spraying of nAg — containing HA, silver is
difficult to distribute homogeneously in the coating [3]. The nano-structure of Ag is partially lost
because the nanoparticles agglomerated to form bigger particles (1 — 10 um).

Figure 4. HRSEM photomicrographs of a) 1%, b) 3% and ¢) 5% of nAg-containing HA coatings
(superficial view).

The cross section was analyzed by STEM. The coating presents a pore-free thickness, with
nano-particle silver (figure 5). Both the superficial and cross section analysis show that the silver
present the combination of two range sizes: microparticles and nano-particles. It may be determined
that the molten silver particles partially form microparticles, but one part of nanoparticles keep their
size.
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Figure 5. STEM photomicrographs of nAg —containing HA coating (cross section).

Figure 6 shows the X-ray diffraction (XRD) spectrum patterns of nAg-HA mixture-powders
and nAg-HA coating. The major phase in all the sample was identified as HA (JCPDS No. 01-071-
5048). A secondary phase identified as Ag (JCPDS No. 01-071-5048) was also found in the coatings to

a small extent.
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Figure 6. XRD pattern of nAg-HA powders and coating.

3.3 Mechanical Properties

Figure 7 shows the coatings bonding strength (HA, HA-1%nAg, HA-3%nAg and HA-5%nAg).
Results are plotted by the mean value of three tested samples with a respective dispersion bar each. As
usual, a huge dispersion of values can be observed mainly due to the nature of the metal-ceramic
coatings [22]. From this figure, it can be clearly seen that the bonding strength for the HA coating was
considerably increased by adding nAg to the mixture. The higher bonding strength was achieved by
the higher Ag contents. The strength adherence was 29, 32, 37 and 39 MPa for the HA coatings with O,
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1, 3 and 5% nAg respectively. After adhesive testing, the typical fractographs of the specimens are
shown in Figure 8. A mixed cohesive and adhesive failure mode was observed in the 5% nAg-HA
coating, while in the HA coating, the failure mode was completely cohesive. Cohesive failure occurred
in the coatings lamellae, and adhesive failure occurred at the coating and substrate interface. Generally,
the smaller the area with cohesive failure, the higher the bonding strength of HA coatings [23].
Cohesive strength is dominated by coating structure, such as crystallinity, porosity, cracks and
lamellae texture.
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Figure 8. Fracture surface of a) HA and b) 5% nAg- containing HA coatings after ASTM C633 tensile
test.

On the other hand, with purpose of measuring the nano-mechanical properties of the HA and
HA-5%nAg the Oliver and Pharr method with controlled cycles was used [28]. The basic analysis of
nano-indentation load-displacement curve (P-h) was established based on the elastic contact theory
given by Sneddon [29] and Doerner [30]. The following equation was used to determinate the elastic
modulus.
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where f is a constant that depends on the geometry of the indenter (p = 1.034 for a Berkovich
indenter), E; is the reduced elastic modulus, which accounts for the fact that elastic deformation occurs
in both the sample and the indenter, and A is the function of the contact area of penetration depth or
displacement (h).

Figure 9 shows the characteristic curve load-displacement in nano-indentation for the HA and
HA-5%nAg, and in this case, the maximum load was a 5 mN, yielding a maximum displacement of
hmax=185 and 199 nm respectively.

——HA Coating
—— 5% nAg - containing HA Coating

o % 10 15 200
Penetration depth, h (nm)

Figure 9. Penetration depth-load curves of the samples HA and HA-5%nAg.

The mechanical properties such as stiffness, elastic modulus and hardness of the HA and HA-
5%nAg samples obtained by nano-indentation are show in Table 2.

It clearly shows that the best sample with mechanical properties was the HA-5%nAg, with
values: Stiffness, S=111350 + 40 GPa, elastic modulus, E=138 + 1.0 GPa, and hardness, H=9.34 +
0.5GPa.

Table 2. Results of the stiffness, elastic modulus and hardness of the HA and HA-5%nAg samples.

