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Abstract A textured calcium phosphate based bio-cera-

mic coating was synthesized by continuous wave Nd:YAG

laser induced direct melting of hydroxyapatite precursor on

Ti–6Al–4V substrate. Two different micro-textured pat-

terns (100 lm and 200 lm line spacing) of Ca–P based

phases were fabricated by this technique to understand the

alignment and focal adhesion of the bone forming cells on

these surfaces. X-ray diffraction studies of the coated

samples indicated the presence of CaTiO3, a-Ca3(PO4)2,

Ca(OH)2, TiO2 (anatase) and TiO2 (rutile) phases as a

result of the intermixing between the precursor and

substrate material during laser processing. A two dimen-

sional elemental mapping of the cross-section of the coated

samples exhibited the presence of higher phosphorous

concentration within the coating and a thin layer of calcium

concentration only at the top of the coating. Improved in

vitro bioactivity and in vitro biocompatibility was observed

for the laser processed samples as compared to the control.

1 Introduction

Biological responses to biomaterials are largely controlled

by the surface chemistry and surface morphology. There-

fore, surface modification of biomaterials to provide the

appropriate biological response without altering the bulk

mechanical and functionality of the device is an area of key

research [1, 2]. For load bearing implant applications, the

most common surface modification approach to improve

bonding and bone growth at the interface is to provide a

calcium phosphate (Ca–P) based bioceramic coating on

Ti–6Al–4V alloys. Here, the Ti–6Al–4V metallic alloy,

owing to its superior mechanical properties (tensile

strength and fatigue), chemical stability (corrosion resis-

tance), and biocompatibility under in vivo conditions

maintain the bulk mechanical and functionality of the

implant device. On the other hand, the hydroxyapatite (HA,

Ca10(PO4)6(OH)2) based Ca–P ceramics mimic the natu-

rally occurring bone mineral in terms of their chemical

composition and crystallographic structure and hence is

considered as a coating material on Ti–6Al–4V for direct

bone bonding by attachment, proliferation and differenti-

ation of bone forming cells.

The various methods that have been carried out to

develop Ca–P coatings on Ti alloys include plasma spray

deposition [3], magnetron sputtering [4], sol–gel-based
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coatings [5], pulsed laser deposition [6], electrophoretic

deposition [7]. Although, most of these coating techniques

are aimed to enhance short and long-term performance of

implants by encouraging bone in-growth and providing

enhanced fixation, they fail to achieve both a controlled

or regular topographic cue (surface physical texture) and

improved bonding at the substrate and coating interface

simultaneously. The presence of a weak bonding between

the coating and substrate material often results in the

disintegration and delamination of the coating after pro-

longed use. The debris generated due to such failure

stimulates inflammation and thereby eventually results in

loosening of the prosthetic device [8–10]. The topo-

graphic cues in the form of grooves, porosity, roughness

and surface physical texture provide contact guidance and

adhesion of the bone forming cells at the tissue implant

interface [11]. It is hypothesized that these three dimen-

sional irregularities at the implant surface provide a local

difference in surface free energy and result in a specific

deposition pattern of the substratum bound attachment

proteins [11]. This spatial arrangement of attached pro-

teins affects the wettability of the implant material and

thereby the attachment and orientation of the bone

forming cells. However, for most of the above mentioned

coating techniques, the surface topographic cues are of

random nature and there is no control on their length

scales. Because of these associated drawbacks there has

been significant research in terms of modifying the sur-

face of an implant material to synthesize controlled and

regular topographic cues with improved bonding between

the coating and the substrate material.

