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ABSTRACT

In present study, Ag-doped TiO2 bioceramic coatings are fabricated on cp-Ti by plasma electrolytic oxidation (PEO) and
physical vapor deposition (PVD). The phase composition, surface microstructure, elemental composition, surface topography,
wettability and chemical state of the PEO and Ag-doped TiO: surfaces are characterized by using powder- and thin film-X-ray
diffraction (TF-XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), surface profilometer and
contact angle measurement system (CAM), respectively. The PEO coating’ surface is porous and rough due to the nature of
process. The Ti, anatase-TiOz, rutile-TiO2 and Agz20 phases are detected on the Ag-doped PEO surfaces by TF-XRD while The
Ti, anatase and rutile phases are obtained on the PEO surfaces. The surface morphological structures of the PEO and Ag-doped
PEO coatings are nearly identical although the surface chemistry of it is changed by PVD process. The Ti, O, P and Ag elements
are observed on the Ag-doped PEO surfaces by EDS. Also, the amount of Ag existed on the surface is below cytotoxic limit. The
Ag-doped PEO surfaces indicate better hydrophilic character to the PEO surface owing to increasing polarity of the surfaces. In
vitro hydroxyapatite-forming ability is evaluated by immersion in simulated body fluid (SBF) at 36.5 °C for 28 days. The Ag-
doped PEO surfaces show good hydroxyapatite formation ability compared to the PEO surface. The antibacterial activity is
evaluated by exposing the samples to Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). And then, they are
compared by the reaction of the pathogens to Ag-doped PEO with the PEO controls. The antibacterial ability of the Ag-doped

PEO surfaces is significantly improved respect to the PEO surfaces for S. aureus and E. coli.
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1. INTRODUCTION

Titanium and its alloys have light weight, high specific strength, great corrosion resistance and
biocompatibility. So, they have preferred in the field of biomedical applications (e.g. artificial joints,
dental and orthopedic implants) [1-3]. Especially, commercially pure titanium (cp-Ti) is widely used
for dental implant applications [4, 5]. The passive protective oxide layer naturally forms on titanium.
However, the passive layer on titanium cannot chemically and biologically bond to bone tissue due to
its bioinert nature (low bioactivity). This directly prevents the adhesion of bone cells on titanium
implant surface after the surgical implantation [6, 7]. Therefore, in order to enhance bioactivity, TiO>
and/or hydroxyapatite-based bioceramic structures are coated on titanium implant surfaces by various
surface modification techniques such as plasma spray [8-10], sol-gel [11, 12], acid etching [13] and
sand blasting [14, 15]. Unfortunately, these techniques exhibit some limitations such as low adhesion,
phase impurity and poor durability [1].

Plasma electrolytic oxidation (PEQ), also known as micro arc oxidation (MAQ), could be suggested
versatile method for biologically enhancing the surface characteristics. The PEO produces bioactive
and biocompatible ceramic coating on light metals such as titanium, magnesium and zirconium [16-
19]. Also, the PEO is a relatively novel electrochemical surface treatment using a hybrid of
conventional electrolysis and plasma arc discharge in an alkaline electrolyte solution under high
voltage [20, 21]. The quality of the PEO coatings can be controlled by electrolyte, pH and electrical
parameters (e.g. voltage, time and frequency). The PEO technique fabricates micro porous and highly
adherent bioactive and biocompatible layers on Ti-based implant surfaces [22]. The other advantages
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of PEO technique are its low cost, simplicity, producibility of complex compounds and formability of
uniform coatings on complex geometries [23].

The PEO coatings on Ti-based implant surface are porous and rough. It has been stated that the PEO
surfaces exposed to the oral cavity could be at a higher risk of bacterial accumulation [24]. Bacterial
accumulation leads to begin bacterial infection under body conditions. This situation induces
mucositis and/or peri-implantitis. Eventually, it resulted in destroying dental implants [25]. Therefore,
in order to prevent initial adhesion of bacteria, antibacterial agents are presented on the implant
surfaces. It is well known that Ag is an important antibacterial agent. Thus, it has got more attention
for biomedical implant applications in recent years [26, 27].

