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1. Introduction

Pure titanium exhibits at room temperature a hexagonal closed
packed structure (α-phase), which thermally transforms to

body-centered cubic structure (β-phase)
above 882.5 �C.[1] However, the β-phase
can be stabilized at room temperature by
incorporating certain alloying elements.
Mainly aluminum is used to stabilize,
i.e., retain the α-phase and elements
such as V, Cr, Cu, Si, Nb, or Fe are
used to stabilize the β-phase.[1–4] It was
reported that α-phase titanium alloys have
superior corrosion resistance and the
β-phase ones exhibit relatively better
low-temperature formability, lower or
comparable elastic modulus with natural
bone material resulting in a better wear
resistance.[5]

The Ti6Al4V alloy (αþ β) has been
extensively used in biomedical implants,[6]

i.e., cardiac heart pacemakers[7] and
bone fixer implants, due to its excellent
biocorrosion resistance, biocompatibility,
durability, and mechanical properties.[8]

Nevertheless, the dissolution of vanadium and aluminum (that
are considered as toxic materials) into the body is a matter of
concern for future usage.[9] The ionic dissolution is dependent
upon the corrosion rate and it is a well-known fact that the
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Herein, Ti6Al4V alloy is surface modified by femtosecond laser ablation. The
microstructure image obtained by secondary electron microscopy reveals a
combination of micrometer spikes or cones superimposed by nanoripples (laser-
induced periodic surface structures). To make the surface hydrophilic, anodi-
zation is performed resulting in further smoothness of microstructure and a final
thickness of 35� 4 nm is estimated for oxide produced after anodization at 10 V
(scan rate¼ 0.1 V s�1) versus standard hydrogen electrode. The obtained
electrochemically active surface area (ECSA) is approximately 8 times larger
compared with flat mirror polished Ti6Al4V surface. Combined chemical analysis
by Pourbaix diagram and X-ray photoelectron spectroscopy (XPS) analyses reveal
that titanium and aluminum are passivating into TiO2 and Al2O3, but the dis-
solution of aluminum in the form of solvated ion is inevitable. Finally, cell seeding
experiments on anodized and laser-treated titanium alloy samples show that the
growth of murine fibroblast cells is significantly suppressed due to unique
surface texture of the laser-treated and anodized titanium alloy sample.
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corrosion rate of valve metals can be significantly decreased by
anodization.[10–13]

Cellular growth is considered to be initiated by an adsorbed
layer of specific proteins from the body fluid onto the implant
surface.[14] Cohesion or repulsion of these proteins are mainly
influenced by the ion or charge distribution,[15] wettability,[16]

and morphology[17] of the implant surface. Depending upon the
location of the implant inside the body, it is important to know
how these implants are interacting with the cells, e.g., novel minia-
turized cardiac heart pacemakers that are directly implanted in the
right ventricle of the heart ideally should not be fully overgrown by
the scar tissue as they may have to be removed after several years.[7]

To address these issues, several surface and chemical treat-
ment procedures have been undertaken in the past, i.e., sand
blasting,[18] electrochemical polishing,[19] ion implantation,[20]

and physical and chemical vapor deposition.[21] The femtosecond
(fs) laser ablation is a unique surface treatment process through
which various morphologies can be induced on the irradiated sur-
face by changing laser processing parameters, i.e., energy per unit
area, effective number of pulses per unit area, and scanning
speed[22] without incorporating impurities. Müller et al. explained
that ultrashort laser scan processing with Gaussian beam distribu-
tion on different materials can result in hierarchical surface mor-
phologies, which exhibit superhydrophobicity.[23] Moreover, the
latter structure has also been reported to control the cell growth.[24]

Anodization is an electrochemical process by means of which
a thick oxide layer is grown on the valve metal surface, i.e., Ti, Ta,
and Nb.[25,26] This technique can not only introduce some chem-
ical changes to the Ti─O bond,[8] which in turn influences the cell
growth, but also can affect the wettability of the surface.[27]

Increased wetting of the surface is significantly recommended
for the proper contact of the body fluid (e.g., blood) to the implant
surface.