In our group we proposed a laser based surface mod-

ification approach to synthesize simultaneously a topo-

graphically textured and bioactive Ca–P coating on

Ti–6Al–4V [12–16]. The laser based surface modification

approach to provide improved bioactive and biocompati-

ble coatings has been well established by many previous

excellent works [17–22]. Hence, in this current effort we

used such a technique where a continuous wave (CW)

Nd:YAG laser source was employed to synthesize the

textured Ca–P coatings. The highly intense laser beam

from the CW Nd:YAG laser was used to melt both the

precursor (HA) and substrate (Ti–6Al–4V) and thereby

provide a metallurgical bonding at the interface. Further,

as the laser scanning process can be programmed to

achieve line patterns at varying lateral track spacings

(center to center distance between laser tracks), micro-

textured patterns at varying length scales can also be

obtained by this technique. The effect of laser processing

parameters on the evolution of the micro-textures, phases

and microstructure and thereby its subsequent effect on in

vitro bioactivity and in vitro biocompatibility of the

coatings is studied.

2 Materials and methods

2.1 Sample preparation and Ca–P coating using a CW

laser

The substrate Ti–6Al–4V plates of dimensions 100 9

50 9 3 mm3 were cut from the rolled sheets using an

abrasive cutter. The plates were then polished using a 600

grit silicon carbide emery paper followed by ultrasonic

rinsing with acetone to remove any dust and grease. The

commercially available HA (Ca10(PO4)6(OH)2) powder

obtained from Fisher Scientific was taken as the precursor

material. The powders had a spherical morphology with a

unimodal distribution in the range of 10–30 lm in diam-

eter. X-ray diffraction (XRD) studies conducted on these

powders proved for their highly crystalline nature and can

be referred from our previously published work [14]. The

precursor powder was mixed with a water-based organic

solvent LISI W 15853 obtained from Warren Paint and

Color Company (Nashville, TN, USA). The mixed slurry

was then sprayed onto the preheated (*50�C) substrate

coupons using an air-pressurized spray gun. The sprayed

coupons were air dried to remove the moisture and a uni-

form thickness of approximately 80 lm was maintained for

all precoating deposits. The coating thickness was mea-

sured by scratching of the preplaced precursor at one cor-

ner and measuring the change in depth of focus using an

optical microscope. Finally, the samples were scanned

using a CW Nd:YAG laser equipped with a fiber optic

beam delivery system to obtain a textured coating at the

surface and a metallurgical bonding at the substrate-coating

interface. The fiber optic was interfaced with an end

effector that houses a set of spherical and cylindrical lenses

to shape the output of the laser beam. The laser was

operated in the infrared region with a wavelength of

1064 nm. This infrared laser beam had a Gaussian intensity

distribution and was focused on the surface of the sample

using a 120 mm focal length convex lens. The laser pro-

cessing parameters used for the coating process are illus-

trated in Table 1. It can be observed (Table 1) that in the

Table 1 Laser parameters used in the study

Stand of distance 356 mm from the surface of

the sample

Laser spot shape Circular

Laser spot diameter 400 lm

Laser scan speed 500 mm s-1

Average output power 215 W

Laser fluence or energy density of the

laser beam

137 J cm-2

Lateral track spacings 100 and 200 lm
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current work only the lateral track spacings are varied

keeping the rest of the parameters constant. A lateral track

spacings of 100 and 200 lm are chosen so as to match the

length scale of the naturally occurring three dimensional

extra cellular matrix (ECM) present in the human bone

[23]. Contrary to the above, in conventional pre-pasted

laser cladding technique the lateral track spacing or the

laser spot overlap is decided in such a way that there is

controlled re-melting and also minimum dilution caused

due to overheating.

2.2 Surface characterization of the Ca–P coatings

The surface microstructures of the textured-coated speci-

mens were studied using a LEO 1525 scanning electron

microscope (SEM). The cross-sectional microscopic and

compositional analysis of the coatings were studied using a

FEI NOVA Nano SEM 230 microscope equipped with a

field emission gun (FEG) source, an electron backscatter

EBSD detector and an EDS detector. The compositional

lines as well as maps were collected using the attached

EDS detector and analyzed via the EDAX Genesis Soft-

ware. The surface roughness of the untreated Ti–6Al–4V

and textured coated samples were studied using a Leica

optical profilometer, by scanning the laser beam across a

surface area of 1500 9 1500 lm2. The roughness values

were recorded in the form of Ra (defined as the arithmetic

average of all points of the profile also called the center

line average height), Rz (arithmetic average of vertical

distances between the highest peak and deepest valley

within a sampling length) and Rmax (maximum individual

roughness depth). A total of five random scans each were

carried out on both the processing direction and perpen-

dicular to the processing direction of the textured coated

samples to get an average within these roughness values.

