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ABSTRACT:

Titanium - 6 Aluminium - 4 Vanadium (Ti64) alloy was modified to a
hydrophilic, cytocompatible, antibacterial and bioactive surface via a simple cost
effective chemical treatment method. A fine porous network structure of sodium
hydrogen titanate (SHT) was formed on Ti64 alloy surface by using sodium hydroxide
treatment. The incorporated Na' ions are replaced by Ag' ions by subsequent silver
nitrate treatment. Contact angle measurement indicated that silver containing Ti64 alloy
surface is hydrophilic at lower silver concentration. The antibacterial study of thus
prepared sample against Staphylococcus aureus confirmed the bacterial resistance of
Ti64 alloy. As evident from AAS result, the sustained release of Ag into the culture
medium results in antibacterial activity. Cytocompatibility studies on MG63 cell lines
showed above 80% cell viability and also good cell attachment. This confirmed the
nontoxic behavior of present optimized silver concentration on Ti64 surface for MG63
cells. In vitro bioactivity of silver containing Ti64 sample in simulated body fluid
showed bone-like apatite formation and the apatite-forming ability is not affected by Ag
concentration or by heat treatment. Taken together, this surface modification study adds
further information to our knowledge on development of bioactive Ti64 alloy with
hydrophilicity, antibacterial property and biocompatibility that may have considerable

potential application as orthopedic and dental implants.
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Introduction

Biomaterials are class of materials that interact with biological systems and help
to replace any damaged tissues or organs of the body" ?. Materials such as metals,
ceramics, polymers or their combinations are used for fabrication of man-made
biomaterials. Among them, metallic biomaterials are very often useful in orthopedic
devices such as artificial hip joints, knee joints, spine, bone plates and dental devices’.
The metals used in this respect are stainless steel, cobalt-chromium alloys, titanium and
its alloys. Among them, Ti and its alloys have good biocompatibility, better mechanical
properties and high corrosion resistance’. Apart from the above properties, Ti and its
alloys have excellent fatigue and wear resistance and comparable modulus of elasticity

to that of human bone’.

Although, Ti and its alloys are biocompatible, new bone formation directly in
contact with the implant takes very long time®. This necessitates the researcher to
develop bioactive Ti and Ti alloys through various surface modifications that can
enhance the osteointegration. These surface modifications can be achieved by
mechanical methods such as machining™"', polishing'?, grinding and blasting'*'® or
chemical methods such as chemical treatment, CVD, electrochemical and biochemical
etc’ or by physical modification methods like thermal spraying and physical vapor
deposition.

Among various well known chemical modification approaches, acid treatment'”

20-24 25-27

¥ alkali treatment’®®*, hydrogen peroxide treatment™?’, heat treatment®™ and
passivation treatment®’ are well documented in the literature. Although bioactivity could
be enhanced by the above methods, colonization of the medical device with bacteria may

lead to infection™. Despite significant advances in microbiology, this is still one of the
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major problems to all medical devices, which may lead to severe pain and secondary

surgery depending on the location and type of device™” ™.

Thus, it could be visualized that Ti and Ti alloys have potential to come out as a
biocompatible, bioactive and an antibacterial biomaterial if proper surface chemical
treatment is provided prior to the implantation. Although bioactivity could be achieved
by various chemical treatment methods, antibacterial property coupled with bioactivity
to the implant surface is still a challenge”’. Several strategies are reported for attributing
antibacterial behavior to the material, they include coatings loaded with antibiotics®>>*,
coatings containing non antibiotic organic antimicrobial agents®, inorganic
antimicrobial agents36'39, biofunctionalization with antibacterial bioactive polymers40.
However, the antimicrobial agent may have adverse effect on human cells due to its low
biocompatibility and cytotoxicity41. Hence there is a pressing need to have an

antimicrobial agent that should show both low cytotoxicity as well as good antibacterial

behavior.