In this work, we study the combined effect of fs laser treat-
ment and anodization on the microstructural, chemical, and
fibroblast cell growth properties of Ti6Al4V alloy.

2. Experimental Section

A rod of 25mm diameter of grade 5 Ti6Al4V was purchased
from Schumacher Titan GmbH, Germany. The rod was cut in
the form of circular disks having a thickness of 8� 0.3 mm
and subsequently mechanically polished resulting in a mirror-
like surface finish. To study the oxide properties, a 1 mm thin
sheet medical grade Ti6Al4V (ZAPP Metals GmbH, Germany)
was also used for selected experiments. The energy-dispersive
X-ray spectrometer (EDX) analysis of the sheet Ti6Al4V alloy
revealed a composition of 90 wt% Ti, 5.7 wt% Al, and 4.3 wt% V.

A Ti:sapphire fs laser amplifier system was utilized to generate
a Gaussian-shaped spatial beam profile in the laser beam focus
with a 1

e2 radius of W0¼ 38.2 μm. An area of 3.5� 3.5mm2 was
laser processed with linearly polarized laser pulses (τ¼ 30 fs,
E¼ 70 μJ, pulse repetition frequency¼ 1 kHz) at five different
spots on circular disk samples. The peak fluence in front of the
sample surface was calculated by the formula ( 2E

πW2
0
¼ 3 J cm�2).

By considering the laser scan velocity (vx¼ 0.191 μm s�1) and
the diameter D of the laser spot (2W0 ¼ 76.4 μm), the effective
number of laser pulses at a focused laser spot was also evaluated

(Neff¼ Df
vx
¼ 400). After the fs laser treatment of the Ti6Al4V alloy

surface, the samples were ultrasonically cleaned in acetone bath.
All electrochemical measurements were done using a flow-

type scanning droplet cell microscope (FT-SDCM).[28] As shown
in Figure 1a, the electrochemical cell consisted of a gold counter
electrode, Au/Hg/Hg2SO4 in 0.1 M H2SO4 reference electrode,
and fs laser-treated or mirror-like finished Ti6Al4V samples as
working electrode. An acidic electrolyte (0.1 M H2SO4) was used
for anodization. The electrolyte was pumped via a peristaltic
pump by means of a V-shaped channel into the electrochemical
cell. The intersection point of this V-shaped channel contains an
opening encircled with an in-house developed sealing through
which the electrolyte was exposed to the working electrode.
The exposed area (0.2835 cm2) of the SDCM was measured

Figure 1. a) Schematic diagram of the electrochemical setup containing three-electrode FT-SDCM electrically connected to a potentiostat and controlled
supply of 0.1 M H2SO4 electrolyte via a peristaltic pump. b) Exemplary anodized layer of oxide grown on the surface of hierarchical spike-like structure
induced by fs laser ablation.
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carefully after analyzing the anodized spot under an optical micro-
scope.[29] Several exemplary anodizing experiments were done on
pure Ti with different forces applied between the working electrode
surface and the outer rim of the SDCM, as well as with various
pump rotation speed to avoid gas accumulation and to achieve best
colored anodized spots. After a careful examination, a rotation
speed of 500 rpm and a force of 4 N were selected for further
experiments. To study the oxide properties of the polished flat
surface and fs laser-treated Ti6Al4V sample, a maximum potential
of 7 V was applied with a 1 V stepwise increment in voltage at a
scan rate of 0.1 V s�1. Finally, for the fibroblast cell experiment,
the fs laser-treated sample was anodized at 10 V with the scan rate
of 0.1 V s�1. The scan rate is important as it decides on the duration
of the experiment and strongly influences the trap density in the
oxide.[30,31] This will have a direct influence on the ionic/electronic
conductivity of the resulting oxide film which in turn influences
the reaction at the passive titanium film such as oxygen evolution
or protein denaturation.[13] After anodization, the samples were
washed with acetone, cleanedwith deionized (DI) water, and blown
by compressed air to remove any solvent or impurities. All poten-
tials were reported versus standard hydrogen electrode (SHE).

