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A B S T R A C T

Metal Additive Manufacturing (AM) technology is an emerging technology in biomedical field due to its unique
ability to manufacture customized implants [Patients-specific Implants (PSIs)] replicating the complex bone
structure from the relevant metal powders. PSIs could be developed through any AM technology, but the ultimate
challenge lies in integrating the metallic implant with the living bone. Considering this aspect, in the present
study, Ti alloy (Ti–6Al–4V) powder has been used to fabricate scaffolds of channel type macropores with 0–60%
porosity using selective laser melting (SLM) and subsequent post-treatments paving way for surface micropo-
rosities. Surface chemical and subsequent heat treatments were carried out on thus developed Ti alloy scaffolds to
improve its bioactivity, antibacterial activity and osteoblastic cell compatibility. NaOH and subsequent Ca(NO3)2/
AgNO3 treatment induced the formation of a nanoporous network structure decorated with Ca–Ag ions. Ag
nanoparticles covering the entire scaffold provided antibacterial activity and the presence of Ca2þ ions with
anatase TiO2 layer further improved the bioactivity and osteoblastic cell compatibility of the scaffold. Therefore,
SLM technology combined with heat treatment and surface modification could be effectively utilized to create
macro-micro-nano structure scaffolds of Ti alloy that are bioactive, antibacterial, and cytocompatible.
1. Introduction

In orthopaedics as well as dentistry, metallic biomaterials are widely
used for hard tissue replacements to treat or replace damaged tissues or
organs [1]. In recent years, Ti metal and Ti alloys are gaining more
popularity as metallic biomaterials to replace fractured and diseased
bones in the human body [1, 2]. A major limitation of the Ti metal and Ti
alloy based implants is the bone resorption due to stress shielding, weak
bone-bonding ability and the lack of strong integration at the
implant-tissue interface [3]. However, when compared to dense metallic
implants, a metal with adequate porosity can significantly improve bone
integration thus providing suitable bonding strength or stable inter-
locking at the metal-bone interface. Also, these pores provide a pathway
for cells to proliferate, differentiate and therefore the design of the
scaffold will determine the final structure of the bone being formed.

Developing patient-specific implants with complicated shape,
porosity and mechanical strength similar to fractured bones is an uphill
task for a biomedical engineer [4]. So far, conventional manufacturing
processes such as machining, grinding, forging, etc. were commonly
being used to develop metallic implants [5]. Whereas, most of these
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processes not only consume longer man-hours they also result in higher
wastage of materials. Also, developing a porous metallic implant with
different pore sizes and pore geometries mimicking the living bone is
extremely challenging. Of late, a variety of additive manufacturing
technologies have emerged to meet these challenges, including selective
laser sintering, selective laser melting, electron beam melting and laser
engineered net shaping etc. In these AM processes, metallic implants are
constructed layer by layer, bottom to top, using CAD/CAM design data.
Moreover, these AM technologies facilitate one-step fabrication of com-
plex 3D parts which is difficult by any other conventional manufacturing
techniques. Another major advantage of this AM technology is to directly
develop medical devices from the computer tomography (CT) data of the
fractured/defective bones received from the surgeon [6, 7, 8, 9].

Even though Ti metal and Ti alloys are medically approved implant
materials, it takes longer time for the new bone to grow with strong
adhesion to their surfaces inside human body. As a result, fibrous tissues
grow often at the interface of implant and living bone thereby interfering
new bone formation process on implant surface. To overcome this issue,
scientists, medical practitioners, and engineers have been toiling hard
over the years to develop implantable bioactive metallic devices that can
d 11 March 2022
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Table 1. Composition of Ti–6Al–4V powder used for the present study.

Powder composition Wt. %

Al 5.5–6.5 %

V 3.5–4.5 %

O <2000 ppm

N <500 ppm

C <800 ppm

H <120 ppm

Fe <2500 ppm

Ti Balance
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integrate and form new bones on their surfaces when implanted in the
human body [10, 11, 12, 13]. Researchers have reported various calcium
phosphate-based ceramic coatings that have been used to improve the
bioactivity of Ti metal and its alloys thereby providing a suitable platform
for the bone tissues to initially adhere and grow on its surface and then
proliferate to develop new bone eventually transforming into matured
bone in due course. Despite high success rate of this technique in clinical
trials, it has many shortfalls such as ceramic-metal interfacial bonding,
uniformity in coating etc. [10, 14, 15] All these coating based surface
modification methods could be technically applied on solid Ti metal/Ti
alloy implants. However, it becomes a challenge while developing porous
bone scaffold with complicated internal geometry. Thus, a new surface
modification approach is needed to improve the bioactivity of medical
devices which should ensure uniform application even in the intricate
parts of the porous scaffolds.

