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Abstract: Two heat treatments were carried out below (Ti6Al4V800) and above (Ti6Al4V1050)
Ti6Al4V beta-phase transformation temperature (980 ◦C), with the purpose of studying the effect of
microstructure on the adhesion and proliferation of fibroblast cells, as well as their electrochemical
behavior. These alloys were seeded with 10,000 L929 fibroblast cells and immersed for 7 days
in the cell culture at 37 ◦C, pH 7.40, 5% CO2 and 100% relative humidity. Cell adhesion was
characterized by Scanning Electron Microscopy (SEM) and Electrochemical Impedance Spectroscopy
(EIS) techniques. Polygonal and elongated cell morphology was observed independent of Ti6Al4V
microstructure. Besides, C, O, P, S, Na and Cl signals were detected by Energy Dispersive X-Ray
Spectroscopy (EDX), associated with the synthesis of organic compounds excreted by the cells,
including protein adsorption from the medium. In certain areas on Ti6Al4V and Ti6Al4V800 alloys,
cells were agglomerated (island type), likely related to the globular microstructure; meanwhile,
larger cellular coverage is shown for Ti6Al4V1050 alloy, forming more than one layer on the surface,
where only Ca was recorded. Impedance diagrams showed a similar passive behavior for the different
Ti6Al4V alloys, mainly due to TiO2 overlaying the contribution of the organic compounds excreted
by fibroblast cells.
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1. Introduction

Commercially pure titanium (Ti-CP) and alpha-beta alloys, such as Ti6Al4V, are widely used as
structural materials for replacement of hard tissues, hip joints and dental implants due to their excellent
mechanical strength, corrosion resistance, and biocompatibility [1]. Biocompatibility and the success
of endoprosthetic devices depend on biological processes, such as cell adhesion, proliferation and
differentiation, occurring on the metal surface prior to osseointegration [2]. These cellular processes
are affected by the surface hydrophilicity, the arrival of ions at the implant-tissue interface, protein
adsorption from the biological environment and cell colonization [3–6]. Thus, topographic features at
the protein/metal surface interface can significantly affect the cell morphology and activity [7].

Titanium has closer mechanical properties to the bone tissue than other metallic biomaterials,
such as 316 L stainless steel and Co-Cr alloys; besides, its allotropic transformation from the
alpha to beta phase, when its temperature exceeds the TTRANSUS (882 ◦C), is outstanding [8,9].
This transformation provides microstructural changes with a better mechanical performance compared
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to other metals. A second feature is that titanium can be alloyed with many elements modifying its
TTRANSUS, and improving its mechanical strength, fatigue and wear resistance, among other properties.
A wide range of titanium alloys could be manufactured depending on the proportion of alpha,
beta and neutral alloying elements [10]. Another characteristic, and perhaps the most important,
is that Ti becomes passivated, due to the formation of an oxide that protects the metal surface
by isolating it from the corrosive medium, such as the biological environment, and enhancing its
corrosion protection. Passivation is a phenomenon that is susceptible to the nature and surface changes
of the substrate, which arise special interest in the development of new biomaterials. In several
studies of Ti-CP and Ti6Al4V, Ti29Nb13Ta, Ti5Al2Nb1Ta alloys, which are the most frequently used as
biomaterials, the chemical composition of the passive oxide depends on both the alloying elements
and the corrosive medium [11–18]. This fact has an important impact in terms of corrosion resistance
and biocompatibility and subsequently, it will affect osseointegration.

A comparison between titanium alloys, and some of their applications can be noted in the medical
field. Even though Ti-CP has been used as biomaterial, it cannot be mechanically strengthened through
heat treatments. Likewise, Ti-alpha alloys with a 30% of alpha stabilizer have no medical application,
but they are used for aerospace applications because of their resistance to high temperatures.
However, Ti-beta alloys, despite being biocompatible, show high density and low resistance to
wear and fatigue, whereas the alpha-beta Ti alloys mainly constituted by 6% of alpha and 4% of
beta stabilizer, have their main disadvantage in the toxicity of some alloying elements, such as V.
In order to inhibit and/or decrease the effect of these elements, heat treatments had been suggested,
leaving them farther away from the surface so as not to be in contact with organs and/or tissues;
however, few studies have addressed the issue of how microstructural changes in these alloys
immersed in biological environments may affect the cell adhesion, proliferation, morphology and
osseointegration [19,20]. Specifically, Ti6Al4V can be subjected to heat treatments below and above
its transformation temperature (TTRANSUS = 980 ± 20 ◦C) [8,9,21], and depending on the cooling rate
it may provide different microstructures, such as globular, martensitic, bimodal and lamellar types.
These microstructures can lead to modifications in the growth of passive oxide, its topography, chemical
composition [22] and physicochemical surface changes, which could modify its electrochemical
behavior at material/tissue interface [23,24], as well as cell morphology, adhesion, proliferation
and differentiation [25].