The phase analyses of the textured coatings were studied

using an X-ray diffractometer. A Philips Norelco X-ray

diffraction (XRD) system with Cu-Ka radiation of wave-

length 1.5418 Å was used to study the phase evolution. The

XRD system was operated at 20 kV and 10 mA in a 2h
range of 20–100� using a step size of 0.02� and count time

of 1 s. The XRD patterns were corrected from any back-

ground using the Jade software and the phases were

identified by comparing the XRD pattern to ICDD (Inter-

national center for diffraction data) files obtained from

joint committee of powder diffraction standards (JCPDS).

2.3 In vitro bioactivity

The bioactivity or the bio-mineralization behavior of the

laser processed samples is studied by soaking the samples in

a simulated body fluid (SBF). The SBF solution was prepared

by dissolving reagent grade chemicals in the following order:

NaCl (8.026 g), NaHCO3 (0.352 g), KCl (0.225 g),

K2HPO4�3H2O (0.230 g), MgCl2�6H2O(0.311 g), CaCl2
(0.293 g) and Na2SO4 (0.072 g) into distilled water (700 ml)

and buffering to pH = 7.4 at 37�C by adding tri-hydro-

xymethylaminomethane (6.063 g) and hydrochloric acid

(40 ml) [24, 25]. A 50 ml by volume of the SBF solution was

taken in a plastic container and a set of four samples from

each processing conditions were completely immersed in the

solution. The solution was refreshed every 24 h to maintain a

pH of 7.4, and the temperature was maintained at 37�C

during the course of the test. The samples were removed

from the SBF solution at specified time intervals (1, 3, 5 and

7 days) followed by rinsing with distilled water and air

drying for further analysis. A LEO 1525 scanning electron

microscope (SEM) was used to observe the microstructure

and morphological evolution of the mineralized samples.

The elemental analyses of the mineralized samples were

studied using X-ray photoelectron spectroscopy (XPS)

techniques. A VersaProbeTM 5000 Scanning XPS Micro-

probe instrument was used here for the surface elemental

analysis of the mineralized layers. Here a monochromatic

X-ray beam source at 1486.6 eV and 49.3 W was used to

scan upon the sample surface. A high flux X-ray source

with Aluminum anode was used for X-ray generation, and

a quartz crystal monochromator was used to focus and scan

the X-ray beam on the sample. The X-ray beam diameter

used was 200 lm and the sample was sputter cleaned and

operated at a vacuum pressure of 5 9 10-6 Pascal for the

study. The samples used for XPS studies were cleaned with

distill water and dried in a vacuum desiccator prior to

analysis.

The phase evolution of the mineralized samples was

studied using both XRD and Fourier transform infrared

(FTIR) spectroscopic techniques. The XRD instrument

used here was the same as discussed before for phase

analysis of the coatings. The FTIR analysis was carried

using a Nicolet FTIR Continuum Infrared Microscope,

configured for operation under reflectance and transmission

mode. In the current study the solid samples were analyzed

under the reflectance mode and the samples were placed on

an aluminum coated slide for the background. The spectra

were obtained at 4.00 cm-1 resolution averaging 100

sample scans and 32 background scans. The acquisition

range used was 650–4000 cm-1. The size of the infrared

beam that was focused using a reflex aperture was

25 9 25 lm2.