The antibacterial properties of the TiO./calcium phosphate-based PEO coatings on cp-Ti are enhanced
by using Ag. For this purpose, some literature studies have been conducted [28-32]. Song et al.
fabricated silver- (or platinum-) containing tricalcium phosphate and hydroxyapatite-based calcium
coatings on cp-Ti substrates. And then, in vitro antibacterial activity and in vitro cytotoxicity were
evaluated in that work [28]. Jia et al. investigated the cytotoxic and antibacterial properties of the Ag
nanoparticles containing TiOz-based micro porous PEO coatings on Ti substrates [29]. Wang et al.
evaluated the antibacterial and cytotoxic properties of the Ag nanoparticles containing TiO.-based PEO
coatings on Ti substrates [30]. Zhang et al. fabricated the Co-doped Ag nanoparticles containing TiO>
coatings on Ti by PEO technique. And then, they investigated in vitro antimicrobial activities of them
[31]. Teker Aydogan et al. produced the Ag-nanoparticles containing hydroxyapatite-based surface on Ti
(Grade 4) by PEO process. The antibacterial (against S. aureus) and cell (SAOS-2) characteristics of Ag-
nanoparticle-based surfaces were compared with base PEO surfaces [32]. In these studies, Ag-
nanoparticles containing TiO-/hydroxyapatite-based surfaces were fabricated. Antibacterial properties of
the coatings were improved respect to the plain PEO surfaces. In terms of antibacterial properties, the
obtained results are very attractive and promising for biomedical implant applications. However, in vitro
apatite forming ability (bioactivity) of these surfaces has not been investigated yet. Moreover, there is
no information about homogeneous distribution of antibacterial Ag nanoparticles on the PEO surface.

There are a few literature studies on the fabrication and investigation of antibacterial properties of the
Ag-incorporated PEO coatings by using combined hybrid production processes [33-36]. Zhang et al.
produced the Ag-incorporated PEO coatings by combined magnetron sputtering (MS) and plasma
electrolytic oxidation (PEO). As a first step, the Ag target was deposited on Ti substrate by MS
technique and an AgTi layer was fabricated on Ti substrate. And then, as a second step, Ag-
incorporated TiO, layer was formed by PEO technique. And then, antibacterial properties of these
surfaces was investigated [33, 34]. Durdu et al. fabricated the Ag-incorporated PEO coatings on Ti
substrate by combined PVD and PEO. Initially, the Ag nano layer that had thickness of 25 nm was
accumulated on Ti by TE technique. Following to TE process, as a second step, Ag-incorporated TiO»
layer was fabricated in Na,SiOs; and KOH-based electrolyte by PEO technique. Also, in vitro
properties of these surfaces were evaluated [35]. Zhang et al. produced the antibacterial TiO, coating
incorporating silver nanoparticles by plasma electrolytic oxidation and ion implantation. Cell culture
and microbial tests of these surfaces were carried out in that work [36]. In these studies, surface
chemistry, morphology and wettability of both surfaces was changed compared to each other.
Furthermore, the Ag was observed in- and/or near- micro discharge channels whereas the reported
results are promising addressing the aforementioned problems such as antibacterial properties.
Eventually, bacterial adhesion can be occurred on the surface regions except for micro discharge
channel regions. However, it has not been clear bioactivity and antibacterial effects of Ag-deposited
nano layer on TiOz-based PEO bioceramic surfaces yet. There is no information about this work in
literature. Thus, the fabrication, characterization and investigation of in vitro biological properties (e.g.
bioactivity and antibacterial characteristics) of Ag-nano layer on bioceramic surfaces by combined
PEO and PVD techniques were decided in this work.
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The main objective of this work is to prepare an antibacterial and bioactive Ag-doped TiO; surfaces on
cp-Ti substrates by combined PEO and PVD processes. Initially, a bioactive and biocompatible
anatase and rutile-based TiO; bioceramic structures on cp-Ti substrate were coated by PEO technique
in an alkaline electrolyte, consisting of NasPO, and KOH in deionized water. And then, an Ag nano
layer had average thickness of 5 nm was deposited on the PEO coatings by PVD technique. The phase
composition, surface microstructure, surface topography, elemental composition and wettability of the
PEO and the Ag-doped PEO coatings were characterized by powder-XRD, TF-XRD, SEM, EDS,
surface profilometer and CAM, respectively. And then, in vitro bioactivity under immersion in SBF
for 28 days and in vitro microbial properties for gram positive (S. aureus) and gram negative (E. coli)
bacteria was investigated in detail.