Recently literature reports the surface modification approaches to provide

bioactivity coupled with antibacterial activity on Ti and Ti alloy**™*

. This includes
antibacterial activity of nanostructured silver titanate against methicillin resistant
Staphylococcus aureus”. However, they have not discussed the bioactivity and
cytocompatibility of thus developed silver titanate thin film. Since silver is cytotoxic at
higher concentrations, cytocompatability study of silver substituted samples are
inevitable. On the other hand, the titanate - silver nanoparticle - titanate sandwich
structure developed on Ti surface with an antibacterial activity and cytocompatibility is
reported by Ren et al.*’. Similar experiment is reported on silver nanoparticle filled

nanotube layer on Ti surface™. Silver incorporation on Ti and Ti64 alloy surface after

hydrogen peroxide treatment for increased surface properties have also been proposed”
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*_ Only limited amount of apatite were observed on such surfaces even after 15 days
soaking in simulated body fluid®. In the present investigation, in vitro bioactivity,
antibacterial activity and cell compatibility of silver incorporated Ti64 alloy with respect

to the silver concentration was systematically examined.
2. Experimental
2.1 Preparation of samples

Ti64 alloy rod of diameter 15 mm was cut into circular samples of thickness 1
mm, and abraded with # 400 SiC paper to remove the oxide layer formed on its surface.
The polished samples were then washed in sequence with acetone, 2-propanol, and ultra-
pure water, respectively for 15 min each in an ultrasonic cleaner. The cleaned samples
were dried in an oven at 40 °C for overnight. The dried samples were immersed in 10
mL of 5 M NaOH (Sigma Aldrich, purity 98 %) solution under shaking at 120 rpm at 60
°C for 24 h. After removal from sodium hydroxide solution, the samples were washed
with ultra-pure water, to remove the weakly bonded Na" ions. These samples were
subsequently soaked in AgNOj; (Sigma Aldrich, purity 99.8 %) solution of different
concentrations ranging from 0.01-100 mM under shaking at 120 rpm at 40 °C for 24 h.
Silver incorporated samples were then gently washed with ultra-pure water and allowed
to dry in an oven. Some of the samples were heat treated at 600 °C for 1 h in air
atmosphere and the rate of heating was maintained at 5 °C / min. Table 1 shows the

notations of various chemical and thermal treatments used in the present study.
2.2 Surface analysis of chemically treated Ti64 alloys

The surfaces of the Ti64 alloy subjected to various chemical treatments described
above were observed using scanning electron microscope (SEM; TESCAN, Czech

Republic). The chemical composition of surfaces of chemically treated Ti64 alloy were
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analyzed by energy dispersive X-ray spectroscopy analysis (EDX) attached to the SEM
under an acceleration voltage of 15 kV. This analysis was carried out in three different
location of each sample and averaged to know the amount of silver ions incorporated
into the Ti64 alloy. In order to identify the surface functionalization, laser Raman
spectroscopy (RENISHAW Co., UK) was used for Ti64-N-0.05 to 100Ag sample before
and after heat treatment. For this measurement, He-Ne Laser with a wavelength of 630

nm was used.

X-ray diffraction (XRD) analysis was carried out to observe the differences in the
crystallographic structure for the Ti64-N and Ti64-N-100Ag samples before and after
heat treatment. XRD measurements were made on a Bruker D§ Advance diffractometer
in Cu Ko radiation and detected using a Bruker Lynx Eye detector. XRD spectra were
recorded in the range 10-60° in 20 at a step size of 0.02° and a count time of 5 s.
Chemical state and composition of Ag containing Ti64 alloy after heat treatment was
investigated by X-ray photoelectron spectroscopy (XPS; Thermo V G Scientific, UK).
All XPS data presented here were acquired using Al Ko line 1486.6 eV. The
photoelectrons were collected at an electron take off angle of 45 °C. Peak positions were
then calibrated with respect to the C;s peak at 284.5 eV. Silver release in SBF was
measured by atomic absorption spectrophotometer (AAS; Varian Co., Australia).
Surface morphology of Ti64 alloy subjected to chemical and heat treatment and soaked

in SBF was similarly characterized by SEM and XRD.