2.4 In vitro biocompatibility

In vitro biocompatibility of coated samples was evaluated

through cell morphology during cell culture studies using

the mouse pre-osteoblast MC3T3-E1 (subclone 14) cell
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line, obtained from American Type Cell Culture Collection

(ATCC, Manassas, VA, USA). The cells were maintained

in a tissue culture flask using the ATCC recommended cell

culture medium at 37�C under 5% CO2 and 95% air in a

humidified incubator. The culture medium was replaced

every 3 days and confluent cells were trypsinized and

replated (0.25% trypsin–EDTA, Invitrogen, USA) to

maintain the cell line.

The coated samples and the control (untreated Ti–6Al–

4V) of size 4 9 4 mm2 were cleaned with 70% ethanol and

then UV sterilized prior to cell culture. The pre-osteoblast

cells were then seeded on the surfaces of UV sterilized

samples placed in 24-well culture plates at a density of

1 9 104 cells cm-2 and stored in the CO2 incubator

(maintained at 37�C under 5% CO2 and 95% air in a

humidified incubator) for 1 day. For cell morphology

analysis using SEM, cells cultured on the samples were

fixed with 3% glutaraldehyde in 0.1 M cacodylate for 1 h

and rinsed three times with phosphate buffered saline

(PBS). The samples were further processed in 2% osmium

tetroxide in 0.1 M cacodylate for 1 h, dehydrated with a

series of increasing concentration of ethanol (25, 50, 70, 95

and 100%), critical point dried and sputter-coated with gold

for SEM observation. For immunocytochemical staining of

the actin filament, the cells cultured on the samples were

fixed with 4% paraformaldehyde (Sigma–Aldrich, USA) in

1 9 PBS for 30 min at 4�C. After washing with PBS, the

samples were permeabilized with 0.1% Triton X-100

(Fisher Scientific, USA) in 1 9 PBS for 5 min, blocked

with 1% bovine serum albumin (BSA, Sigma–Aldrich,

USA) for 30 min and stained with 2% Alexa 594 conju-

gated Phalloidin (Invitrogen, USA) fluorescent dye for 1 h.

Cell nuclei were counterstained with 0.1% 40,6-diamidino-

2-phenylindole (DAPI, Chemicon, USA) in 1 9 PBS for

5 min. Samples were washed three times with 0.05%

Tween-20 (Sigma) in 1 9 PBS before and after the staining

steps. All the staining procedures were carried out at room

temperature. High-resolution fluorescence images were

captured using an upright fluorescence microscope (Nikon).

3 Results and discussions

Low magnification SEM images (Fig. 1) of the surfaces of

the samples clearly show the effect of laser track overlap

on the surface morphology of the coatings. It can be

observed that by varying the track overlap in the lateral

direction, there is controlled re-melting of the previously

melted surface and hence surface textures at different

length scales (100–200 lm line spacings) can be obtained.

The higher magnification SEM images of the correspond-

ing surfaces are included as inset and clearly demonstrate

the porous and rough nature of the textured coatings. These

micron scale features in the form of porosity or pits are

expected to influence the protein interactions under in vivo

conditions [23, 26, 27]. The quantitative variation in sur-

face roughness as a result of the varying laser fluence and

lateral track spacing was evaluated and compared to the

results obtained on untreated Ti–6Al–4V sample. The

sample processed with 100 lm line spacing had a Ra, Rz

and Rmax values of 2.5, 20.63 and 28.36 lm respectively

and the sample processed with 200 lm line spacing had a

Ra, Rz and Rmax values of 6.5, 53.1 and 71.7 lm respec-

tively. In contrast for the untreated Ti–6Al–4V sample the

Ra, Rz and Rmax values were 2.04, 7.6 and 13.4 lm

respectively. Hence, it can be clearly observed that there is

a significant increase in surface roughness as a result of

laser surface modification. However, within the laser pro-

cessed samples, it can be observed that the samples pro-

cessed for 100 lm line spacing have significantly lower

values of Ra, Rz and Rmax as compared to the samples

processed for 200 lm line spacing. With reduced lateral

track overlap or line spacing, there is an increase in the spot

overlap (spot diameter = 400 lm) in the lateral direction

Fig. 1 Low magnification SEM

images and its corresponding

higher magnification as inset for

the samples processed at:

a 137 J cm-2, 100 lm line

spacing and b 137 J cm-2,

200 lm line spacing
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leading to remelting of a predominant amount of the

already melted surface. This increased remelting of the

ceramic layer because of reduced track overlap is expected

to smoothen the surface of the coating. Therefore, laser

surface modification demonstrated the potential to synthe-

size 3-dimensional surface textures at the cellular and su-

pracellular length scales and hence expected to influence

the cell-fate process through cell–cell interaction and

integration of the implant with the host [11]. XRD results

collected from the surfaces of the samples (Fig. 2) indicate

that there is no major change in the types of phases with

varying lateral track overlap, and CaTiO3, a-Ca3(PO4)2

(a-TCP), Ca(OH)2, TiO2 (Anatase), TiO2 (Rutile) and Ti

are the major phases present within the coatings. Further,

as the processing was carried out in an ambient atmosphere

with argon as the cover gas, a small amount of oxidation of

the melt pool constituents is expected to take place leading

to the precipitation of Al2O3 at the surface (Fig. 2). Also,

as the laser processing is associated with extremely high

cooling rates (C103�C S-1), some metastable or amorphous

phases were also observed between 2h = 30� and

2h = 45�.

The effect of laser track overlap on the morphology

and composition of the coatings across the cross-section

are studied using SEM EDAX 2-D elemental mapping

technique. The sample processed at 100 lm line spacing

(Fig. 3a) demonstrated a smoother morphology as com-

pared to the sample processed at 200 lm line spacing

(Fig. 4a). With reduced lateral track overlap or line

spacing, there is an increase in the spot overlap (spot

diameter *400 lm) in the lateral direction, leading to

remelting of the already melted surface and thereby

smoothening of the coating. The high temperature evo-

lution during laser processing also leads to partial loss of

the precursor material due to vaporization and dilution of

the coating through intermixing of the elements. The low

magnification SEM images and corresponding EDS data

as published in one of our previous work suggested for

the uniformity of the coating in terms of its composition

and surface morphology [28]. Figures 3b–f and 4b–f show

the cross-sectional elemental mapping of the sample

processed at 100 and 200 lm lateral spacing respectively.

It can be observed that only a thin layer of Ca existed at

the surface (Figs. 3e, 4e) whereas there is complete

penetration of P (Figs. 3f, 4f) within the coating following

laser processing. Further their compositional line scans

across the cross-section (Figs. 3g, 4g) indicated that Ca

exists up to *10 lm in depth from the surface of the

sample, P on the other hand has significantly more pen-

etration depth (*100 lm) most probably due to short

circuit interstitial diffusion occurring primarily at a/b
interfaces in the Ti–6Al–4V substrate. Such a diffusion

pathway, if operational, would not be feasible for a sub-

stitutional atom like Ca. However further studies need to

be conducted to confirm such a theory. From the above

results it can be proved that there is retainment of Ca and

P at the surface of the coatings following laser processing.

Further, from the XRD studies (Fig. 2) it can be con-

cluded that both Ca and P exist as CaTiO3, Ca(OH)2, and

a-TCP phase at the surface of the sample.

Fig. 2 XRD pattern for the

laser processed samples
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With the retainment of bioactive phases like CaTiO3,

Ca(OH)2 and a-TCP, the coated samples were further

studied for their in vitro bioactivity or bone bonding ability

by immersing in a SBF and analyzing for the precipitation

of an apatite (HA) like mineral layer. The precipitation of

such a phase on the surface of an implant material under in

vivo conditions is beneficial, as HA is a naturally occurring

mineral component lying alongside the collagen fibrils.