2. EXPERIMENTAL DETAILS
2.1. Sample Preparation at Pre-Coating Processes

Rectangular commercially pure titanium (cp-Ti) plates had the sizes of 65mm x 25mm x 5mm were used
as substrate sample. All surfaces of the cp-Ti samples were abraded with SiC papers of 200, 400, 600,
800, and 1200 grit in turn, respectively. And then, they washed in an ultrasonic bath for 30min with
deionized water and acetone. Eventually, the cp-Ti plates were dried in a stove at room temperature.

2.2. Plasma Electrolytic Oxidation (PEO)

The PEO process was carried out on cp-Ti plates by using an AC type high power supply (with
maximum 100 kW). The cp-Ti substrate served as anode while a stainless steel container was used as
cathode. The alkaline electrolyte consisted of sodium phosphate (Naz(PO.).) and potassium hydroxide
(KOH) was prepared in deionized water. The PEO process was performed on a constant current mode
in the 0.230 A/cm? for 10 min. And then, porous and rough bioceramic coatings were formed on cp-Ti
surfaces. The temperature was below 30 °C by a water cooled chiller in a double wall container
throughout the PEO. After the PEO was completed, the coatings were washed in deionized water.
Afterwards, they dried in a stove at 35 °C for 24 h. All samples were protected in desiccators.

2.3. Physical Vapor Deposition (PVD)

An Ag nano layer (Alfa Aesar 99.99 % purity) was deposited on the PEO surfaces at 25 °C at pressure of
3x10° mbar in a vacuum-controlled thermal evaporation system by PVD (Vaksis 2T). The base pressure
of vacuum-controlled chamber was about 1x10”7 mbar. Ag-powders were evaporated in a tungsten boat.
And then, they were deposited on the PEO surfaces. Average thickness of Ag-nano layer was measured
as about 5 nm by a quartz crystal thickness monitor (QCTM) attached to PVD device. The deposition
rate was kept as 0.1 nm/s during PVD. The current was gradually increased up to 40 A. Eventually, the
Ag were deposited onto the PEO surfaces. The photographs of all samples are shown in Figure 1.

a) b) c)

¢

B0 2

Figure 1. The photographs of the samples: a) cp-Ti substrates, b) the PEO coating and ¢) Ag-doped PEO coating
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2.4. Characterization of the Surfaces

The phase compositions of the PEO and Ag-doped PEO surfaces were investigated by powder-XRD
(Bruker D8 Advance) and TF-XRD (PANalytical X’Pert PRO MPD) with Cu-Ka radiation at a
scanning speed of 0.1° min from 20° to 90°, respectively. The surface microstructures and elemental
compositions of both surfaces were analyzed by SEM (Philips XL30S FEG) and EDS at pre- and post-
immersion in SBF (in vitro bioactivity tests), respectively. The 3-dimensional surface topography was
evaluated by surface profilometer (KLA Tencor P-7). The surface profile values were achieved by a
scanning area of 500um x 500um in 3-D. The average contact angles of the surfaces were measured
for 60 s after the deionized water droplet with vol. of 1 pL was contacted onto the surfaces by using
sessile drop technique CAM (Dataphysics OCA 15EC) system.

2.5. In vitro Bioactivity Tests of the Surfaces

The PEO and Ag-doped PEO coating samples were immersed at 36.5 °C in 1.0 X SBF. The SBF ion
concentrations were nearly equal to those in human blood plasma. The SBF was prepared by
dissolving reagent grade chemicals of NaCl, NaHCO3;, KCI, K;HPO4.3H,0, MgCl,.6H.0, CaCl,, and
Na,SO;, in deionized water, respectively. And then, they buffered at pH 7.4 with (CH,OH);CNH (tris-
hydroxymethyl-aminomethane) and 1.0-M hydrochloric acid (Titrisol®) at 36.5 °C [37]. SBF was
refreshed through every 24 h. Thus, the ion concentration was maintained for 28 days. After
immersion process was completed on 28 days, the samples were removed from the SBF. Then, they
washed with deionized water and dried under room temperature. The phase compositions, surface
morphology and elemental composition of both immersed surfaces were analyzed by TF-XRD. SEM
and EDS, respectively.