Further, bacterial infections pose a major threat in Ti metal-based
implants, if proper sterilisation is not carried out prior to surgery [16,
17]. Even though, these infections could be controlled to an extent
through antibiotics, the emergence of antibiotic-resistant strains like
MRSA has reduced their efficacy [18] Thus, the need arises for a strong
antimicrobial/antibacterial agent to prevent the bacterial adhesion dur-
ing the early stage itself and to withstand the high temperature pro-
cessing conditions of Ti metal as well [19].

Surface modification by chemical solution treatment is an effective
way to provide a uniform bioactive surface over Ti metal and its alloys.
Alkali-heat, alkali-acid-heat, acid-alkali-heat, mixed-acid-heat and H2O2

treatment are the most commonly used chemical surface modification
methods to develop bioactive Ti metal and its alloys surfaces [20, 21, 22,
23, 24, 25, 26, 27, 28, 29]. Among these, alkali-heat treatment is themost
common and cost-effective as it induces faster bone-bonding ability, both
in vitro and in vivo. [30, 31, 32, 33, 34] However, cytotoxicity caused by
the Naþ ion release from the alkali-heat treated Ti metal/Ti alloy surface
can affect the surrounding cells. To address this, in our previous study,
the Naþ ions in the alkali-heat treated Ti metal was successfully replaced
by Ca2þ ions to improve bioactivity and attract more adhesion of bone
cells on the implant surface [33]. However, the results showed that the
decoration of Ca2þ ions retarded the apatite-forming ability of NaOH
treated Ti metal in simulated body fluid (SBF). This was substantiated by
the decrease in Ca2þ ions release and the crystalline nature of TiO2
formed during alkali-Ca-heat treatment. Also, when alkali-Ca-heat
treatment was performed, the sodium titanate formed during
alkali-heat treatment got converted to calcium titanate and rutile TiO2
[33]. In another study, we demonstrated that these Naþ ions could be
easily replaced by Agþ ions forming an anatase TiO2 on the Ti metal
surface. This Agþ ion addition not only favoured the formation of
bone-like apatite in SBF but also attributed to the excellent antibacterial
activity of Ti metal [32]. A detailed osteoblastic cell compatibility study
of silver-incorporated Ti metal showed good adhesion, proliferation and
osteogenic differentiation of human gMSCs [32].

Based on the above cited literatures, it is clearly evident that additive
manufacturing will be the much sought-after future technology for
developing customised implants with complicated internal geometry
mimicking the patient's bone defect. However, understanding on pro-
cessing of minimum pore size and pore dimension accuracy in SLM
technique is an essential requirement for developing porous bone im-
plants. Further, complementing beneficial properties such as biocom-
patibility, enhanced bioactivity and antibacterial activity to the SLM
based Ti–6Al–4V scaffold has not been highlighted enough in the liter-
ature. Here, we have designed Ti–6Al–4V scaffold from its corresponding
alloy powder by SLM technique, wherein antibacterial activity coupled
with bioactivity and osteoblastic cell compatibility is attempted by co-
decorating Ca2þ as well as Agþ ions using chemical treatment method.
Macroporous scaffolds of varying porosities and pore morphology were
attempted using the SLM process and a bioactive micro/nano-porous
structure was formed on the scaffolds via chemical treatment method.
An extensive investigation was conducted on the effect of Ca or Ag or
2

Ca–Ag co-decoration on the bioactivity of the scaffolds. Meanwhile, the
Ca–Ag concentration on the Ti alloy was further optimised for better
antibacterial activity without causing any cytotoxicity towards
osteoblast-like cells.

2. Materials and methods

2.1. Materials

Additive manufacturing grade Ti alloy (Ti–6Al–4V; Grade 5) powder
was directly purchased from EOS GmBH, Germany. The composition of
Ti–6Al–4V powder is listed in Table 1.

2.2. Sample preparation

Additive manufacturing is a layer by layer manufacturing process to
construct three dimensional (3D) objects from their corresponding metal
powder. Here, selective laser melting (SLM) technique (EOS M290
model, Germany) was used to develop 3D objects from the design data. In
this process, using CAD/CAM design software, various 3Dmodels of solid
as well as porous coupon samples with circular and square type pores
were created. Subsequently, these 3D models were sliced into 2D layers.
For printing of each layer, laser beam, scan speed, hatch space was
chosen as per the EOS standard process parameters. As per the design
data, the first layer of Ti–6Al–4V powder was spread over the bed; the
laser beam selectively melted the powder and solidified it. Subsequently,
the powder bed moved down and the fresh Ti–6Al–4V powder of similar
layer thickness was again spread and labelled by a re-coater blade uni-
formly above the first printed layer. Again, the laser melting of the sec-
ond layer takes place and will be solidified over the first layer. This
powder spreading, melting and solidification process was repeatedly
continued to build the final component. Once the printing process is done
with, excess powder surrounding the component was sucked using a
vacuum cleaner and the components were cut from the base plate using
wire EDM to separate them for further studies. For printing the coupon
type samples, porous support structure was also built as per the machine
supplier protocol. During the complete printing process, the chamber was
filled with argon gas to avoid the oxidation of Ti–6Al–4V powder as well
as the printed component.