2.3 Contact angle study

Wetablity (extent of hydrophilicity / hydrophobicity) of various chemically
treated Ti64 surfaces was evaluated by contact angle measurement, VCA Optima

instrument and VCA Optima XC software. Measurements were carried out under static
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(equilibrium) mode using distilled water as the test liquid. After proper cleaning the
syringe of 100 pul capacity, one drop (5 pl) of distilled water is put on the sample surface
and the water contact angle is recorded by an optical microscope connected with a
camera. The measurements were carried out at three different places for each sample and

the results were averaged.
2.4 Antibacterial study

Zone of inhibition method was used to evaluate the antimicrobial properties of
Ti64, Ti64-N, Ti64-N-0.01 to 100Ag samples. For antimicrobial activity study, the
procedure reported earlier was followed®’. In brief, 200 mL of nutrient medium was
prepared with sterile distilled water in a conical flask and then autoclaved at 121 °C for
15 min. Then at the hand bearable heat the sterilized nutrient medium was poured
aseptically into the sterile petriplates and allowed it to solidify. After solidification, the
plates were kept in an inverted position to avoid the formation of water droplets inside
the plates. Lyophilized cells of Staphylococcus aureus were collected from Microbial
Type Culture Collection and Gene Bank (MTCC), Dept. of Biotechnology, Chandigarh,
India. The vials were cut open and the lyophilized cells were aseptically transferred into
the nutrient broth (0.5% NaCl, 0.15% yeast extract, 0.15% beaf extract, 0.5% peptone) at
room temperature and incubated at 37 °C for about 24 h. The overnight culture of
Staphylococcus aureus were taken and the cells were swabbed on the nutrient agar plates
using sterile cotton swab under sterile condition to avoid the over growth of cells and
contamination. All the treated Ti64 alloy samples were aseptically placed on the

inoculated plates using a sterile forceps and incubated at 37 °C for 24 h.

2.5 Cytotoxicity study:
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2.5.1 MTT assay

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide] assay
was performed to analyze the cytotoxicity of various concentrations of Ag containing
samples. MTT assay is based on the metabolic ability of the viable cells to reduce
soluble MTT by mitochondrial enzyme into an insoluble color formazan product, which
is measured spectrophotometrically27’ *_ The insoluble formazan is dissolved in dimethyl
sulfoxide (DMSO) before subjecting it for spectrophotometric measurement at 560 nm.
MG63 cells, 10000 cells / mL were seeded in a 24 well tissue culture multiplates
containing Ti64-N-0.02 to 0.1Ag samples. The cells were maintained in DMEM medium
in a CO, incubator at 37 °C (5 % CO, / 95 % atmosphere) for 48 h. Control groups
include untreated cells and the sample alone with starting reagents. After 48 h of
incubation, the cells were imaged using a Leica Phase contrast microscope. The culture
medium was removed and the cells were washed with sterile PBS. The cells were then
incubated for 3 h with 250 pl PBS containing MTT (0.5 mg/mL). After 3 h the PBS was
removed and the formazan product formed was solubilised in 150 pl of DMSO. The
absorbance was measured at 560 nm using BioRad microplate reader”’. The results given

are average of three independent experiments.

2.5.2 Cell adhesion study

In order to study the morphology of cells adhered on Ag treated Ti64 surface,
cells were allowed to grow on the surface and was observed under SEM after proper
fixation. Briefly 20,000 cells (MG63) were seeded on sample surface without
overflowing and incubated in a CO, incubator at 37 °C, 5% CO, and 95 % air for 24 h.
After incubation the cells on the sample surface were fixed with 4 % w/w formaldehyde
in PBS and incubated for 30 min at room temperature. Further the cells were dehydrated

through a series of ethyl alcohol solution (from 50 % to 100 % v/v in distilled water),
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followed by a ratio of ethyl alcohol and hexamethyl disilazane solution at 3:1, 1:1 and

1:3 ratios respectively. Sample was air dried and observed in SEM after gold sputtering.
2.6 Preparation of simulated body fluid (SBF)

SBF is an acellular solution with ion concentrations (in milli moles: Na® 142.0,
K" 5.0, Mg*" 1.5, Ca*" 2.5, CI” 147.8, HCO;™ 4.2, HPO,* 1.0, SO4> 0.5) nearly equal to
those of human blood plasma at 36.5 °C. The SBF was prepared as per Kokubo protocol
by dissolving reagent-grade NaCl, NaHCOs;, KCI, K;HPO4.3H,0, MgCl,.6H,0, CaCl,
and Na;SO4 (Sigma Aldrich, purity 99 %) into ultra-pure water, and buffered at pH 7.4
with tris-hydroxymethylaminomethane(CH,OH);CNH;) and 1 M HCI (Sigma Aldrich,

purity 99%)*®. The SBF was kept in a refrigerator for 3 to 4 days prior to use.
2.6.1 In vitro bioactivity in SBF

In order to analyze the bioactivity, each specimen subjected to chemical and heat
treatment was immersed in 30 mL of SBF contained polypropylene centrifuged tube
covered with a tight lid and kept in a water bath maintained at a temperature of 36.5 °C
for 7 days. Then the samples were removed from the solution, gently washed with
ultrapure water and dried for further characterization. The morphology of bone-like
apatite formation on the surface of Ti64 alloy surface during the incubation was
observed using SEM. All samples were coated with gold prior to SEM observation. The
bone-like apatite growth and elemental composition of the growth was also evaluated by

using XRD and an EDX detector attached to the SEM, respectively.