2.6. In vitro Antibacterial Activity of the Surfaces

Antibacterial activities of the PEO and Ag-doped PEO surfaces were evaluated against Gram negative
E. coli and Gram positive S. aureus by using colony counting method. The coating surfaces were
immersed in 5.0 mL of the bacterial suspension (1x10” CFU/mL) and incubated for 24 h 37 °C. After
incubation, all samples were washed with 150 mM NaCl. And then, each sample put into a tube
containing 2 mL phosphate buffer solution and shaken on a vortex for 2 min to detach the bacteria
from the surface into the solution. Aliquots of 100 pL of the solution were plated onto Muller Hinton
Agar (MHA) plates, incubated at 37 °C for 48 h and then the active bacteria colonies were counted.
All characterization and in vitro experiments of the surfaces were carried out in triplicate.

3. RESULTS AND DISCUSSION
3.1. Powder-XRD Analysis of the PEO Coatings

The phase compositions of the PEO coating were analyzed by powder-XRD as shown in Figure 2.
Titanium (JCPDS card number: 044-1294), anatase-TiO, (JCPDS card number: 21-1272) and rutile-
TiO2 (JCPDS card number: 21-1276) phases were detected on the PEO surface. In addition to the
existence of Ti phase, mainly anatase and rutile were observed on the PEO surface. TiO, structure is
continuously produced on the cp-Ti surface under high anodic potential through the PEO process by
the electrochemical ionization reactions. An alkaline electrolyte contains Na*, K*, POs* and OH- ions.
After the PEO device starts, the Ti metal immersed into alkaline electrolyte ionized positively charged
Ti* ions. Simultaneously, positively charged Ti** ions react with negatively charged OH- ions because
of the presence of opposite charges through the PEO. The opposite charged of Ti*" and OH- ions
preferentially combine with each other. Eventually, porous and rough TiO layer forms on the cp-Ti
substrate. TiO- (titania) structure has three polymorph such as anatase, rutile and brookite. The rutile
is thermodynamically more stable than the anatase. Primarily, metastable anatase forms at low
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temperatures on the cp-Ti through the PEO process. And then, it transforms to stable rutile at high
temperatures owing to high pressure and sintering effect inner layer of the coating at the next step of
the PEO process. The phase transformation of anatase to rutile occurs during the PEO process. The
anatase to rutile transformation is not instantaneous; it is time dependent since it is reconstructive [38].
All reactions through the PEO process are below:

Dissolution reactions in electrolyte:

NazPOs — Na+ + PO43' Eq 1
KOH — K*+ OH" Eq. 2
Cathodic reactions:
2H.0 + 26 — H, + 20H Eq. 3
Anodic reactions:
Ti — Ti** + 4e” Eq. 4
Ti** + 40H — TiO, + 2H,0 Eq.5
300 5
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Figure 2. The powder-XRD spectra of the PEO coating

3.2. TF-XRD Analysis of the Ag-Doped PEO Coatings

The phase compositions of the Ag doped on the PEO surface were detected by TF-XRD as seen in
Figure 3. The Ti (JCPDS card number: 04-004-8480), TiO, (JCPDS card number: 01-070-2556),
anatase-TiO, (JCPDS card number: 01-083-5914), rutile-TiO, (JCPDS card number: 04-006-8034)
and Ag.O (JCPDS card number: 01-078-5867) phases were detected on the Ag-doped PEO surface.
The TiO,, anatase and rutile phases exist as the major phases while a trace amount of Ti and Ag.O
phases obtain on the Ag-doped PEO surface. An Ag layer has thickness of about 5nm is deposited
onto the PEO surface under high vacuum conditions by PVD technique. The PEO layer on cp-Ti
contains mainly oxide structures such as stable anatase- and rutile-TiO, at constant deposition
temperatures. So, The Ag cannot react with stable oxide structures in PEO layer. Also, it maintains its
metallic existence under vacuum conditions during PVD process. However, oxygen affinity of it is
high to other IB elements such as Au and Cu. Thus, after the Ag-doped PEO surfaces remove the
vacuum chamber, accumulated Ag atoms on the PEO surface combine with free oxygen gaseous (O2)
in air conditions. As a result of this, Ag deposited on the PEO surface reacts with O, gaseous in air at
post-production process in PVD system and stable Ag»O structure form on the PEO surface at post-
production process in PVD. A trace amount of crystalline Ag.O was detected by TF-XRD as seen in
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Figure 3 surface since the amount of Ag-deposited on the PEO is low. The predicting formation
mechanism of Ag.0 is below:

4Ag +0;, — 2Agzo Eq. 6
300 4 .
v Ti
- ® Anatase-TiO,
250 4 = Rutile-TiO,
& TiO,
200 x Ag,0
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Figure 3. The TF-XRD spectra of the Ag-doped PEO coating

3.3. SEM Analysis of the Coatings

The surface microstructures of the PEO and Ag-doped PEO coatings were illustrated in Figure 4a and
Figure 4b, respectively. As seen in Figure 4a and Figure 4b, there are many different-sized circular
and spherical porous crater-like volcano structures on both surfaces. The micro sparks with high
energy occur through the PEO process cause to form micro discharge channels on the metallic
substrate. The high energy of micro sparks which provides local pressure and temperature of
approximately 10% - 10° MPa and 10° - 10* K, respectively [39]. These values are high enough to give
rise to plasma thermochemical interactions between cp-Ti substrate and alkaline electrolyte. The melt-
guenched high-temperature complex oxide compounds on cp-Ti substrate surface formed by these
plasma thermochemical interactions. The complex oxide compounds contain both the substrate
material and electrolyte-borne modifying elements [21]. It is evident that the PEO surfaces contain
distributed dark circular and spherical spots. These structures are called as micro discharge channels.
The local higher temperature occurred in micro discharge channels, the short discharge lifetime and
high cooling rate during PEO reduce the effective temperature of film synthesis [40]. However, high
temperature values occurred through the PEO process is greater than sintering temperatures of anatase
and rutile-based oxide structures on cp-Ti substrate. The micro discharge channels make contact
between cp-Ti and the bioceramic coating due to open structure. So, the existence of porous surface
structure is interested with the micro discharge channels. However, the surface morphology of the
PEO coatings does not change by PVD process. In previous study, the surface morphology of the PEO
coatings on Ag-deposited Ti substrates produced by PVD process were considerably changed
compared to the PEO coatings on cp-Ti substrates [35]. Similarly, in another study, the surface
microstructures of plain PEO and the PEO coatings on AgTi layers fabricated by PVD-MS (magnetron
sputtering) technique were different from each other [33, 34]. However, in this study, the porous and
rough surface of the Ag-doped PEO coating are maintained because the Ag layer was deposited on the
PEO surfaces at nanometer scale. This is beneficial for the apatite formation as seen Figure 7. In
addition to Figure 4, the surfaces of them are very rough as seen in Figure 5.

22



Durdu / Eskisehir Technical Univ. J. of Sci. and Tech. A — Appl. Sci. and Eng. 20 (1) — 2019

a)

Ag-Based
MAO

| u”ll'“' 'y

400

Figure 5. Surface topographies of the coatings: a) the PEO coating and b) Ag-doped PEO coating
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3.4. EDS Analysis of the Coatings

The elemental amount on the PEO and Ag-doped PEO surfaces were determined by EDS as given in
Table 1. Additional Ag element was observed on the Ag-doped PEO surface as the Ti, O and P
elements were detected on both surfaces. A high amount of Ti and O elements obtained on both
surfaces as supported in Figure 2 and Figure 3. The presences of them originate from the cp-Ti
substrate and TiO-based surface. However, both coating structures have low amount of P element.
Also, elemental or compound P structure could not be detected on the surfaces by powder- and TF-
XRD whereas the coatings contain elemental P element as seen in Table 1. The P element comes from
anionic PO4* ions in alkaline electrolyte. The anionic PO4* ions can react with cationic Ti*" ions
through the PEO process due to the electrostatic interactions of opposite charges. However, reaction
products could not transform to crystalline form since they could not be detected by powder- / TF-
XRD as shown in Figures 1 and 2. Therefore, it can be stated that the elemental / compounds P
structures are found amorphous form on the surfaces. Moreover, a trace amount of Ag was observed
on the Ag-doped PEO surface. This arises from the deposition of Ag on the PEO surface. The amount
of Ag is below cytotoxic limit as reported in literature [41].