Scanning electron microscopy (SEM) was used for surface
morphological characterization (Zeiss 1540XB). The elemental
quantification of the bulk alloy was achieved using an in-built
EDX from INCA X-Sight Oxford Instruments operating with
an accelerating voltage of 20 kV. Surface elemental quantification
was also conducted by X-ray photoelectron spectroscopy (XPS;
Thermo Scientific, Theta probe). A spot size of 400 μm diameter
was used for the analysis. For each wide spectrum survey, a step
size of 1 eV and a dwell time of 0.1 s were applied with seven
sweeps for each energy scan. For high-resolution scans, a step
size of 0.05 eV and a dwell time of 0.1 s were used for a particular
energy region with ten sweeps in total.

For cell adhesion testing, murine fibroblast cells from the cell
line LTK (ECACC 85011432, UK) were used. The fibroblast cells

were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Lactan, Graz, Austria) to which 2mM glutamine (Sigma) and
10% fetal calf serum (FCS, Biochrom, Berlin, Germany) were
added. Furthermore, 50 UmL�1 penicillin and streptomycin
(Serva, Heidelberg, Germany) were also added. The cell growth
took place at 37 �C in H2O-saturated atmosphere containing 5%
CO2. Once a week, the cells were split at a ratio of 1:10. The laser
structured Ti6Al4V alloy samples were placed in a petri dish
containing the respective murine fibroblast cell for 1 week to
promote and observe the cell growth and adherence.

To view the morphology and murine fibroblast cell attachment
on laser-treated Ti6Al4V samples, SEM (Philips SEM 525,
Germany) images were obtained. Before the SEM analysis, the
cells were initially fixed overnight with 6% glutardialdehyde
(GA; Merck, Darmstadt, Germany) in phosphate-buffered saline
(PBS) and subsequently dehydrated with the help of ascending
ethanol series (30%, 40%, 50%, 70%, 80%, 90%, 96%, 3� 100%)
for 30min each. The samples were repeatedly transferred 3 times
into 100% hexamethyl-disilazane (HMDS; Merck). After the
overnight evaporation of HMDS, samples were sputter-coated
with gold and analyzed under SEM.

The Pourbaix diagrams for titanium, aluminum, and vana-
dium were computed at 298 K, atmospheric pressure, and at an
ionic concentration of 10�6 M dissolved species in 0.1 M H2SO4

using Medusa software.[32] The murine fibroblast cell experi-
ments were done with the similar procedure as explained in a
previous work by Heitz et al.[33]

3. Results and Discussion

Figure 2a–d shows the SEM images of the fs laser-treated surface
taken at four different magnifications under a tilt angle of 0�

(Figure 2a) and 60� (Figure 2b–d). Blue arrows indicate the laser
polarization orientation. Further magnified images (Figure 2b,c)
demonstrate laser-induced cone or spike-like structure. These

Figure 2. a) (0�), b–d) (60�) tilt-view SEM images of hierarchical spike structure produced by linearly polarized ablation of the Ti6Al4V surface with
Ti:sapphire laser pulses (τ¼ 30 fs, E¼ 70 μJ, repetition frequency¼ 1 kHz). e,f) Top-view SEM images of anodizedþ laser patterned surface structure.
Blue arrow indicates the laser polarization direction.
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cones are densely packed and possess a high aspect ratio. Such
a high aspect ratio alone can result in superhydrophobicity.[34]

A high-resolution image (Figure 2d) reveals nanoripples super-
imposed on the spikes. This type of structure is produced due to
unique interaction of a spatially Gaussian distributed laser beam
with the surface of the metal. Formation of these structures by
laser is still not thoroughly understood but it is supposed
that the micrometric spikes are produced due to the presence
of highly reflective impurities, i.e., inhomogeneous structure.
Higher absorption intensity by electron–phonon interaction
around this impurity causes ablation of the material, hence
transforming the flat surface into cone or spike.[35] In contrast,
laser-induced periodic surface structures (LIPSS) are associated
with the superposition of incident, refracted, reflected, and dif-
fracted laser light near the interface causing periodic distribution
of energy at the surface. This periodic distribution of energy
results in the formation of periodic nanostructures.[35]

Figure 2e–f shows the 0� tilt (top view) SEM images of fs laser-
treated sample after anodization. It can be seen that the LIPSS
structure is considerably more visible and the surface is compar-
atively brighter. The main reason is the formation of an addi-
tional oxide layer on the surface after anodization which can
significantly fill up the nanopores on one hand, and influences
the electrical properties of the surface on the other hand. A
change in surface color shade from black to blackish brown
was also experienced through the naked eye.