As a part of this study, scaffolds were heat-treated in the range of
1000–1300 �C in an argon gas atmosphere in a tubular furnace to
determine the effect of temperature on sintering of loosely bonded
Ti–6Al–4V particles found in the surrounding walls. A constant holding
time of 2 h was maintained for every sample.

2.3. Surface modification of Ti–6Al–4V samples

Porous Ti–6Al–4V samples of size 10 � 10 � 10 mm3 were separately
cleaned in an ultrasonic cleaner using acetone, isopropyl alcohol and
ultrapure water for 15 min each. Thus prepared samples were then
heated at 1300 �C for 1 h. These cubical samples were wire cut into 10 �
10 � 1 mm3 and cleaned as described above for surface modification
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study. The heat treated samples were then chemically treated with 5 M
NaOH (Sigma Aldrich, purity 98%) at 60 �C 120 rpm, 24 h. The NaOH
treated samples were subsequently soaked in various concentrations of
AgNO3/Ca(NO3)2 (Sigma Aldrich, purity 99.8%) solutions at 40 �C, 120
rpm, 24 h. Finally, the unreacted chemicals were removed by a gentle
wash with ultrapure water. In order to stabilise the surface modified
layer, a heat treatment at 600 �C for 1 h was followed to all the chemi-
cally treated samples in an air atmosphere at a heating rate of 5 �C/min.
The notations of the chemical and heat treatment conditions used in this
work are listed in Table 2.

2.4. Evaluation of bioactivity in SBF

Samples listed in Table 2 were incubated in 30 ml of SBF and kept at
36.5 �C for 3 days. After the incubation time over, samples were collected
from SBF, gently washed with ultrapure water and after gold sputtering
their surfaces were observed under SEM [35].

2.5. Antibacterial study in S.aureus

The antibacterial properties of the samples listed in Table 2 were
evaluated against gram positive bacteria S.aureus (MTCC, Chandigarh,
India). Using the direct bacterial contact method, the antibacterial ac-
tivity of these samples was evaluated. The sample surface was carefully
covered with 100 μl of bacterial solution with a density of 106 CFU/ml,
and was incubated at 37 �C for 6 h. After the incubation period was over,
inoculated bacterial cell suspension was collected from the sample sur-
faces by force pipetting and making up to 1 ml in volume with fresh
nutrient broth. The bacterial sample solution collected from each sample
surface was used to prepare spread plates, which were then incubated at
37 �C. After 24 h, the colony formation was recorded for each sample
conditions to examine the antibacterial activity.

2.6. Assessment of biocompatibility using osteoblast-like cells

The biocompatibility of SLMed porous Ti–6Al–4V samples after
chemical and thermal treatments were evaluated using human
osteoblast-like cells, MG63 (NCCS Pune, India), kept in Dulbecco's
modified Eagle's medium (DMEM) using 10% fetal bovine serum (FBS)
and 1% Penicillin–Streptomycin in a CO2 incubator maintained at 37 �C
and humidified atmosphere with 5% CO2. Cells at 80–90% confluency
were used in all experiments.

MTT assay was performed to determine whether SLMed porous
Ti–6Al–4V samples treated with various chemical and thermal treatments
exhibited cytotoxicity [28]. Samples of dimensions compatible to 96-well
flat bottom tissue culture dish were cut, sterilized by autoclaving and
placed in appropriate well under sterile condition. MG 63 cells at a density
of 10,000 cells/well was seeded directly to the sample surface followed by
fresh media added through the walls of 96-wells and cells without SLMed
Table 2. Notations for various chemical and heat treatments used in the present stud

Chemical treatments

Untreated SLM built Ti –6Al–4V alloy heat treated at 1300 �C

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5 M NaOH solutions, 60 �C, 2

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5 M NaOH solutions, 60 �C, 24
treated at 600 �C, 1 h

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5 M NaOH solutions, 60 �C, 24 h
treated at 600 �C, 1 h, heat treated at 600 �C, 1 h

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5M NaOH solutions, 60 �C, 24 h
& 9 ml of 100 mM Ca(NO3)2 solution, 40 �C, 24 h, heat treated at 600 �C, 1 h

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5M NaOH solutions, 60 �C, 24
AgNO3 & 9.5 ml of 100 mM Ca(NO3)2 solution, 40 �C, 24 h, heat treated at 600 �C, 1 h.