Table 1. EDS spectra results of the PEO and Ag-doped PEO coatings.

Elements The PEO coating Ag-doped PEO coating
W%/loght Atcg/Tlc Net Error Weight % Atc;/t;nlc Net Error
0 30.53 54.87 0.01 41.90 67.17 0.01
P 10.44 9.70 0 7.29 6.04 0
Ti 59.03 35.43 0 49.43 26.47 0
Ag - - - 1.38 0.33 0.15

3.5. Wetting test of the Coatings

To evaluate wettability (hydrophilicity / hydrophobicity) of the both different surfaces, the contact
angle measurement analysis was carried out as illustrated in Figure 6. Average contact angles of the
PEO and Ag-doped PEO coatings were obtained as about 95.6° and 90.4°, respectively. The both
surfaces are porous and rough as seen in Figure 4. The porous coating surfaces exhibit hydrophilic
properties owing to the capillary effect on the liquid of pores [42]. Furthermore, the Ag-doped PEO
coatings had more hydrophilic character than the PEO coatings. The surface wettability is affected
from some parameters such as morphology, crystallinity and chemistry [43, 44]. It is clear that the
hydrophilicity of the Ag-doped PEO surfaces is better than the one of plain PEO surfaces whereas the
surface morphologies of them are nearly identical. However, the surface chemistry of them is different
from each other. Therefore, it can be stated that the Ag-layer deposited on the PEO surfaces improve
the surface wettability because it contributes to enhance the surface polarity compared to the plain
PEO surfaces. Moreover, the surface wettability (hydrophilicity) is vitally important for the adsorption
of proteins and the cell adhesion. It gives predicting information about in vitro bioactivity. Thus,
according to these, Ag-doped PEO surface is beneficial for in vitro bioactivity as observed in Figure 7
and Figure 8.
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Figure 6. The contact angle images on both coating surfaces at 60™ s after droplet contacting: a) the PEO coating and Ag-
doped PEO coating surfaces.

3.6. In vitro Apatite Forming Ability of the Coatings

The apatite forming ability on the implant materials gives predicting information about in vitro
bioactivity. Therefore, apatite forming ability on the immersed implant materials in SBF under in vitro
body conditions is an essential assessment to be prescient about bioactivity. However, “Apatite-
forming ability is just a necessary but by no means sufficient precondition of ‘bioactivity’.
‘Bioactivity’ is a very complex interplay of many factors, where apatite-forming ability is just one of
many” [45]. After immersion tests were completed at 36.5 °C for 28 days, the phase compositions of
the PEO and Ag-doped PEO coating surfaces were investigated by TF-XRD as shown in Figure 7. The
phases of Ti (JCPDS card number: 04-004-8480), anatase (JCPDS card number: 01-083-5914), rutile
(JCPDS card number: 04-006-8034), TiO, (JCPDS card number: 01-070-2556), Cas(PO.). (TCP:
JCPDS card number: 044-1294) and Cai0(PO4)s(OH). (hydroxyapatite-HA: JCPDS card number: 00-
009-0432) were detected on the PEO and Ag-doped PEO coatings surfaces at post-immersion in SBF.
The phases of Ti, TiO,, anatase and rutile have already existed in both coating structures. Also, the
phases of TCP and HA are observed because positively charged Ca?* and negatively charged PO.*
ions in SBF solution were diffused and reacted on Ti-OH-based original surface. It is well known that
TiO; structure is a positively charged oxides [46]. Positively charged surfaces promote cell adhesion
as negatively charged surfaces reduce it [47]. Therefore, the OH" groups on TiO- surfaces dissociate to
give positive charges, favoring cell attachment and proliferation [48, 49]. The positively charged Ca?*
and negatively charged PO.* ions diffuse onto free OH" groups in TiO2-based surfaces in turn due to
the electrostatic interactions in SBF through immersion process. Simultaneously, they reacted with
each other produced during immersion process. And then, the phases of TCP and HA forms on TiO»-
based surfaces. The Ca?* and PO,* ions combine under SBF conditions after they diffuse onto TiO»-
based surface. The TCP was formed by the reacting of Ca?* and PO4* ions. Simultaneously, Ca?*,
PO.* and OH- ions combine with each other and they form the HA structure on both surfaces. The HA