HA 100060 + 50 129+ 0.6 7.10+0.5
HA-5%naAg 111350 + 40 138+ 1.0 9.34+0.5
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3.4 Antibacterial Test

The antibacterial ratios of the nAg- containing HA coatings are shown in Table 3. Results show
that the antibacterial ratios exhibit more than 99% (minimum antimicrobial ratio limit) for all of the
three bacterial species when those are in contact with 1, 3 and 5 % nAg — containing HA coatings.
Graph 1 shows the values of antimicrobial activity based on the JIS Z 2801:2000 standard. It was
observed that only 1, 3 and 5% nAg —HA coatings are higher than 2.0, the limit value for the
antimicrobial efficacy of antimicrobial products. It indicates that the plasma-sprayed nAg —HA
coatings developed in this study exhibit excellent antibacterial ability.

Table 3. Antibacterial ratios of nAg — containing HA coatings over Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 29213, and Pseudomonas aeruginosa ATCC 27853.

Hydroxyapatite 2.24% 28.31% 0.00%
Ti6Al4V Substrate 50.27% 0.00% 0.00%
0.5% nAg - HA 0.00% 43.73% 0.00%
Coating

1% nAg - HA 99.99% 99.71% 99.99%
Coating

3% nAg - HA 100.00% 99.99% 100.00%
Coating

5% nAg - HA 100.00% 100.00% 100.00%
Coating

M Escherichia Coli

i Staphylococcus Aureus

M Pseudomonas Aeruginosa

Antimicrobial Efficacy Limit

Value of Antimicrobial Activity
I
1

Graph 1. Antibacterial activity values of nAg- containing HA coating applied by APS.
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3.5 Electrochemical Process Effect of Silver Nano-particle

From the potentiodynamic polarization curves (figure 10), it can be seen that HA-nAg coatings
showed a higher current density than the Ti6AIl4V substrate, thus indicating the great effect of silver
particles in the electrochemical reaction. Likewise, all curves indicated that the corrosion mechanism
was of the general type, since the polarization curves did not show a hysteresis current. Tables 4 and 5
show the current density (Icorr) in SBF solution at 25 and 37 °C. The current density of the nAg-HA
coatings in SBF solution was found to be higher in the HA-nAg coatings than in the Ti6Al4V substrate
at both temperatures. This is due to the presence of nAg in the coating, since silver shows a high
oxidation kinetic. This is likely to be related to the difference in the activation path between the micro-
galvanic couples in the nAg embedded Ti6Al4V samples. Activation of micro-galvanic couples is
rapid on the surface when the sample is immersed in a solution, but activation of the micro-galvanic
couples beneath the surface is slower and controlled by the lattice defect density in the near surface.
The lattice defects caused by ion implantation provide fast diffusion paths for chloride ions (CI') from
the solution, and facilitate activation of the micro-galvanic couples underneath [11].

SBF solution 25°C 1 SBF solution 37°C

Potential (V vs ESC)
Potential (V vs ESC)

1E8 1E-7 1E-6 1E-5 1E4 1E-3 0.01

Figure 10. Potentiodynamic polarization curves of Ti6Al4V and 1%, 3%, and 5% nAg-containing HA
coatings in SBF solution at 25 and 37°C.

Table 4. Parameters obtained by the Tafel polarization method in SBF solution at 25°C.

Icorr (A/lcm®) 1.75E-6 20.34E-6 25.61E-6 29.55E-6
Ecorr (mV)vs  -605 -1092 -1055 -1086
ESC
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Table 5. Parameters obtained by the Tafel polarization method in SBF solution at 37°C.

[ ! 3.63E-6 20.70E-6 24.90E-6 59.67E-6

corr (A/cm?)
Ecorr (mV)vs  -669 -1078 -1071 -1093
ESC

Later on, the coatings were electrochemically evaluated by microscopy. Figure 11 shows the
surface morphology of the HA, HA-1% nAg, HA-3% nAg and HA-5% nAg. In all cases, SEM
photographs show a new apatite on the surface, revealing that coatings can induce bone-like apatite
formation on the surface, suggesting desirable bioactivity [3]. Formation of bonelike apatite is an
important indicator for implants to make direct bond to living bone. This study indicates that silver
does not affect the bioactivity of HA.

b)

Apatite

|

Apatite

Figure 11. HRSEM photomicrographs after electrochemical test of a) HA, b) 1% nAg-HA, c) 3%
nAg-HA and, d) 5% nAg-HA coatings.