2.6.2 Release of Ag" ions in SBF
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The silver ion released from the sample (Ti64-N-0.05Ag) was estimated in order to study
the silver release kinetics. Here, sample was first soaked in 30 mL of SBF and a gentle
shaking (50 rpm) was given in order to mimic the body condition*” *°. Each time 1 mL
of SBF solution was drawn from the 30 mL and replaced with 1 mL fresh SBF so that
the total volume remain constant. The 1 mL silver containing SBF solution was
dissolved in equal amount of HNO3 and then diluted 10 times and the amount of silver
released were measured by AAS?.

3. Results
3.1 Scanning electron microscopy and energy dispersive X-ray spectroscopy analysis

Fig. 1 show the SEM photographs of the surface of Ti64 alloy subjected to
AgNO; treatment of different concentrations after NaOH treatment compared to that of
surface of untreated Ti64 alloy and that treated with only NaOH solution. The Ti64 alloy
showed a smooth surface with uniform patterns on it, which is formed during polishing
with #400 SiC paper while NaOH treated surface showed a fine porous network
structure in nanometer scale. This fine porous network structure was retained by the

subsequent AgNO; solution of different concentrations.

Fig. 2 show the EDX results of Ti64 alloy treated with AgNOs3 solution under
various concentrations followed by treatment in NaOH solution. It can be seen from Fig.
2 that the NaOH treatment incorporates about 2 at. % of Na" ions in to the Ti64 alloy.
The amount of silver content increased with increasing AgNQOj; concentration (about 2.2
at. % for Ti64-N-100Ag sample) while the concentration of Na' ions becomes almost
negligible. This indicates that most of the Na' ions are replaced by the Ag" ions by the
subsequent chemical substitution process. The amount of silver on NaOH treated Ti64

alloy samples soaked in AgNOj solution up to 2 mM is depicted by dotted region in Fig.
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2. Initially silver ion incorporation increased with increase in concentration of AgNO;

solution, and becomes almost saturated at a concentration of 10 mM.
3.2 Raman spectroscopy and X-ray diffraction study

Fig. 3 (a & b) shows Raman spectra of the surfaces of Ti64 alloy after NaOH and
NaOH-0.05 to 100 Ag before and after heat treatment. The results showed that sodium
hydrogen titanate (SHT) was formed on the surface of NaOH treated alloy sample, the
spectrum of each specimen shows a set of five broad peaks at 276, 440, 660-670 and 906
cm’, which are found to be in good agreement with earlier reports on hydrogen
titanate®' 2. The intrinsic hydrogen titanate (H,Ti307) bands at 276 and 906 cm™! are due

I**, the peak at 440 cm™ is due

to the Ti-O-H bondingSS. Based on the studies of Ma et a
to the Ti-O bending vibration involving six-coordinated titanium atoms and three-
coordinated oxygen atoms. The peak at 660 cm™, according to the studies of Kasuga et
al’* and Sun and Li>, is ascribed to the Ti-O-Ti vibration in [TiOs] octahedral layer in
the titanate. On subsequent treatment with AgNOs5 solution, the sodium ions in SHT are
replaced by the silver ions from AgNO; solution and form Ag™ containing hydrogen
titanate (HT), without any peak shift. On increasing the concentration of AgNOs
solution, amount of doped silver on Ti64 alloy surface also increases thereby the peak
intensity get reduced®®. On subsequent heat treatment this SHT and HT layer were
converted to sodium titanate and anatase phase, respectively as observed in Fig. 3(b).

. . . . 27,52
These results are in good agreement with our previous studies™” ™.