25



Durdu / Eskisehir Technical Univ. J. of Sci. and Tech. A — Appl. Sci. and Eng. 20 (1) — 2019

nuclei spontaneously grow at the expense of calcium and phosphate ions from the metastable
supersaturated SBF solution as they are formed. It is suggested that the crystallinity of apatite can be
controlled by immersion time in the SBF. As seen in Figure 7, the amount and intensity of crystalline
hydroxyapatite formed on the Ag-doped PEO surfaces are greater than ones of the PEO surfaces. The
formation mechanism of HA on both surfaces during immersion in SBF are below:

10Ca?* + 6PO4* + 20H — Caig(PO4)s(OH): Eq. 6
a) 150 o Ti
@ Anatase-TiO,
125 * = Rutile-TiO,

@ TiO,
+ Ca (PO,
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Figure 7. TF-XRD spectra pattern of the coatings at post-immersion in SBF at 36.5 °C for 28 days: a) the PEO coating and
b) Ag-doped PEO coating.

After immersion tests were completed at 36.5 °C for 28 days, the surface morphology of both surfaces
was characterized by SEM as given in Figure 8. Newly fine dispersed HA structures separately formed
on both surfaces as supported in Figure 7a and Figure 7b. Fine dispersed HA structures at post-
immersion process were not stratified and not completely covered at non-porous regions on both
surfaces. However, they covered and filled into porous surfaces as seen in Figure 8. Also, the HA
layer formed on Ag-doped PEO is more homogeneous and denser than one on the PEO surface (Figure
8c and Figure 8d) as supported in Figure 7.
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Figure 8. Surface morphologies of both coatings at post-immersion in SBF at 36.5 °C for 28 days: a) and b) the PEO coating
and c) and d) the Ag-doped PEO coating.
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The elemental amount on the PEO and Ag-doped PEO surfaces were determined by EDS as shown in
Table 2. The Ti, O and P elements were obtained on both surfaces at post-immersion in SBF as
expected. Also, a trace amount of Ag was observed on the Ag-doped PEO surface. However, the
amount of it acquired in Table 2 is very low compared to one in Table 1 because the Ca and P covered
on both surfaces. Furthermore, the Ca and P elements, originate from SBF solution, were deposited on
both surfaces through the immersion process. The presence of Ag on the PEO surface accelerates the
Ca and P deposition rate under the same immersion conditions as shown in Figures. 7 and 8. As seen
in Table 2, the amounts of Ca and P accumulated on the Ag-doped surface are greater than ones on the
PEO surface at post-immersion process. According to these data, it can be clearly stated that Ag nano
layer on the TiO-based surfaces triggers the apatite formation under immersion in SBF conditions.
Thus, it could be stated that the existence of Ag elements on the PEO surfaces improves in vitro
bioactivity / apatite-forming ability.

Table 2. EDS spectra results of the PEO and Ag-doped PEO coatings at post-immersion in SBF at 36.5 °C for 28 days.

Elements The PEO coating Ag-doped PEO coating
Weight Atomic Net Error Weight Atomic Net Error
% % % %

0 35.04 60.13 0.01 38.56 63.22 0.01

P 8.14 7.22 0.01 10.24 8.67 0

Ca 0.77 0.53 0.13 1.14 0.74 0.07

Ti 56.05 32.13 0 49.91 27.33 0
Ag - - - 0.15 0.04 0.36

3.7. Invitro Antibacterial Properties of the Coatings

To determine the antibacterial activity of the PEO and Ag-doped PEO surfaces, the adhered bacteria to
surfaces were removed and re-cultivated for colony counting. Figure 9 shows the antibacterial activity
of both surfaces against gram-positive (S. aureus) and gram-negative (E. coli) bacteria. It was
observed that the antibacterial property was significantly changed on Ag nano layer (Ag20) on the
PEO surface compared to plain PEO surface. The antibacterial activity of the Ag-doped PEO surfaces
against E. coli and S. aureus was determined as 71.0 % and 68.2 %, respectively. Liu et al. reported
that antibacterial properties of TiO2/Ag.0 heterostructure composites are greater than pure TiO, for E.
coli bacteria type [50].