SLM built Ti –6Al–4V alloy heat treated at 1300 �C, treated with 5M NaOH solutions, 60 �C, 24
AgNO3 & 9.9 ml of 100 mM Ca(NO3)2 solution, 40 �C, 24 h, heat treated at 600 �C, 1 h.
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samples served as the control. The plate with samples was incubated for
48 h in a CO2 incubator. After the incubation period, the cell viability was
examined using thiazolyl blue tetrazoliumbromide (Vybrant® MTT Cell
Proliferation Assay Kit). The media was removed, and around 100 μl of
MTT solution was added and then incubated for a period of 3 h, until the
formation of formazan crystals. After 3 h, the insoluble formazan crystals
were dissolved by adding dimethyl sulfoxide (DMSO) and the absorbance
were read at 570 nm using an ELISA reader (CyberElisa-R01Automatic
Micro-plate Reader, Cyberlab Corporation, USA) in triplicate.

For cell adhesion study, around 20,000 cells were seeded on each
sample surface and incubated in a CO2 incubator for 48 h. After the
specified time period, the cells were fixed on the sample surfaces using
4% paraformaldehyde for 20 min, and nuclear staining was carried out. A
confocal laser scanning microscope (CLSM; Carl Zeiss-LSM 880, Ger-
many) was used to observe and record the morphology of MG63 cells
adhered on the sample surface [28].

2.6.1. Statistics
All the datas were represented as mean � standard error of the mean

from n ¼ 3 experiments and the statistical significance was considered
using a Student's paired t-test (Sigmaplot) and represented as *: P� 0.05,
**: P � 0.01, and ***: P � 0.001.

2.7. Characterisation of materials

The samples mentioned in Table 2 were further characterised using X
ray Diffraction (XRD, Bruker, UK), Scanning Electron Microscope (SEM,
TESCAN, CzechRepublic), Laser RamanSpectroscopy (Horiba Jobin Yvon,
LabRAM HR Evolution) of He–Ne laser with a wavelength of 532 nm.

3. Results and discussions

3.1. Powder characterization

The shape and size of the as-purchased Ti–6Al–4V powder were
observed under SEM and the result is shown in Figure 1a. Spherical
particles of Ti–6Al–4V with an average particle size of 45 μm can be
observed from SEM images. The XRD pattern of Ti–6Al–4V powder
(Figure 1b) shows the standard diffraction peaks at 36.1�, 38.9� and
40.3� 2θ values corresponding to α Ti metal. This powder was subse-
quently used for SLM as per the supplied EOS print parameters.

3.2. Preparation of porous Ti–6Al–4V alloy samples

To confirm the dimensional accuracy of the printed components,
various types of pores were designed using design software and the
printed sample photographs are shown in Figure 2a. Samples of pore
dimensions varying from 0 to 1 mm were designed in a 10 � 10 � 10
mm3 cubical structure. The density, as well as the porosity of all the
y.

Notations

3D-Ti64/Ti64

4 h, heat treated at 600 �C, 1 h 3D- Ti64–Na–H/Ti64 –Na

h and 0.01 mM AgNO3 solution, 40 �C, 24 h, heat 3D- Ti64–Na–Ag–H

and 100 mM Ca(NO3)2 solution, 40 �C, 24 h, heat 3D- Ti64–Na–Ca–H

and treated with a mixture of 1ml of 1 mM AgNO3 3D- Ti64–Na–9Ca:1Ag–H/9Ca:1Ag

h and treated with a mixture of 0.5 ml of 1 mM 3D- Ti64–Na-9.5Ca:0.5Ag–H/
9.5Ca:0.5Ag

h and treated with a mixture of 0.1 ml of 1 mM 3D- Ti64–Na-9.9Ca:0.1Ag–H/
9.9Ca:0.1Ag



Figure 2. (a) Photographs of SLM Ti–6Al–4V cubical samples with varying pore
dimensions from 200 to 1000 μm. For comparison dense sample image is also
shown. (b) Graphical representation of density/porosity Vs pore size as
measured by Archimedes principle.

Figure 1. (a) SEM image of as-purchased Ti–6Al–4V powder used for the study. Powder morphology appeared to be spherical with a range of particle size. (b) XRD
spectra of Ti–6Al–4V powder shows peaks corresponding to pure Ti metal.
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Ti–6Al–4V cubical samples, was measured by Archimedes principle as
shown in Eq. (1) and the results are shown in Figure 2b.