It is a well-known phenomenon that the oxide produced by the
anodization does not only increase the wettability of the valve
metal but also influences the surface chemistry.[8] Keeping in
mind the highly hydrophobic surface[33] produced by fs laser
ablation, it is important to know up to which content the surface
is anodized. The electrochemically active surface area (ECSA)
during anodization can be calculated by Faraday’s law if the
anodized oxide thickness is known. For this purpose, initially,
1 V stepwise increment cyclic voltammetry (CV) experiments
were conducted on flat mechanically polished surfaces. By calcu-
lating the total charge (∫I dt), the resulting thickness (dox) was
determined from Equation (1).

dox ¼
MIt

zFρoxAf
(1)

In the formula, M is the molecular mass equivalent, z is the
equivalent number of electrons, and ρox is the equivalent oxide
mass density. All these parameters were calculated by consider-
ing the mixed matter model. Finally, F is the Faraday constant
and Af is the area of the mechanically polished flat titanium alloy
in contact with the electrolyte.

During each anodic sweep step, the current is initially negli-
gible but as the applied potential surpasses the previously formed
oxide potential, an abrupt increase in current density (i) can be
observed (Figure 3a). This sudden increase in the current is due

Figure 3. Cyclic voltammograms obtained by 1 V step increment in the voltage up to a maximum of a) 7 V for mirror polished surface and c) fs laser-
treated Ti6Al4V alloy, respectively. b) Thickness estimation of anodized oxide layer formed on polished Ti6Al4V alloy surface after each increment in the
voltage. d) Electrochemical surface area calculated using the Faraday’s law for fs laser-treated sample by considering film formation factor kox (black color)
and current ratio (Il/If) (red).
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to the combined movement of anions from electrolyte toward
metal/oxide interface and cations from metal/oxide toward
oxide/electrolyte interface. The energy for the anodization pro-
cess is provided by the ion hopping mechanism initiated
by the high field strength across the oxide film.[25,26,36,37] In
the absence of an electronic current (i.e., oxygen evolution
and some semiconducting effects), the current should stabilize
in the form of a current plateau after the steep current increase
for potentiodynamic anodization process.[36] However, due to
excessive evolution of oxygen on TiO2 for electric potentials
above 4 V,[13] the film thickness calculated by Faraday’s law
seems to be unrealistic. Thus, for the determination of film for-
mation factor (kox), the slope of the first four thickness values
were taken with respect to voltage step increment. A film forma-
tion factor of 3.5� 0.4 nm V�1 was evaluated and after extrapo-
lating this slope to 10 V, a final anodic film thickness of
35� 4 nm was estimated. This value is in accordance with the
highest value reported in the literature where light reflectance
method was used to determine the thickness of anodized
Ti6Al4V alloy at different voltages. A thickness of 38 nm was
experimentally determined at an applied potential of 10 V.[38]

In contrast, much lower (kox) values were also found for Ti
(2.5 nm V�1) and Al (1.6 nm V�1), respectively.[25] The film
formation factor value in this work can be slightly overestimated
and the possible reasons can be dissolution of aluminum and
vanadium in acidic electrolyte or higher kox number of vanadium
(6.5 nmV�1).[38]

As the film formation factor is a material constant, it can be
used to approximate the thickness of oxide grown on ECSA of fs
laser-treated sample by means of Equation (2).