I MAO coatings
1 Ag-based MAQ coatings

300

250

200 +

150

Active colonies

100

504

S. aureus E. coli

Types of bacteria

Figure 9. Active colony ratios of S. aureus as gram positive bacteria and E. coli as gram negative bacteria on the coatings: a)
the PEO coatings and b) Ag-doped PEO coatings after re-cultivation.
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The Ag-doped PEO surfaces reveal some important points. One of these is that the deposition of Ag.O
increases antibacterial property of surfaces as seen in Figure 9. Ag20 have great antimicrobial activity.
It is believed that metal oxide nanoparticles such as Ag.O might be considered as a novel alternative to
the most antibiotics [51]. It is well known that Ag* ions which are toxic can kill the bacteria through
the denaturation or oxidation mechanism. Solid oxidized silver states such as Ag.O should be a
candidate source to replace the Ag* solution since they are able to produce a more sustained release of
Ag®ions [52]. So, the increase in the antibacterial activity of Ag-doped PEO surfaces can be explained
by the toxic effects of Ag® ions on bacteria cell. The protein molecules, enzymes and transporters on
the cell surface become denatured at post-interaction of the Ag ions with the bacteria cell. And then,
the intracellular signal pathway and DNA synthesis are blocked [53, 54]. In addition, the electrostatic
interaction between positively charged Ag ions and negatively charged bacterial cells leads to
degradation of cell membrane integrity and bactericidal effect [55]. As a consequence of these effects
on the bacterial cell, the cell cycle is disrupted and proliferation is reduced. These lead to decrease in
colony formation. Similarly, Zhang et al. reported that Ag incorporated coatings present strong
inhibition against S. aureus compared to plain control coatings [36].

The plate images for S. aureus and E. coli of the PEO and Ag-doped PEO surfaces’ cultivations were
given in Figure 10 and Figure 11, respectively. The antibacterial properties of the surfaces varied
according to the bacterial species tested in this study. Ag-doped PEO surfaces show a higher
antibacterial activity against E. coli compared to S. aureus. The antibacterial activity of Ag-doped
PEO coatings against E. coli is 1.72 times higher than that of the S. aureus. This result can be
explained by the cellular differences between gram-positive and gram-negative bacteria. The thick
peptidoglycan layer in S. aureus prevents transportation of Ag ions across the bacterial cell wall.
Moreover, it reduces the toxic effects of Ag [53]. This is also supported by similar studies at literature
studies. Feng et al. reported that was S. aureus was less affected than E. coli on Ag toxicity. Also, the
different bacteria types were associated with the structural properties of cells [53].

Figure 11. Culture plate photographs of E. coli after re-cultivation: a) the PEO and b) Ag-doped PEO surface cultivation.
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4. CONCLUSION

In summary, Ag-doped TiO.-based surfaces, contained antibacterial, bioactive and biocompatible
elements were fabricated on cp-Ti by PEO and PVD techniques. The Ag, Ti, O and P were observed
through the whole surfaces. The Ag-doped PEO surface indicated hydrophilic character respect to
plain PEO surface whereas the surface morphology of them was not changed by PVD. In vitro
bioactivity and apatite-forming abilities of the Ag-doped PEO surfaces were considerably improved to
the PEO surfaces as seen in TF-XRD, SEM and EDS results. Moreover, antibacterial properties of the
Ag-doped PEO surfaces were greater than ones of the PEO surface for S. aureus and E. coli.
Therefore, the Ag-doped porous TiO2-based coatings can be potential candidate for implant surface
modification applications owing to their promising antibacterial and bioactive properties.
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