3.6 Silver and Calcium lon Release

Silver release in PBS solution as a function of time is illustrated in Figure 12. At first, the level
of silver released from the 5% nAg — containing HA coating in PBS solution increases quickly. The
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peak concentration of silver released from the 5% nAg —HA in SBF at the end of 168 hrs was 3.9 ppb.
This value is considered negligible. For 1% and 3% nAg- containing HA coatings, the silver released
was not detected at any time. These results are very important; as the coatings developed in the
present research did not release silver, the antimicrobial activity mechanism with the Escherichia coli,
Staphylococcus aureus and Pseudomonas aeruginosa strains is not associated with silver ions release.

Ag ions released in PBS at 37°C
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Figure 12. Concentration of silver ions in PBS at 37°C after immersion of 1%, 3%, and 5% nAg-
containing HA coatings for different times.

The concentration of calcium ions in PBS after immersion of 1%, 3%, and 5% nAg- HA
coatings was monitored, and the results are shown in Figure 13. The concentration of calcium ions in
PBS after 3% nAg- HA coating was higher than 5% and 1% nAg- HA coatings. These results indicate
that the calcium released by the coatings is an effective via to increase the calcium level in the solution
in contact with these coatings, and it enhances the possibility of apatite deposition on the surface of the
prosthesis to improve bone — prosthesis adherence.

Ca ions released in PBS at 37°C
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Figure 13. Concentration of calcium ions in PBS at 37°C after immersion of 1%, 3%, and 5% nAg-
containing HA coatings at different times.
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3.7 Cytotoxicity

In relation to a cytotoxicity cell viability, the measurements taken after 1 and 6 h contact did
not show significant differences compared to the negative control; however, after 24 h, an increase of
cell viability mainly to HA-1% nAg is observed (Figure 14).
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Figure 14. Relative cell viability index after 1, 6 and 24 h exposure for each treatment.

Nevertheless, this decrease in cell viability seems normal in all treatments compared to
Ti6AI4V (Figure 15), mainly observed in coatings HA-1%nAg and HA-3%nAg which showed a
relative cell increase after a 24 hr period.

—— Negative Control
TiBAIY

HA
5 - —— HA1% nAg
HA-3% nAg

Relative Index

Time (hours)
Figure 15. Relative growth index for each treatment after 1, 6, 24 and 48 h. Each relative index was
obtained in relation to Ti6AI4V.

In relation to a cytogenetic assay, the coating evaluation results indicate that HA — 1% nAg
coating produced a final mitotic index similar to the negative control (Figure 16); thus, showing good
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cellular growth behavior after a period of 72 h. Metaphase analyses of damage results show no
chromosome alteration.
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Figure 16. Cytogenetic analysis in relation to each treatment’s mitotic index (Neg control, Ti6AI4V
and HA).

In relation to a genotoxicity in Comet Assay results of the Single Cell Gel Electrophoresis
Assay (SCG), more damage on the non-coated samples (Ti6Al4V), HA and HA — 3% nAg was
indicated. The least toxic coating was HA-1% nAg (Figure 17). However, these analyses show the
potential capacity of HA-1% nAg coating to cause genotoxicity; nevertheless, it is possible to repair
the damage during cell division process.

18
o 14
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Qs

0

Control HA-3%nAg

Figure 17. Comet Assay results obtained from each treatment (Substratum, HA, HA-1% nAg and,
HA-3% nAg). *Means significant differences between the treatment and control (p<0.05).