Electrochemical surface area ðECSAÞ ¼ MIt
zFρoxkoxV

(2)

For this reason, once again a stepwise voltage increment was
applied on fs laser-treated sample. In Figure 3c, it can be
observed that the current transients are relatively different from

the flat samples. The cyclic voltammogram obtained at 1 V is
unobservable most probably because the electrolyte is only in
contact with the tips of the nanometer LIPSS structure and hence
a negligible oxidation occurs. With the increase in anodization
voltage, the electrolyte is progressively penetrating into the
pores, thus causing an increase in electrolyte contact area.
The main cause of this increment in the ECSA can be the elec-
trowetting phenomenon. The triple point between oxide,
entrapped air in pores, and the electrolyte has a certain contact
angle. This contact angle gets lower due to electrostatic interac-
tion between electrolyte and oxide surface provided by voltage
increment. The decrease in the contact angle ultimately can
cause enhancement in the hydrophilic nature of oxide.[39]

Equation (2) was utilized to determine the ECSA while consid-
ering only the ionic contribution of the current transient and
it is shown in Figure 3d that ECSA consistently increases
as the applied voltage increases. Nevertheless, the oxygen
evolution during anodization of titanium alloy is inevitable.
It was observed during anodization that oxygen bubbles can
stick to the surface, a fact which can affect the electrolyte contact
area; thus, Equation (3) was also used for the calculation
of ECSA.

Electrochemical surface area ðECSAÞ ¼ Il
If
Af (3)

Il and If are the total current produced during the anodization
of fs laser-treated and flat mirror-like surface finished
Ti6Al4V alloy samples, respectively. An optimum value of
0.968� 0.08 cm2 was found at 4 V which is approximately
8 times higher than the area of the flat sample (0.122 cm2), as
schematically shown in Figure 1b.

Figure 4a–b shows the superimposed Eh–pH diagrams of tita-
nium, aluminum, and a separate diagram of vanadium at an
activity of 10�6

M dissolved in 0.1 MH2SO4. The reason for choos-
ing this activity was due to the continuous exposure of the new
stream of electrolyte to the sample surface. A Pourbaix diagram

Figure 4. a) Simulated binary overlayed Pourbaix diagrams of Ti and Al at an activity of aTi¼ aAl¼ 10�6 mol L�1 in 0.1 M H2SO4. b) Pourbaix diagram of
vanadium (aV¼ 10�6 mol L�1 in 0.1 M H2SO4). Light yellow-colored region in the diagram indicates the metallic or protected region, red and green
regions points out the corrosion and passivity, respectively. Blue-colored lines specify the water oxidation (top) and reduction (below) window.
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usually consists of three different types of lines. The vertical lines
represent the electrochemical reactions which are only pH
dependent (redox neutral transitions). The horizontal lines
which solely represent the potential-dependent reactions (pH
neutral transitions) and sloped lines explain the electrochemical
reactions reliant on both pH and potential.[40] The pH of
0.1 M H2SO4 was in the range of 0.7–1.0; therefore, the pH range
of 0–2 is of interest. It is worth noting that in the simulated
Pourbaix diagrams, aluminum and vanadium are corroding in
this pH range above their redox potential, whereas titanium
passivates due to the formation of TiO2 in a wide range of pH
(shown by the green region in Figure 4a). The stability of ionic
species or a compound in standard condition depends upon
the Gibbs free energy of its formation. Thermodynamically the
more negative the Gibbs free energy is, the more stable the ion or
compound is considered. Table 1 shows the thermodynamic data
calculated by equilibrium constant value for each reaction and
ionic species. When a positive potential is applied to a metal,
it loses the electrons depending upon the redox potential and
electron affinity, i.e., Ti4þ, V5þ, Al3þ. In the presence of oxygen
and aqueous medium, the ion can either form an oxide (TiO2),
hydroxide, or it can dissolve into electrolyte in its solvated ionic
state (Al·(H2O)x

3þ, AlSO4·(H2O)x
þ, VO2

þ, and so on). It is
important to note that the Pourbaix diagram is only a map of
possibilities depending upon thermodynamics. No information
is provided for the rate of a reaction or kinetics.