Density of the sample ¼ Wa / (Wa�Ww) (1)

Where, Wa¼Weight of sample in air&Ww¼Weight of sample in water.
Percentage of porosity was calculated from the density of the samples

while the theoretical density of Ti–6Al–4V powder was taken as 4.41 g/cc.
The solid cubical Ti–6Al–4V sample developed by the SLM technology
showed a density ˃99.5% and samples containing pores with 200 μm in
size reduced the density to 85–90%. Around 50–60% density was
observed for samples with a pore dimension of 600 μm and above and it
can be controlled by controlling the number of continuous pores in a fixed
sample dimension. This study clearly shows that under defined process
parameters, uniform pores with good dimensional accuracy could be
designed and developed. More interestingly, from visual observation, pore
size of 200 μm and above showed continuous and uniform porosity. It is
clearly evident that the bone implant scaffold of such pore size and above
could be easily fabricated by the present SLM technique.

Many researchers have investigated various design parameters which
give faster bone integration and growth at bone defects. Karageorgiou
et al., observed that lower porosity in implants leads to osteogenesis in
vitro whereas greater bone ingrowth was observed with higher porosity
and pore size. However, the mechanical properties of the implant
diminish here. A minimum requirement for pore size is 100 μm and a
4

pore size greater than 300 μm enhances the bone and capillary formation
[4]. Harvey et al., reported that 45% porosity with a pore size of 350μm
can reduce the stress-related bone resorption in implants [36]. Another
study by Chang et al., showed a maximum bone ingrowth at porosity in
the range of 50–60% and a pore size of 170 μm [37]. Bobyn et al., re-
ported that maximum bone ingrowth and fixation was observed at im-
plants with 50–400 μm pore size [38]. Fukuda et al., studied the effect of
different pore sizes ranging from 500-1200 μm on the osteoinduction in
Ti implants and observed a significant osteoinduction in the Ti implants
having pore sizes in the range of 500–600 μm [39]. In contrast to these
reports, Itala et al., reported that the bone ingrowths in the implant are
independent of the pore size or its thickness [40]. Along with pore size
and porosity, bone ingrowth or new bone formation on an implant
greatly depends on the interconnectivity of pores. Yoshikawa et al. re-
ported that implants with interconnected pores showed good osteo-
conduction [41]. Otsuki et al. used the help of micro CT scan to
determine the effect of interconnectivity on the bone ingrowth and
concluded that well-differentiated pore throats have more tissue
ingrowth than that in the narrow pore throats [42].
3.3. Heat treatment studies

As evident from the image of the as-printed sample, a significant
amount of un-melted Ti–6Al–4V particles were adhering on the inner
walls of the SLM printed porous structure. The un-melted particles may
detach and get released into the human body leading to health issues.
Therefore, it is essential to carry out post-treatment either to bond these
loose particles or remove them from the porous walls. A simple heat
treatment study was carried out in the range of 1000 to 1300 �C in an
inert atmosphere to inspect the powder sintering possibilities. Figure 3
shows the SEM images of Ti–6Al–4V printed samples heat-treated at
different temperatures. At 1200 �C, the loosely bonded metal particles
were found to be sintered with each other as well as onto the walls of the
porous structure. SEM image of sample heat-treated at 1300 �C clearly
shows the occurrence of the particle to particle sintering, with neck
formation. During the heat treatment process, micro-pockets were also
found to have formed throughout the sample due to metallic particle
diffusion as well as sintering, by which an increase in the anchorage of
surrounding bone tissues via ingrowths of bone minerals is anticipated.
Based on the above study, an optimum temperature for the heat treat-
ment could be chosen in the range of 1200 �C to 1300 �C. It is well un-
derstood that heat treatment also affects the mechanical properties as
well as the microstructures of the components and therefore requires
further investigation [39, 43, 44]. Porous Ti–6Al–4V samples heated at
1300 �C were used for further studies to improve the bioactivity for
better osteointegration.

Even though macroporosity can provide good osteogenesis, micro
porosity/surface roughness plays a major role in bringing protein



Figure 3. (a) SEM images of a typical SLM built Ti–6Al–4V samples with square shaped pores. (b) SEM images of inner walls of as-printed porous Ti–6Al–4V sample
and heat treated at 1200 and 1300 �C. As-printed samples showed weakly bonded Ti–6Al–4V particles even up to 1200 �C and these particles became soften when
sintered above 1300 �C and finally bonded to the walls of the components leading to micro-pockets.
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adsorption, cell adhesion, bone-like apatite formation etc. in implants. To
improve the bioactivity as well as bone integration of Ti alloys, surface
modification by chemical treatment methods are most appropriate as it
results in uniform application in both inner and outer walls of compli-
cated porous structures.