3.7.1 Atomic Force Microscopy analysis

In order to characterize the coatings surface, the coating analyses were performed by atomic
force microscopy before and after the cyto- and genotoxicity assays. After that, the samples were
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removed from the cell culture medium and dried with an air flow, and subsequently analyzed by AFM.
Figure 18 shows the micrographs obtained from the different coatings (Substrate, HA, HA-1% nAg
and HA-3% nAg).

Figure 18 shows that the surface substrate characteristics (Figure 18-A) are quite different from
those observed in hydroxyapatite coated surfaces (with or without silver nano-particles, figures 18 B-
F). The morphology observed by the hydroxyapatite coated surfaces is very similar to that described in
the literature [27].
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Figure 18. AFM micrographs of the samples before (left) and after (right) cito and genotoxicity
studies. A) Substrate, B) HA, C) HA-1% nAg and D) HA-3% nAg. All samples were scanned
ina 20 um X 20 pm area.
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The images of hydroxyapatite coatings containing silver nanoparticles before treatment are
often more irregular than those observed on the surface coated only with HA. These irregularities
(spheres) may be due to aggregates of silver nanoparticles on the surface of the materials.

The images obtained after the toxicity analysis showed that no changes in the morphology of
the materials were observed (substrate and coated surfaces), indicating that the exposure of these
materials in the cell culture medium did not affect their surface.

4. DISCUSSION

One of the major challenges in plasma sprayed HA coatings is the retention of phase purity and
crystallinity. Decomposition of HA and the formation of amorphous phases are common occurrences
in traditional plasma spray systems due to the high temperature of the plasma arc and the rapid cooling
on the relatively cool substrate. The melt ratio (the ratio of the mass of not melted portion of a HA
particle to the melted portion) is a key parameter in retaining phase purity and crystallinity. A high
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melting ratio usually results in a great amount of decomposed phases and amorphous phases. Research
has shown this with increasing amounts of decomposed HA and the less stable HA amorphousness [8].
The plasma set-up in this study used a sub-sonic nozzle. The HA particles were discharged at high
speed, 378 m/s, in the lower region of the plasma arc, where the temperature is relatively low (2450°C)
and, therefore, phase decomposition and amorphous phase formation are restricted due to reduced
exposure to the plasma flame. The XRD data, shown in Figure 6, evidence that the HA phase is
similar before and after being sprayed by APS, with the only difference being a major crystalline grid
pack order in the nAg-HA coating. Since in the present coatings did find only an a-TCP and B-TCP;
hence, it is possible to avoid void formation in the long run. The adhesive strength of the coatings
(Figure 7) showed an increased value of the strength adhesion, resulting from the increment of the of
nAg percentage that increases the cohesive strength of the HA matrix. The maximum strength
adhesion was 38 MPa at 5% nAg/HA coating, higher than the maximum strength reported in the
literature [8]. The mixture developed in the present study suffered a cohesive — adhesive failure. The
failure mode observed in the 1, 3, and 5% nAg-HA coatings demonstrated that the addition of nAg at
HA coating modified the common failure mode observed in HA coatings. The cohesive failure is the
common failure mode in HA coatings [8] (as shown in Figure 8-a). On other hand, the increase of
nano-indentation properties justifies the increase of coating strength adhesion in function of nAg
quantity, and as established by Nath et al, the Ag can be incorporated in HA lattice. Typically, the
complex crystal structure of HA is described by the Ca triangle around the OH column. In the presence
of Ag, one of the Ca*" sites can be substituted by Ag", allowing the increase of mechanical properties
[31].

The antibacterial ratio of 99 % or a value of antibacterial activity of 2.0 was achieved
(minimum value for an antimicrobial product) [18] over Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa for a 1% nAg — containing HA coating. This silver content of 1% is lower
than the percentage reported in the literature in the same bacteria [19]. An important factor in utilizing
Ag as an antimicrobial agent in coatings is the ability for long-term sustained action, while minimizing
the potential cytotoxic effect of the cation. It is unclear how silver actually kills bacteria. In a number
of studies on this topic [9, 11, 32, 33], several possibilities and theories have been proposed. The
bactericidal activity of silver is dependent on the application method. Smaller sized silver
nanoparticles (<10 nm) were demonstrated to have higher antibiotic activity than the larger particles
[24]. A silver coating containing silver nanoparticles will slowly release ions into the coating layer and
subsequently the solution. One of the antibacterial mechanical theories is that silver ions will bind to
the bacterial membrane and proteins, causing cell lysis [25]. It is very important to mention that the
coatings developed in the present study did not release Ag ions in PBS solution. This indicates that the
last theory regarding the bactericidal effect of Ag does not apply.