Saos-2 osteoblast cells adhesion on Ti6Al4V alloys with different microstructures was studied in
a previous work, where it was possible to observe that differences in the cellular morphology depended
on TiO2 hydration and microstructure, whereas the ability of the cells to adsorb on the surface
depended on the orientation of proteins and the chemical composition of extracellular matrix excreted
by the cells. Cell coverage on these alloys was larger for Ti6Al4V as received than for Ti6Al4V800

and Ti6Al4V1050 alloys occurring in discrete alpha-phase (HCP) regions [26]. Recently different
papers have focused on studying the adhesion, differentiation and proliferation of stem cells at
nanoscale dimensions. Culture substrates with randomly ordered and smooth nanotopography
induced elongation of human and rat Mesenchymal stem cells (MSCs). These results indicate that
nanotopography plays a crucial role in osteogenic differentiation, and the biochemical cue of signal
peptide is dependent on this. Therefore, the topographical cue is more important than proteins
affecting the osteoblastic differentiation of induced stem cells. Hence, the ordered nanotopographical
pattern changed the shape of resident cells by inducing cell elongation and eventually stimulated
osteoblastic cell differentiation [27]. Other studies with biomimetic bone substitutes of collagen/silk
(bi-template materials) showed the attachment and proliferation of bone marrow mesenchymal stem
cells (BMSCs) in comparison with single template materials. The expression of relevant osteogenic
genes of osteocalcin and osteonectin further confirmed that the BMSCs differentiate into osteoblast
lineage. The bi-template materials combined with BMSCs present better biocompatibility and ability
of new bone formation by in vivo assays [28–30]. In addition, during fracture healing, bone is formed
by a cascade of events, such as gradual stiffening of the forming tissue and tissue deformation.
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Thus, mechanical loading of bone has been widely studied in bone tissue engineering by mechanical
load stimulation on silk fibroin scaffolds, because it has an effect on mesenchymal stromal cells
proliferation and differentiation, while the stress and shear stresses of the mechanical loading induce
the osteogenic differentiation [31]. Therefore, it had been stated that cell adhesion, differentiation and
proliferation differ depending on the substrate surface features, because these features modify the
shape of the cells and their order and elongation on the different nano, meso and/or micro patterns,
which has an effect on biocompatibility and subsequently, their osteointegration.

In this work, Ti6Al4V alloys subjected to 800 and 1050 ◦C with globular and lamellar
microstructures were immersed in a culture medium for 7 days at 37 ◦C in the presence of L929
fibroblast cells, with the purpose of studying the effect of microstructure on cell adhesion and
proliferation. These Ti alloys were characterized by SEM/EDX, while their passivation and corrosion
resistance were characterized in situ by electrochemical techniques.

2. Results and Discussion

2.1. Microstructural Characterization

Figure 1 shows the microstructure of Ti6Al4V as received, as well as of Ti6Al4V800 and Ti6Al4V1050

obtained after the heat treatments. In the as received condition (Figure 1a), beta-phase equiaxed
grains (dark zones) dispersed in the alpha-phase matrix (light zones) can be observed; meanwhile,
in Ti6Al4V800 (Figure 1b), the alpha-phase acted as a barrier, thickening and preventing the grain size of
the beta-phase (between 1 and 5 µm) from increasing rapidly [8–10]. On the other hand, in Ti6Al4V1050

alloy (Figure 1c) a Widmanstätten or lamellar-like microstructure can be seen, where both alpha-
(light zones) and beta-phases (dark zones) form 1–2 µm thick and 40–80 µm long sheets, which are
interspersed over the entire surface [32,33].
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Figure 1. Optical micrographs of: (a) Ti6Al4V as received, (b) Ti6Al4V800 and (c) Ti6Al4V1050.

From XRD analysis, αTi and βTi phases were detected for Ti6Al4V as received and Ti6Al4V800

alloys, while for Ti6Al4V1050, the acicular alpha phase is generated. The β phase remains stable in
the alloy after the heat treatment at 1050 ◦C and the alloying elements (Al and V) are distributed
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through the globular and lamellar microstructures depending on the heat treatment temperature and
its cooling rate [26,34–37].

2.2. In Vitro Assays

All Ti6Al4V alloys were sterilized and analyzed by XPS, before the assays. The passive oxide
was mainly composed of TiO2 and to a lesser extent, of suboxides, such as TiO and Ti2O3; these latter
were in smaller proportion in Ti6Al4V1050 alloy. Furthermore, in heat-treated alloys, Ti6Al4V800 and
Ti6Al4V1050, Al2O3 was observed being partially hydrated and showing the highest oxide thickness
(4.8 and 5 nm, respectively), as compared to the untreated Ti6Al4V alloy (2 nm). V was not detected
in any of the alloys [16,26,38–43]. These surfaces were seeded with 10,000 fibroblast cells to carry out
in vitro cell proliferation assays for 7 days.