3.4. Surface modification of Ti–6Al–4V samples

SEM images of porous Ti–6Al–4V samples, treated with NaOH and
NaOH–Ca(NO3)2/AgNO3 solution followed by heat treatment at 600 �C
are shown in Figure 4. The SEM images of the samples before
Figure 4. SEM images of porous Ti–6Al–4V samples (a) heat treated at 1300 �C,
treatment at 600 �C. NaOH treatment showed the formation of fine porous network
uniform chemical treatment.(d) & (e) SEM image & EDS result of porous Ti–6Al–4V
with a mixture of Ca and Ag nitrate solutions and heat treatment at 600 �C.
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subjecting to NaOH and heat treatment is also shown for comparison
(Figure 4a). The SEM images of samples heat-treated at 1300 �C clearly
show a smooth uniform surface which gets transformed into a highly
porous network-like structure by the subsequent NaOH solution treat-
ment and thus formed porous network did not get affected by the
subsequent heat treatment. From the SEM images, it could be noticed
that even the inner walls of the samples formed porous network-like
structures. This indicates that the NaOH treatment method followed
here has the advantages of uniform chemical treatment including the
inner walls of the porous samples which could not be achieved through
other methods.
(b) & (c) subjected to subsequent soaking in NaOH solution and further heat
structure both walls as well as melted particles inside the pores confirming the
samples, heat treated at 1300 �C, subjected to NaOH and subsequently treated



Figure 5. Raman spectra of porous Ti–6Al–4V samples heat treated at 1300 �C,
subjected to various chemical and heat treatments.

Figure 6. (a) & (b) SEM images of porous Ti–6Al–4V samples, subjected to various ch
surface as well as inside the pores. Bone-like apatite particles could be observed eve
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The NaOH treated Ti–6Al–4V sample was subsequently treated with a
mixture of Ca and AgNO3 solution, to replace the Naþ ions with Ca2þ/Ag
ions. Figure 4d shows the SEM images of porous Ti–6Al–4V samples after
NaOH and subsequently treated with a mixture of Ca and Ag nitrate so-
lutions, heat-treated at 600 �C. It could be observed from the SEM image,
that the morphology of alkali-Ca/Ag- heat-treated surface is similar to
that of only alkali and heat-treated surface. The EDS analysis was carried
out to measure the surface elemental composition present on the chem-
ically treated samples and the result shows the presence of Ca and Ag in
addition to Ti, O, Al, V and a trace amount of Na. Around 0.36 at % of Ca
and 0.46 at % Ag was decorated over the sample surface when treated
with 9.5 ml of 100 mM Ca(NO3)2 and 0.5 ml of 1 mM AgNO3 solution.
The concentration of Ca(NO3)2 and AgNO3 solution was chosen based on
the optimised results attained by the author earlier [28, 33].

The phases formed on porous Ti–6Al–4V samples listed in Table 2
were studied by Laser Raman spectroscopy and the result is shown in
Figure 5. As seen from the Raman spectra, the sample heat treated at
1300 �C in an inert atmosphere showed a straight line which indicates no
oxide layer formation over the SLMed Ti–6Al–4V. Peaks corresponding to
sodium titanate as well as rutile TiO2 were observed when the Ti–6Al–4V
sample was subjected to NaOH and heat treatment. When the Naþ ions
were exchanged with Agþ ions during AgNO3 treatment, the sodium
titanate and rutile TiO2 peaks disappeared and peaks corresponding to
anatase TiO2 appeared. When the NaOH treated Ti–6Al–4V samples were
treated with a mixture of Ca–Ag solution and heat treatment, peaks
corresponding to both anatase as well as rutile TiO2 were observed. The
anatase to rutile TiO2 formation was observed to be increasing with an
increase in silver ratio. The NaOH–Ca-heat sample showed peaks corre-
sponding to rutile TiO2 along with a trace amount of anatase TiO2. The
chemically and heat treated SLMed Ti–6Al–4V samples were further
soaked in SBF to evaluate its in vitro bioactivity (apatite forming ability).

3.5. Preliminary evaluation of bioactivity in SBF

Figure 6a & b shows that SLMed Ti–6Al–4V samples subjected to
NaOH and heat treatment as well as NaOH–Ag and heat treatment when
incubated in SBF showed bone-like apatite formation on its surface
whereas NaOH–Ca-heat did not. Surprisingly, porous Ti–6Al–4V samples
emical and heat treatments and soaked in SBF for 3 days, and observed at outer
n in the inner walls of chemical and heat treated samples.
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subjected NaOH–Ca/Ag-heat (co-doped) formed bone-like apatite. This
increased apatite formation could be attributed to the formation of
anatase TiO2 as indicated in Figure 5 [27].