This layer therefore acts as a bone bonding interface, where

the cells can preferentially proliferate and differentiate into

higher ordered structures such as bone. The presence of an

apatite like layer on the untreated samples following

immersion in SBF was very minimal as compared to the

coatings. Hence the results pertaining to it is not included

in the present study. SEM analysis of the coatings fol-

lowing immersion in SBF for 4 different time periods is

shown in Fig. 5. It can be observed that irrespective of the

laser processing conditions (100 and 200 lm line spacing)

change in phase evolution of the coatings with SBF

immersion time is the same up to 3 days. Following 1 day

immersion in SBF, characteristic whisker-like apatite

crystallites are nucleated on both the surfaces of the

samples. With the increase in immersion time to 3 days,

the whisker-like apatite crystallites transformed into a

mixed layer of whisker-like and nano apatite crystals.

However, as the immersion time is increased to 5 days the

samples processed at 100 lm line spacing got completely

covered with nano apatite like phase and after 7 days of

immersion period a thick apatite like layer existed on the

surface of the sample. In contrast, for the sample processed

at 200 lm line spacing, a thick layer of Ca–P phase,

uncharacteristic of the HA morphology existed soon after 5

and 7 days of SBF immersion. This improvement in min-

eralization or bioactivity for the 100 lm line spaced sam-

ples might be attributed to its increased hydrophilicity and

thereby higher surface energy as calculated in our previous

studies [28].

XPS analysis was carried out on the mineralized sam-

ples to quantify the elements present on the surface of the

samples following immersion in SBF. It can be observed

(Fig. 6a, b) that with increasing SBF immersion times there

is an increase in the Ca2s, Ca2p, P2s and P2p peaks for

both (100 and 200 lm line spacing) laser textured samples.

This further confirms the precipitation and improved

Fig. 3 SEM-EDS: a cross-

section, b–f cross-section

elemental analysis and

g compositional line scans for

Ca and P concentration of the

sample processed at

137 J cm-2, 100 lm line

spacing
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mineralization of a Ca–P phase under in vitro conditions.

To understand the composition of the Ca–P phase, semi-

quantitative Ca and P atomic concentration and its ratio

(Ca/P) was measured using the integration of peak areas

and tabulated in Table 2. It can be observed that for the

sample processed at 100 lm line spacing, the Ca\P atomic

ratio was in the range of 1.5–1.6 with increasing SBF

immersion time, and hence is very close to the Ca\P atomic

ratio of stoichiometric HA. In contrast, for the sample

processed at 200 lm line spacing, the Ca\P atomic ratio

dropped to 1.54 after 1 day SBF immersion and then

gradually reduced to *1.4 with increasing SBF immersion

time.

From the XRD studies (Fig. 7a, b), it can be realized

that soon after 24 h of SBF immersion a highly intense

peak attributable to the HA phase (at 2h *31.75 and

corresponding to the plane (2 1 1)) was evident for both

100 and 200 lm line spaced sample. As the immersion

time is increased to 168 h there is a reduction in intensity

along the (2 1 1) plane and a new peak attributable to the

HA phase (at 2h *21.44 and corresponding to the plane (2

0 0)) showed up for the 100 lm line spaced sample

(Fig. 7a). This increased intensity at 2h *21.44 and cor-

responding to the plane (2 0 0) was not evident with

increasing SBF immersion time for the 200 lm line spaced

sample (Fig. 7b). Further from XRD peaks it is realized

that the CaTiO3 peaks (at 2h *33.08 and 58.8) reduced in

intensity with increasing SBF immersion time for 100 lm

line spaced sample (Fig. 7a). In contrast, such a reduction

in intensity of the CaTiO3 peaks was not observed for the

200 lm line spaced sample (Fig. 7b). This above phe-

nomenon of the dissolution of CaTiO3 phase and thereby

its subsequent precipitation to HA following immersion in

SBF can be explained based on the several studies con-

ducted by researchers on the hydrolysis capabilities of

CaTiO3 [29, 30]. It has been well demonstrated that the

CaTiO3 phase following immersion in SBF undergoes

hydrolysis and produces numerous negatively charged

OH- groups on the surface of the implant material as per

the following equation [29, 30].