Normally, the electrochemical reaction does not happen at
standard conditions and in the potentiodynamic anodization
processes, certain parameters, i.e., change in temperature,
concentration of dissolved ions, scan rate, and rate-determining
step in a reaction can play a handful role on the resulting
product. To obtain further insight and compare the surface com-
position of substrate, laser-treated, and laser-treatedþ anodized
Ti6Al4V alloy, XPS analysis was performed. Figure 5a–c shows
the high-resolution XPS spectra of Al2p, V2p, and Ti2p. The
qualitative analysis of Ti2p3/2 and Al2p3/2 shows that the maxi-
mum of both peaks is centered at a binding energy of

458.59� 0.07 and 73.9� 0.4 eV, respectively. These binding
energy values are accordingly referred to TiO2 and Al2O3 in
the literature.[41]

Furthermore, the quantitative analysis in relative weight
percentage is given in the form of statistical distribution in
Figure 5d. The relative weight percentage of titanium increased
from 53.7 to 62.5 wt%, aluminum demonstrates a decline from
42.9 to 34.3 wt%, and vanadium exhibited relatively very small
change from 3.4 to 3.2 wt% after fs laser treatment. As the evap-
oration temperature of aluminum (2327 �C) is considerably
lower than vanadium (3407 �C) and titanium (3287 �C), it is pos-
sible that aluminum was preferentially ablated at a higher rate
compared with titanium and vanadium.

The XPS analysis on the laser-treatedþ anodized sample
revealed that titanium increases again from 62.5 to 72.8 wt%,
which can be due to the passivation of titanium during anodiza-
tion as explained earlier in the Pourbaix diagram section.
Similarly, aluminum shows a decrease from 34.3 to 23.8 wt%
after anodization, which can be related to the dissolution of alu-
minum in the form of Al(SO4)2

� or AlSO4
þ as both of them have

lowest free energy formation of�1998.80 and�1225.6 kJ mol�1,
respectively. However, due to the strong affinity of aluminum
and titanium toward oxygen, it is likely that Al and Ti react with
oxygen and water to produce Al2O3 (ΔGr¼�1574.9 kJ mol�1)
and TiO2 which is quite evident from the binding energies of
Al2p3/2 and Ti2p3/2 in the XPS curves. The reason of lower
change in relative weight percentage of vanadium even after
anodization can be as follow: 1) lower affinity toward oxygen
and higher oxidation potential of V compared with Al and Ti;
2) lower transportation number of V (0.28)[42] compared with
Al (0.5) and Ti (0.35) during anodization.

Considering these two points, it can be inferred that Al and Ti
grow oxides much more effectively and can incorporate vana-
dium inside the oxide layer leaving less vanadium exposed to
electrolyte for further dissolution.

Previous study on the used leadless heart pacemakers revealed
that the surface of these devices are overgrown by fibroblast cells

Table 1. Standard Gibbs free energy of formation for each species and also for each reaction indicated in Pourbaix diagram.

Chemical reactions ΔGr
�[kJ mol�1] ln Kc Species ΔGf

�[kJ mol�1]