Ti metal and its alloys when treated with NaOH form a network-like
morphology of 1 μm thickness which gets converted to a bioactive so-
dium titanate upon heat treatment at 600 �C [20, 21, 22, 23]. In SBF,
these Naþ ions release from the alkali-treated Ti metal/Ti alloy into the
surrounding fluid, making a surface negative charge. This in turn attracts
more amounts of Ca2þ ions followed by PO4

3- ions from the surrounding
SBF forming bone-like apatite on its surface. Similar results were also
observed in the present study. The cytotoxic effects caused by thus
released Naþ are a serious concern when it comes to the real application.
Therefore, in the present study, these Naþ ions have been replaced by
Ca2þ/Agþ ions to provide a "Na-free" surface with an expectation of
additional advantages for properties such as osteoblastic cell compati-
bility and antibacterial activity, respectively. However, when it comes to
the bone-like apatite formation in SBF, Ca or Ag or Ca–Ag co-decorated
Ti–6Al–4V alloy surfaces behave differently. As we could see from
Figure 6, only Ag decorated Ti–6Al–4V alloy formed bone-like apatite
whereas only Ca containing surface did not. Surprisingly, when Ca and
Ag were co-decorated on the Ti–6Al–4V alloy surface, the bone-like
apatite formation could be retained on its surface. From our previous
studies and also from the present results, it can be seen that only Ag
decorated surface formed anatase TiO2 whereas rutile TiO2 was domi-
nant in the case of only Ca decorated Ti–6Al–4V alloy surface [32, 33].
When it comes to the co-decoration of Ca and Ag, anatase TiO2 peaks
became more prominent. The formation of anatase TiO2 in the case of
only Ag and Ca–Ag co-decorated Ti–6Al–4V alloy could be a reason
which triggered bone-like apatite formation in this case. Although Ca–Ag
co-doped macro-micro-nano porous network structure developed over
Ti–6Al–4V sample induces bioactivity in SBF, the amount of Ag incor-
porated should exhibit antimicrobial activity. Therefore, further studies
Figure 7. (a) Antibacterial study carried out for porous Ti–6Al–4V samples, subjected
and heat-treated sample did not show any antibacterial activity (presence of bacteria
(no bacterial colonies). (b) Quantitative analysis of antibacterial activity for the sam
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on the antibacterial efficiency of the Ca–Ag treated porous Ti–6Al–4V
surfaces were carried out using S. aureus bacteria.

3.6. Antibacterial study

The Ca–Ag volume ratio optimised from the previous studies
(9.9Ca:0.1Ag) were used here and compared with that of alkali-heat
treated porous Ti–6Al–4V samples [28, 33, 34]. Figure 7 (a-b) shows
the results of the antibacterial study carried out for the samples subjected
to chemical and heat treatments. Direct contact method was followed to
evaluate the antibacterial activity of the above surfaces. As we could see
from the photographs of spread plates prepared from the cells incubated
with the respective samples, porous Ti–6Al–4V samples treated with
NaOH and heat showed a similar number of S. aureus colonies whereas no
bacterial colonies could be observed in the porous Ti–6Al–4V samples,
treated with NaOH–Ca/Ag and heat treatment. AminimumCa:Ag ratio of
9.9:0.1 was found to be good enough for the complete killing of S.aureus
cells (Figure 7a). In order to obtain a quantitative analysis of the anti-
bacterial study, experiment was done in triplicate for the chemical and
heat treatment conditions and the statistical analysis of the result is
shown in Figure 7b.

3.7. MTT assay and cell adhesion study

A quantitative analysis on the biocompatibility of SLMed porous Ti-
6Al-4V samples subjected to various chemical and thermal treatments
was carried out using MTT assay and is presented in Figure 8a. As we
could observe from the figure, the viability of the cells grown along with
the samples was more or less similar to that in the control cells grown in
the absence of samples. This in turns indicates that all the samples,
irrespective of the chemical composition, is biocompatible and the
incorporated Ag ions in all the 3 ratios, 9:1, 9.5:0.5 and 9.9:0.1, are not
to various chemical and heat treatments. Untreated Ti–6Al–4V as well as NaOH
l colonies) while Ca–Ag decorated Ti–6Al–4V showed good antibacterial activity
ples measured as % bacterial colony formation.