CaTiO3 sð Þ þ H2O! Ca2þ þ TiO2 sð Þ þ 2OH�aqð Þ

Fig. 4 SEM-EDS: a cross-

section, b–f cross-section

elemental analysis and

g compositional line scans for

Ca and P concentration of the

sample processed at

137 J cm-2, 200 lm line

spacing
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The negatively charged OH- groups then stimulate the

precipitation of calcium ions (Ca2?), and then absorb

phosphate (PO4
3-) and hydrogen carbonate (HCO3

2-) ions

in the SBF due to electrostatic potential interaction. These

absorbed calcium and phosphate ions further increase the

degree of super saturation of solution with respect to apatite

near the surface of an implant material and hence trigger the

nucleation of apatite. The preferential attachment and the

change in crystallite orientation of the apatite crystals can

also be attributed to the strong crystallographic match

between CaTiO3 and HA on specific crystal planes [29].

However, such a dissolution of the CaTiO3 phase and

preferential attachment of apatite crystals might not have

effectively occurred with 200 lm line spaced samples

owing to its reduced wettability to SBF [28]. The above

results therefore further complement the semi-quantitative

XPS (Table 2) data and indicate the presence of a calcium

deficient apatite like phase with increasing SBF immersion

time for the 200 lm line spaced sample.

The precipitated phase observed using the SEM (Fig. 5),

XPS (Fig. 6) and XRD (Fig. 7) studies was further con-

firmed using the FTIR analysis. The FTIR absorbance

24 hours  

72 hours 

120 hours 

168 hours 

137 J/cm2, 100 µm hatching 137 J/cm2, 200 µm hatching 

10 µm 

10 µm 

10 µm 

10 µm 

Fig. 5 SEM surface

morphologies of the laser

processed samples following

immersion in SBF
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Fig. 6 XPS spectra of laser

processed samples:

a 137 J cm-2, 100 lm line

spacing and b 137 J cm-2,

200 lm line spacing and

following immersion in SBF for

different time periods
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spectra of the laser textured samples following immersion

in SBF for different time periods are presented in Fig. 8. In

the spectra, the band at *3400 cm-1 corresponds to the

vibration of the hydroxyl ion (OH-) [30, 31]. The band at

667 cm-1 is the characteristic band of the phosphate

bending vibration, while the band at 990 cm-1 is attributed

to the phosphate stretching vibration. The band at

1630 cm-1 is indicative of the carbonate ion substitution.

The analysis of the above bands further confirmed that the

spectra shown belong to an apatite like phase. Further with

increased SBF immersion time, it can be observed that the

phosphate band around 990 cm-1 demonstrated an

increased intensity. This further confirmed for the

increased mineralization behavior of the textured coatings

with immersion times. As discussed in our previous work

[28], this improvement in mineralization for the textured

coatings as compared to the untreated Ti–6Al–4V samples

can be attributed to the improvement in wetting behavior or

hydrophilicity of the samples following laser surface

modification.

The textured coated samples are tested for their in vitro

biocompatibility by the culture of mouse MC3T3-E1

osteoblast-like cells and characterizing for cell spreading,

morphology and cytoskeleton organization. Based on

these findings, an understanding is drawn on the effect of

line spacing and appropriate phases on biocompatibility of

the coatings. Cell morphology for the laser processed and

control (untreated Ti–6Al–4V) samples after 1 day culture

of MC3T3-E1 osteoblast-like cells was assessed by SEM

and the results are presented in Fig. 9. The MC3T3-E1

osteoblast-like cells show a triangular morphology

(Fig. 9a) on the control (untreated Ti–6Al–4V) samples

and have a rectangular and elongated morphology on the

laser processed samples (Fig. 9b, c). Their sound adhesion

especially on the laser processed samples is characterized

by the lamellipodia trying to extend and adhere along the

grooves. In contrast, no such adhesion is observed on the

control (untreated Ti–6Al–4V) sample. Also from the

SEM images (Fig. 9) it can be observed that the number

of cells on the control (untreated Ti–6Al–4V) sample is

significantly less compared to the laser processed samples.