Fig. 3 (c) shows the XRD spectra of Ti64-N and Ti64-N-100Ag samples before
and after heat treatment. Apart from Ti peaks, small peak of ST was observed at 24.6° in

2 theta. On subsequent treatment with 100 mM AgNOs solution and heat treatment, an

10
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anatase phase was observed along with silver peak (44° in 2 theta). This shows that

during heat treatment Ag" ions are transformed to metallic Ag.
3.3 X-ray photoelectron spectroscopy study

In order to understand the state of silver, XPS analysis of Ti64-N-0.05Ag-H
sample was carried out and is shown in Fig. 4. The survey scan shows the presence of
oxygen, titanium, silver, sodium and vanadium along with carbon peak. Narrow scan of
Agsq peak is shown as an inset. Peak corresponding to 367.2eV (Ag') indicates silver to
be present as Ag,O. Additional broad peak at 368.1 is assigned to be Ag” state. It is well

known that silver on titania surface can easily oxidized in to silver oxide (Ag,0). ?’
3.4 Contact angle measurement

Fig. 5(a) shows the image of a water droplet when dropped on the surface of
untreated Ti64 alloy and chemically treated samples. Distilled water contact with
untreated Ti64 alloy at an angle of above 80° shows some amount of hydrophobicity
which is evident in the Fig. 5(b). Comparing to Ti64 alloy, Ti64-N showed very low
contact angle of 25°. The other images represent the samples treated with AgNO;
solution at different concentrations (0.1 to 100 mM) followed by NaOH treatment.
Results showed that at lower concentration of silver (0.1 mM), the contact angle is 18°
which is less than that of NaOH treated samples and the contact angle increases for
increased amount of silver (100 mM) contact angle is 140° which decreases the wetablity

of Ti64 alloy and increased the hydrophobicity of the surface.

For an ideal biomaterial, it should have a higher wetablity along with adequate
antibacterial property because a material with better wetness will develop the tissue
fragments and easily integrated with the biological system®®*’. But it is found in contact

angle studies that wetablity decreases with increased amount of silver on the surface. So,

11
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the amount of silver deposited on the surface of material needs to be optimized such that

the material could have better wetablity as well as good antibacterial behavior.
3.5 Antibacterial study

Fig. 6 (a-c) shows the antibacterial study of Ti64 alloy and chemically treated
samples against Staphylococcus aureus. Ti64 alloy and NaOH treated sample did not
show any antibacterial activity as shown in Fig 6 (a). From Fig. 6 (b & c) silver treated
samples starting from 0.02-0.5 mM shows clear bacterial inhibition zone and the extent
of zone formation was increased with increase in silver content. But, the admissible
amount of silver ions into the human body is limited because excess silver ions might
cause cytotoxicitysg'éo. An attempt has been made to optimize the silver content in an
implant material and to determine the minimal silver content, which would be sufficient
to produce effective antibacterial effect. So, it could be observed that there was no
inhibition zone in the case of samples treated in 0.01 mM Ag solution while a clear
inhibition zone could be obtained for 0.02 mM and above AgNO; treated specimens.

The magnitude of the inhibition zone obtained has been depicted in Table 2.
3.6 Silver release study

Fig. 6 (d) shows the concentration of silver ion released in SBF with respect to
different immersion time. This study on the rate of release of silver ions, thus leading to
anti-bacterial behavior was performed on Ti64 alloy treated with NaOH and 0.05 mM
AgNOj solution. Release rate of silver increases rapidly during the first 3 h after which

the rate of release gets slower and becomes almost constant after 24 h *!- %,
3.7 Cell culture study

Thus prepared silver containing Ti64 samples were tested for its cytotoxicity

using MTT assay. The cytocompatibility for various concentration of Ag ranging from

12
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0.02 to 0.1 mM was evaluated and the results are presented in Fig. 7 (a). The results
suggested that above 90% cell viability for AgNO; concentration of 0.02 mM, 86% cell
viability for 0.03 mM and above 80 % for 0.05 mM. However, it drastically decreased to
43 % for 0.1 mM AgNO; treated sample. The results indicated that the cell viability and
biocompatibility was not affected at concentration ranging from 0.02 to 0.05 mM Ag
indicating the concentration range would find application for biomedical interventions
under diseased conditions.