Figure 8. (a) Cell viability of SLM built
porous Ti–6Al–4V samples subjected to
various chemical and thermal treatments as
measured by MTT assay. (b) CLSM images of
MG 63 cells adhered on as-printed
Ti–6Al–4V samples, SLM built porous
Ti–6Al–4V samples sintered at 1300 �C sub-
jected to various optimized chemical and
heat treatments, after acridine orange stain-
ing. Significant amount of MG 63 cells
adherence on Ca–Ag sample indicates the
non-toxicity of the Ag concentration present
on the Ti–6Al–4V sample surface.
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toxic to the cells. In order to study the adhesion and spreading property of
MG63 cells on SLMed Ti–6Al–4V samples incorporated with Ag/Ca ions,
the samples were seeded with cells and were incubated for a period of 48
h. After the incubation period, these samples were collected, washed and
the cells adhered on the sample surfaces were fixed using para-
formaldehyde and stained using acridine orange. Later, the samples were
observed under CLSM and the images of the cells adhered on the surfaces
were captured at different locations of the porous structure. Figure 8b
shows the CSLM images of MG 63 cells adhered on the walls of the as-
printed porous Ti–6Al–4V sample, porous Ti–6Al–4V samples heat
treated at 1300 �C, subjected to various chemical and heat treatments.
From the images, it can be concluded that the cells observed were alive
and healthy over the Ti–6Al–4V samples for 48 h. The morphology of the
cells appeared to be intact which further indicates that the sample is non-
toxic to the bone cells. However, for better bone integration, surface
modification approaches needs to be adopted in the SLMed Ti–6Al–4V
components and their osteoblastic cell compatibility to be evaluated on
MG 63 cells. All the samples, irrespective of the chemical treatment,
showed good osteoblastic cell compatibility towards MG 63 cells and the
cell morphology was also observed to be intact and healthy. The mini-
mum Ca:Ag ratio of 9.9:0.1 which showed complete killing efficiency
towards S. aureus, also showed good osteoblastic cell compatibility to-
wards MG 63 cells.

Based on the overall study, it can be summarised that the AM tech-
nologies as described here and also reported by several researchers have
their advantages of design and development of PSI mimicking to the
damaged or diseased patient bones. This technology can even help to
mimic the porosity, patient bone density, bone structures, etc. making it
superior to any other conventional implant manufacturing method.
Continuous pores of size 200 μm and above could be fabricated by the
SLM technology. Although PSIs are developed, modification of implant
surface by chemical treatment is required for better bone integration. The
present study showed a cost-effective, easy method by co-doping the
Ca–Ag ions that promoted faster bioactivity as well as antibacterial ac-
tivity. The antibacterial treatment presented here has a unique advantage
of preventing implant-related infections, implant rejection and secondary
surgery which is not a desirable case for any patient. Macro-/micro-
nanoporosity over SLM built Ti–6Al–4V alloy surface from its powder
proposed in the study is a novel idea that can improve the tissue ingrowth
and tight implant fixation in the case of permanent PSI's such as hip,
knee, dental screw, spine spacers, etc. Although the present study proved
better bioactivity, antibacterial activity and osteoblastic cell compati-
bility, the bone integration studies in animal models needs to be carried
out to confirm the faster osteointegration to establish that the chemical
followed by thermal treatment method is highly useful and effective for
developing hard tissue replacement implants.
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4. Conclusions

� Selective laser melting technique was found to be useful to develop
Ti–6Al–4V scaffold from its corresponding alloy powder with channel
type macro-micro porous structure. Pore size of 200 μm and above
with high degree of dimensional accuracy could be successfully
printed using this SLM technology.

� Loosely bonded particle adhering to the inner and outer walls of the
porous structure could be fused and bonded by the subsequent heat
treatment at 1300 �C to form not only micro pockets for tissue
ingrowth and also avoid the release of metal particles during its use.

� The surface modification method using NaOH treatment formed a
fine nanoporous network structure over the Ti–6Al–4V porous sample
where Ca or Ag or Ca–Ag ions could be subsequently decorated by
replacing the Na ions.

� Raman results showed only Ca containing samples has rutile phase
while only Ag or Ca–Ag co-decoration lead to anatase TiO2 phase over
Ti–6Al–4V porous samples.

� In vitro bioactivity result in simulated body fluid showed Ag and
Ca–Ag co-decorated samples accelerated the apatite deposition in
contrast to only Ca incorporated samples possibly due to the forma-
tion of anatase TiO2 phase in former conditions.

� Ca–Ag co-decorated nano porous network surface over Ti–6Al–4V
alloy scaffolds lead to the formation of bioactive, antibacterial and
cell compatible surface which will be very useful in the biomedical
field while developing patient specific implants.
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