Such a difference in cell spreading and adherence on

these samples is attributed to both the varying surface

chemistry and surface roughness as a result of laser pro-

cessing. Further, the laser processed samples also pro-

vided the appropriate surface morphologies (micro

textured surface patterns with 100 and 200 lm line

spacing) for the cells to interact and spread on these

surfaces.

The fibril networks and spreading of the MC3T3-E1

osteoblast-like cells on the laser textured samples and

control (untreated Ti–6Al–4V) are studied from its cyto-

skeleton organization. The cytoskeletal organization of the

cells on the control (untreated Ti–6Al–4V) and laser pro-

cessed samples after 1 day culture are presented in Fig. 10.

The cells appeared to be more confluent with well stressed

actin filaments on the laser processed samples as compared

to the control (untreated Ti–6Al–4V). This significant

improvement in in vitro biocompatibility can therefore be

attributed to the improvement in wettability [28] and the

presence of appropriate surface morphology and surface

chemistry following laser surface modification.

4 Conclusions

Here in this current work we demonstrated the use of a

CW Nd:YAG laser to synthesize textured bioactive Ca–P

coatings with 100 and 200 lm line spacing on Ti–6Al–4V

substrate. XRD studies of the laser textured samples

Table 2 Elemental composition and semi-quantitative analysis of Ca and P in terms of atomic concentration for the CW laser processed samples

Sample SBF immersion

time (h)

Elements

present

Ca atomic

concentration (%)

P atomic

concentration (%)

Ca/P atomic ratio

137 J/cm2, 100 lm

line spacing

0 O, C, Ca, P 8.7 3.9 2.23

24 O, C, Ca, P, Mg 10.2 6.7 1.52

72 O, C, Ca, P, Mg 15.3 10.0 1.53

120 O, C, Ca, P, Mg 18.0 11.0 1.63

168 O, C, Ca, P, Mg 15.3 10.0 1.53

137 J/cm2, 200 lm

line spacing

0 O, C, Ca, P 7.7 2 3.85

24 O, C, Ca, P, Mg 16.9 11.0 1.54

72 O, C, Ca, P, Mg 16.6 12.0 1.4

120 O, C, Ca, P, Mg 17.5 12.4 1.41

168 O, C, Ca, P, Mg 15.0 10.2 1.47
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showed the presence of beneficial biocompatible phases

such as CaTiO3, TiO2, a-TCP and Ca(OH)2 within the

coatings. Cross-sectional elemental mapping and compo-

sition line scans of the coatings indicated the presence of

a thin layer Ca concentration (*10 lm) at the top and

certain penetration of the P atoms (*100 lm) within the

coating. Improved in vitro bioactivity of the textured

coatings was proved by the formation of an apatite like

Fig. 7 XRD studies of a 137 J cm-2, 100 lm line spaced and b 137 J cm-2, 200 lm line spaced samples following immersion in SBF for

different time periods
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phase following immersion in SBF. XPS, XRD and FTIR

analysis of the mineralized samples confirmed for the

presence of apatite like phase on the surface of the

sample. Improved in vitro biocompatibility on the tex-

tured coated samples as compared to the substrate

Ti–6Al–4V substrate was characterized by the better

cytoskeleton organization and spreading of the mouse

MC3T3-E1 osteoblast-like cells. The above results

therefore outlined the beneficial effects of laser surface

modification to synthesize textured coatings with con-

trolled surface features for load bearing implant

applications.

Fig. 8 FTIR spectra of laser

processed samples:

a 137 J cm-2, 100 lm line

spacing and b 137 J cm-2,

200 lm line spacing and

following immersion in SBF for

different time periods
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