Fig. 7 (b) shows MG63 cells adhered to Ti64-N-0.05Ag sample surface. Cells were
uniformly adhering to the surface within 48 h of incubation and most of the cells showed
random spreading. Cell attachment, spreading and further proliferation is directly related
to surface characteristics of the material. The adherence of MG63 cells to the silver
containing Ti64 surface indicates biocompatibility of the present surface and also

expected to induce further proliferation of the cells.

3.8 In vitro bioactivity study in SBF

Fig. 8 (a) show the SEM images of Ti64 alloy treated with NaOH and different
concentration of AgNOs3 and soaked in SBF for 7 days. Spherical globules were formed
on all the NaOH and AgNO; treated Ti64 alloy and there was no deposition formed on
the untreated Ti64 alloy. Fig.8 (b) shows a typical XRD pattern of Ti64 alloy subjected
to NaOH and AgNOj treatment and soaked in SBF for 7 days. Ti64 alloy modified with
NaOH and AgNOj; shows peak at 26 and 32° which correspond to the formation of bone
like apatite. The remaining peaks correspond to Ti in Ti64 alloy® ®°. This indicates that

the chemical treatment enhances the apatite forming ability of Ti64 alloy in SBF.

4. Discussions

13
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Metals such as Ti and Ti alloys are used in orthopedic and dental devices for past
several decades. However, strong bonding between implant and living bone is always a
serious issue when implant needs to remain in the body for longer duration. In order to
provide this strong bone-bonding ability in Ti and Ti alloys, either bioactive coating such
as calcium phosphates65 or bioactive chemical treatment'’ are developed. Ti and Ti
alloys when subjected to NaOH treatment form a sodium titanate porous layer (Fig. 1)
and this sodium titanate release Na" ions into the SBF to form Ti-OH groups. This Ti-
OH group accelerates the Ca®” and PO, ions deposition from SBF to form a bone like
apatite as evident in the SEM and XRD results (Figs. 8 (a & b)). It has been reported that
if a material form bone-like apatite on its surface in SBF it allows to deposit bone in the
living body in the same manner and accelerate the bone integration. Both
osteoconduction and osteoinduction abilities are well documented in the literature for
various Ti and Ti-Zr-Nb-Ta alloys. However, Na' ion release and its accumulation in the
body may cause toxicity to the cells and cell death. In order to avoid such a situation,
either water or dil. HCI treatment following NaOH treatment is reported by one of the
author™>. However, NaOH or NaOH-H,O, dil. HCI treatments do not show any

antibacterial activity and similar observations are also made in the present study (Fig. 6
(a-c)).

This indicates that thus manufactured orthopedic implant is susceptible to the
bacterial infections during the course of surgery. This bacterial infection may lead to
puss formation and ultimately the implant failure. In order to overcome this if an
antibacterial agent can be impregnated into the porous network structure by chemical
reaction; it can address the antibacterial behavior of the implant. Although, various
organic compound coated over metallic implant to prevent bacterial infections are

already reported, the present manufacturing process involves higher temperature that

14
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32:34
d

may degrade the activity of the organic compoun . On the other hand, silver is a

popularly known antibacterial agent and is being used in various applications®®™".

The mechanism of chemical reactions taking place on the surface of Ti64 alloy
could be described as follows (considering the major composition of the alloy as Ti).
Thus, in the transformation of simple titanate surface to silver substituted hydrogen

titanate could be understood in two steps:

e NaOH treatment — Ti / TiO, surface is attacked by hydroxyl ions to form
sodium hydrogen titanate’.
o Jon exchange reaction — Sodium ions in sodium hydrogen titanate is substituted

by silver ions forming silver hydrogen titanate.

According to the EDX results (Fig. 2), the proportions of sodium and silver seem to be
interrelated. The maximum amount of sodium observed is 1.91 at % which is found to
decrease proportionally with the increase in silver concentration. Although the
proportional amount of Na™ ion is replaced by silver, the amount of sodium present is
always lower after ion exchange reaction because the sodium ions are easily washed
away while rinsing with water. After a certain amount of incorporated silver, its content

becomes saturated due to limited availability of sodium ions for exchange reaction.

The treated Ti64 alloy samples formed a layer of silver titanate on its surface as
confirmed by EDX result (Fig. 2). These alloy samples show bactericidal through zone
of inhibition tests in which the clear zones could be seen around the samples in the
Staphylococcus aureus culture medium (Fig. 6 (a-c)). Result showed that Ti64 alloy

treated with a concentration above 0.02 mM AgNOj; has antibacterial effect.