Cao et al. (2011), report that the micro-galvanic couples formed by the nAg and Ti matrix play
an important role in the interaction with the attached cells. Their study mentions that the proton
depleted regions may disrupt the proton electrochemical gradient in the bacteria’s intermembrane
space, and interfere with adhesion and proliferation. The disruption of the transmembrane proto
electrochemical gradient may inactivate ATP synthesis, ion transport, and metabolite sequestration,
ultimately leading to cell death [11]. In another study, Cao et al. (2013), report that in darkness, the
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““bacterial charging’’ process occurs, that is, electrons generated by bacteria are readily transferred
from the bacterial membranes to the ceramic surface (i.e. Titanium Oxide Coating) and finally stored
on the nAg due to the Schottky barrier effect at the nAg/ceramic interface which blocks electron—hole
recombination, as well as the Helmholtz capacitance effect at the nAg/solution interface which limits,
to some extent, the release of accumulated electrons to the adjacent solution. Consequently, valence-
band holes (hyg") accumulate at the ceramic side adjacent the boundaries at nAg/ceramic, leading to
notable oxidation reactions and biocide action. And these valence-band holes (h*) may directly react
with the membrane lipids based on the electrostatic effects or stimulate catalytic oxidation, inducing
pore formation on the outer membrane and eventually cell lysis [9]. Both antibacterial mechanisms
may be applied with the nAg containing the Hydroxyapatite coating developed in the present study, as
the nAg interact with the HA matrix as well as with the substrate (Ti6AI4V).

The electrochemical test shows that the nAg — HA coatings applied by APS developed under
the current methodology generated a high corrosion current (Icorr) from 20.00E-6 A/cm? to 60.00E-6
Alcm?® (1%nAg-HA to 5%nAg-HA respectively). The behavior of Icorr values is similar to
antimicrobial activity values. This indicates that the antibacterial mechanism is dominated by the
electrochemical reactions generated between both substrate-coating interface and coating matrix, led
by the nAg content. In order to justify the afore mentioned behavior, the killer mechanisms proposed
by Cao, et al. are the most appropriate. Due to the fact that the coatings developed in the present study
generated higher Icorr values than those reported by Cao, et al., a 1 % of nAg is justified as enough to
obtain an antibacterial ratio of 99 %.

Another result obtained in the present study is related to the good cytotoxic properties of the
nAg containing HA coating. It is associated to a lower level of silver ion release (in the ppb order). The
findings suggest that nAg is toxic because the out-leaching of silver ions and nAg alone are not a direct
source of toxicity [26].

5. CONCLUSION

1, 3, and 5% nAg- HA coatings were developed by APS, optimizing the parameter by online
diagnostic of thermal HVOF- and plasma spraying processes. The nAg - HA coating applied by APS
exhibit excellent bactericidal ability against the Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa from a 1% nAg — HA coating (upon 99% antibacterial ratios). The
antibacterial mechanism occurs in both antibacterial mechanisms proposed by Cao et al: 1) Disruption
of transmembrane proton electrochemical gradient and 2) ‘‘bacterial charging’’ process. The coatings
did not release Ag ions into the PBS solution. The addition of nAg to HA coatings enhanced the
adhesion strength (upon 32 MPa) and promoted the change from the cohesive failure mode to
adhesive-cohesive failure mode due to the increase of the nano-mechanical properties of the HA
matrix associated to the nano-particle Ag content. The 1% nAg - HA coating developed by APS
presented good cytotoxic properties.
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