2H2O⇌ 4 HþþO2þ 4e� 474.27 H2O, Hþ, e� �237.37, 0, 0

Al3þþ 3e�⇌ Al(cr) 481.02 �194.14 Al3þ �481.01

Al3þþ SO4
2�⇌ AlSO4

þ �19.97 8.061 AlSO4þ �1225.6

Al3þþ 2SO4
2�⇌ Al(SO4)2

� 28.543 11.52 Al(SO4)
2� �1998.8

Ti3þþ 3e�⇌ Ti(cr) 349.829 �141.19 Ti3þ �349.829

Ti3þþ e�⇌ Ti2þ 35.654 �14.39 Ti2þ �314.17

Ti3þþH2O⇌ 2 Hþþ e�þ TiO2þ 9.638 �3.89 TiO2þ �577.561

Ti3þþ 2H2O⇌ 4 Hþþ e�þ TiO2(s) �17.745 7.162 TiO2(s) �841.84

V2þþ 2e� ⇌ V(cr) 217.975 �87.974 V2þ �217.975

V2þ⇌ V3þþ e� �24.591 9.925 V3þ �242.566

V2þþH2O⇌ 2 Hþþ 2e�þ VO2þ 7.929 �3.2 VO2þ �447.41

V2þþ SO4
2�þH2O⇌ 2 Hþþ 2e�þ VOSO4(aq) �6.046 2.44 VOSO4(aq) �1206.02

V2þþ SO4
2�þ 2H2O⇌ 4 Hþþ 2e�þ VO2SO4

� �94.778 38.252 VO2SO4
� �1531.64

V2þþ 2H2O⇌ 4 Hþþ 3e�þ VO2
þ 104.535 �42.19 VO2

þ �796.78
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or the collagens produced by these cells.[7] That is why, in the
current work, cell adhesion experiments were undertaken in
the murine fibroblast cell environment. Fibroblast cell adhesion
on the implant surface is mainly governed by the focal adhesive
sites. These sites are the locations where the distance between
cell membrane and implant surface is less than 10–15 nm.[43]

In case of flat titanium surface, these sites are considerably
higher in number and result in better cell proliferation.

Similar justification can be given for the flat anodized Ti alloy
sample shown in Figure 6a,b (left to the dotted line) where cells
are grown in the form of multilayered and elongated shape
(common for fibroblasts). These cells are densely packed and
are exhibiting a nonpreferred directional growth.

On the contrary, fibroblast cells grown on fs laser-treatedþ
anodized surface shown in Figure 6a,b (right to the dotted line)
are mostly round in shape occasionally elongated and sometimes

Figure 6. a,b) SEM images of flat anodized reference Ti6Al4V alloy overgrown by the murine fibroblast cells (left side of the dotted line in both images)
and fs laserþ anodized Ti6Al4V alloy surface (right side of the dotted line) after an exposure time of �1 week in murine fibroblast cell environment.

Figure 5. High-resolution XPS scans for a) Ti2p, b) V2p, c) Al2p, and d) statistical comparison of weight percentage of titanium, aluminum, and
vanadium before and after each surface treatment process.
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forming small clusters. These round-shaped cells are nonadher-
ent to each other and conical spike texture produced by fs laser
treatment in a preferred orientation can still be perceived easily
in Figure 6a.

Further examination of high-resolution SEM images in
Figure 7a–b demonstrates that the surface is not completely
covered with fibroblast cells. There are some areas where
LIPSS structures are completely exposed shown by dotted red
circles. This clearly indicates that cell growth is restricted due
to some repulsive behavior provided by special surface texture.
The repulsive behavior of these cells can be explained as
follow: 1) According to Ponsonnet et al.,[44] the cell proliferation
decreases drastically as the average peak to valley distance of
surface protrusion on Ti alloy is over a threshold limit of
(0.08–1 μm). In this work, conical or spike-like structures with
superimposed nanostructure LIPSS were produced by fs laser
ablation carrying an approximate tip-to-tip distance of more than
2 μm and peak-to-valley distance of greater than �10 μm; thus, it
is possible that cells are only attached to the tip of these spikes and
due to lower aerial contact area, the cells cannot follow the sharp
periodic texture. 2) Extracellular matrix and proteins are impor-
tant to create an adsorbed layer for the attachment of the cells
to the implant surface.[14] Depending on the volume of these pro-
teins, it is possible that some of them cannot accommodate within
the nanostructures produced by laser treatment. This size indif-
ference can also be the possible reason of reluctant growth behav-
ior of fibroblast cells on titanium alloy. 3) Spike formed on the flat
surface can cause isolation and bending of the cell. This cell bend-
ing can ultimately cause disruption of cytoskeleton and thus it
becomes difficult to grow and connect the cells together.[43]

4. Conclusions

Through fs laser treatment, a hierarchical surface structure com-
posed of micrometer spikes and superimposed nanoripple-like
structures was successfully produced on a Ti6Al4V alloy surface.
Anodization was performed on these samples and it was found

that the electrochemical surface area is approximately 8 times
larger than the flat titanium alloy sample. Finally, cell growth
experiments revealed that the combined fs laser treatment and
anodization can be used to produce fibroblast cell-free implant
surfaces.
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