In metallic form, silver is unreactive and cannot kill bacteria. To become

bactericidal, silver must lose an electron and become positively charged silver ions

15
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(Ag"). Elemental silver ionizes more readily when exposed to an aqueous environment
such as in body fluids in the present study. Thus, there is antibacterial effect only when
there is a release of silver ions from the implants. The release of silver from the surface
modified alloy sample is evident from the AAS studies as seen in Fig. 6 (d). The released
silver ions are highly reactive and affect multiple sites within bacterial cells, ultimately
causing bacterial cell death. They bind to bacterial cell membranes, causing disruption of
the bacterial cell wall and cell leakage. Silver ions incorporated into the cell disrupt cell
function by binding to proteins and interfering with energy production, enzyme function

and cell replication® %,

The above mentioned activities lead to the following two major effects on the

bacterial cell®”.

e Due to the detrimental effect of the silver ions the DNA molecules become
condensed and lose their abilities to replicate.
e Silver ions interact with the thiol groups in proteins, thus inducing their

. . ., 27
Inactivity™'.

Contact angle measurement is a study performed to analyze the degree of
hydrophobicity or hydrophilicity of the material of desire. This contact angle study is
performed to analyze the wetablity of the surface modified alloy samples. This would
give an idea about the wetting behavior of the material when applied as a biomedical
implant. The contact angle for Ti64 alloy is high (80°) (Fig. 5 (a, b)), which decreases
gradually on treatment with NaOH solution (25°). Initially at lower atomic % of silver
ions the wetness is found to be increased but with further increase of silver ions at the
surface the material becomes hydrophobic (Fig. 5 (b)) i.e. the wetness decreases®®. The

present optimized silver concentration (Ti64-N-0.05Ag) is having a lower contact angle

16
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comparing to the Ti64 alloy and Ti64-N surface. Thus we were able to achieve a highly
hydrophilic surface on Ti64 alloy by a simple chemical treatment with NaOH and

AgNO;j solutions.

Further bioactivity study in SBF showed that Ti-64 alloy did not form bone like
apatite. However, NaOH treated Ti64 alloy formed apatite and the apatite-forming
ability did not decrease even Na' ions are replaced by Ag” ions (Fig. 8 (a)). It is well
known that Na" ions release into the SBF to form negatively charged Ti-OH group that
attracts the positively charged Ca®" ions and then negatively charged PO,” ions to form
the bone-like apatite layer. Similar mechanism can be expected in Ti64 alloy containing
Ag' ions. Interestingly, the bioactivity was not decreased even after heat treatment. It has
been already reported that NaOH treatment forms porous SHT layer which has very low
scratch resistance.”> However, on heat treatment around 600 °C, a TiO; layer is formed
below the titanate network structure that improves the bonding of the network through
this TiO, layer and increase the scratch resistance®”. This indicates heat treatment is
highly essential to stabilize the porous network structure and surface of the implant
subjected to such chemical and heat treatment will not be destroyed during the

. . 52,68
implantation.™

From the present study we observed that the release of Na'/ Ag" ions accelerates
the apatite deposition on chemically treated Ti64 alloy. From the AAS result we can see
that the amount of Ag' ion released from 0.05 mM AgNO; treated Ti64 surface, within a
period of 24 h, is in the range of 4-5 ppm (Fig. 6 (d)). The antibacterial activity of the
same surface against Staphylococcus aureus is confirmed by the formation of inhibiton
zone (Fig. 6 (c)). Although, Ag" ion release shows antibacterial effect, excess Ag’ ion
may cause toxicity to the cells”” ®7*. Therefore, it is essential to optimize the Ag” ion on
the Ti64 alloy surface. Present studies show that up to 0.05 mM AgNO; samples has

17
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more than 80 % cell viability. Above 0.05 mM, samples showed a decrease in cell
viability in the culture medium (Fig. 7 (a)), indicating that 0.05 mM AgNOs; is an
optimum silver concentration which shows both antibacterial property as well as
cytocompatibility. Thus bioactive Ti64 alloy coupled with antibacterial behavior and cell
viability could be provided by such a simple chemical treatment approach and this

method is expected to be useful in development of orthopedic and dental devices.
5. Conclusions

Silver ions could be successfully incorporated into the sodium titanate layer
formed on Ti64 alloy by NaOH and subsequent AgNOs treatment. The resultant silver
titanate layer release Ag’ ions into the surrounding and showed the antibacterial activity
against Staphylococcus aureus. Further, in vitro bioactivity of thus treated Ti64 alloy in
simulated body fluid showed bone-like apatite formation within 7 days soaking and this
apatite-forming ability is not affected by either silver content or by heat treatment. Cell
viability study in MG 63 cell line showed more than 80 % cell viability indicating the
non-toxic behavior of the samples. NaOH treatment forms hydrophilic surface and the
hydrophilicity is not affected for the present optimum silver concentration. This surface
modification study to provide bioactive Ti64 alloy coupled with antibacterial property is

expected to have considerable potential in orthopedic and dental implants.
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Figure Captions

Fig. 1: SEM images of Ti64 alloy after treatment with NaOH solution and then subsequently

soaked in AgNOs solutions at different magnifications.

Fig. 2: EDX results of Ti64 alloy after treatment with NaOH solution and then subsequently

soaked in different concentrations of AgNO; solution.

Fig. 3: (a) and (b) Raman spectra of Ti64 alloys subjected to NaOH solution and
subsequently by different concentrations of AgNOs3 treatment before and after heat treatment
and (c) Typical XRD pattern of Ti64 alloy subjected to NaOH, NaOH-100Ag and heat

treatment.

Fig. 4: XPS survey spectrum for Ti64 alloy subjected to NaOH-0.05Ag and heat treatment.

The XPS spectra for Ag3d 5/2 and Ag 3d 3/2 is shown as inset.

Fig. 5: (a) Photographs of contact angle measured for Ti64 alloy after treatment with NaOH
solution and then subsequently soaked in different concentrations of AgNOj3 solution and (b)

its graphical representation.

Fig. 6: (a-c) Disk diffusion test for Ti64 alloy after treatment with NaOH solution and then
subsequently soaked in different concentrations of AgNOj; solution and (d) Silver release

from Ti64 alloy treated with NaOH-0.05Ag in SBF.

Fig. 7: (a) MG63 cell viability for Ti64 alloy after treatment with NaOH solution and then
subsequently soaked in different concentrations of AgNO; solution by MTT assay and (b)

SEM image of MG63 cell adhesion on typical silver containing Ti64 alloy surface.

Fig. 8 (a): SEM images of Ti64 alloy with NaOH and different concentration of AgNO;
treatment before and after heat treatment and soaked in SBF for 7 days and (b) a typical

XRD pattern of apatite formed silver containing Ti64 alloy surface.
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Table 1: Notations for various chemical treatments used in the present study

Chemical treatments Notations
Untreated Ti -6Al1-4V alloy (as-polished) Ti64
Ti-6Al-4V alloy treated with 5 M NaOH solutions, Ti64-N
60°C, 24 h
Ti-6Al1-4V alloy treated with 5 M NaOH solutions, Ti64-N-0.01-100Ag
60 °C, 24 h and 0.01-100 mM AgNOj solution,
40°C,24h
Ti -6Al1-4V alloy, heat treated at 600 °C, 1 h Ti64-H
Ti-6Al1-4V alloy treated with 5 M NaOH solutions, Ti64-N-H

60 °C, 24 h, heat treated at 600 °C, 1 h

Ti-6Al1-4V alloy treated with 5 M NaOH solutions,
60 °C, 24 h and 0.01-100 mM AgNOj; solution, Ti64-N-0.01-100Ag-H
40 °C, 24 h, heat treated at 600 °C, 1 h
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Table 2: Measured diameter of inhibition zone formed for each sample.

Sample notations Diameter of zone Area of inhibition zone
(including specimen (A = nd?/4)
diameter (1.5c¢m) ) (cmz)
(cm)
Ti64-N-0.02 Ag 1.60 2.0096
Ti64-N-0.03 Ag 1.70 2.2687
Ti64-N-0.04 Ag 1.80 2.5434
Ti64-N-0.05 Ag 1.85 2.6867
Ti64-N-0.1 Ag 1.90 2.8338
Ti64-N-0.5 Ag 1.92 2.8938
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Schematic representation of Ti64 alloy with antibacterial activity, bioactivity and cell
compatibility
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