Figure 2a–c show SEM images recorded after the immersion of Ti6Al4V, Ti6Al4V800 and
Ti6Al4V1050 alloys. The presence of fibroblast cells (dark spots) is evident on the different Ti6Al4V
alloys showing a good biocompatibility. Adhered cells display polygonal shape, and are interconnected
between each other regardless of the heat treatment. In certain zones, cells have accumulated forming
small round islands whose dimensions range between 50 and 150 µm (Figure 2a,b), for Ti6Al4V and
Ti6Al4V800 respectively. Meanwhile, in Ti6Al4V1050 alloy (Figure 2c), the cells are randomly dispersed
over the entire surface forming more than one monolayer, which indicates a rapid proliferation.
It is important to note that clustering cells are smaller on Ti6Al4V than those observed on Ti6Al4V800,
likely related to the globular microstructure of both alloys and the presence of fine grains in the as
received condition (Figure 1).

Cellular proliferation seems to be related to the way in which the passive oxide grows on different
microstructures. Cell growth-like islands are observed on the alloys with globular microstructure
where elements, such as Al, adsorbed water and/or OH− are present. This behavior had also been
observed in a previous work studying the osteoblast adhesion on Ti6Al4V800 alloy [26]. Contrary to
the lamellar microstructure in Ti6Al4V1050, the alloying elements could be homogeneously distributed
in the alpha and beta phases, avoiding the formation of these islands (Figure 2c), which results in
a larger cell coverage throughout the surface as a consequence of a uniform and homogeneous passive
oxide film growth over the entire surface (Ti6Al4V1050).
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Figure 2. General view of the fibroblast cells adhered on: (a) Ti6Al4V as received alloy, (b) Ti6Al4V800

alloy and (c) Ti6Al4V1050 alloy after 7 days of immersion in DMEM 10% of FBS.

According to these images, a rapid proliferation of fibroblast cells towards the heat-treated alloys
is observed, contrary to osteoblastic cells adhered on these Ti alloys [26]. Figure 3 shows the EDX
analysis of fibroblast cells adhered on Ti6Al4V as received and heat-treated alloys after 7 days of
immersion in cell culture medium. Different elements from the cells, their activity, and oxidation of
the metal substrate were identified. Ti and O elements are mainly associated with the metallic oxide
(TiO2), however much of the Ti signal comes from the alloy, because the percentage of this element in
relation to Al and V is very high. The presence of Ti also indicates that the oxide thickness is small in
the order of nanometers (see XPS technique). Instead, O signal comes not only from the passive oxide
but also from the cells, as well as the C signal. These elements are part of the organic compounds and
constitute the essential substance of the extracellular matrix, e.g., hyaluronic acid, glucosaminoglycans,
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collagen and elastin, which in their chemical structure involve OH−, –COOH, and –SO3
− groups.

It is possible to consider a strong interaction between these chemical species and the point defects
or vacancies in the TiO2 matrix [25,32]. The passive behavior of this oxide is due to the mobility
of oxygen and hydroxide ions through defects (anion vacancies, V”

O
and V .

OH
) which are positively

charged [44–50], facilitating their adsorption. It is presumed that this adsorption process occurs in
a similar way on different titanium alloys, because the percentages of these elements are in the same
order. It is important to note the presence of P in the alloys, which could be incorporated and/or
adsorbed into the passive oxide during immersion. To account for this fact, given the presence of
hydroxyl groups on the surface that facilitates the anchoring of calcium ions and later phosphate ions,
the likely precipitation of phosphates has been reported [51–59]. This assumption is consistent with
the partial hydration of the passive film, related to the presence of alloying elements in the outermost
surface, mainly Al [12–18,60–63]. This phenomenon seems to occur rapidly on Ti6Al4V1050 taking into
account the larger cell coverage on the surface and the Ca signal recorded for this alloy. As mentioned
above, the incorporation of Ca is mainly due to the TiO2 hydration evidenced in a previous work by
XPS analysis, which studied osteoblast cells adhesion [26,64–66].

As a part of the extracellular matrix S, Na and Cl elements were identified on the three surfaces.
The presence of S could be associated with the SO3

− groups that are provided by proteoglycans;
these organic compounds are hydrophilic structures and attract cations, particularly Na+ (Figure 3b,c).
The adsorption and orientation of these organic compounds on Ti6Al4V alloys’ surfaces depend on
the passive oxide and its hydration [67–69]. Although cell adhesion is observed on the three alloys
(Figure 2a–c), the confluency/proliferation is higher for Ti6Al4V1050, as well as C and O percentages,
being minor the signals from the base metal (low Ti content for example, Figure 3c).

It had been established that this process begins with the adsorption of proteins from the
culture medium on the passive oxide, which is probably defective and highly hydrated [60,70–74].
Additionally, different surface phenomena, such as pH and the interaction of different functional
groups from the extracellular matrix with the passive oxide, also take place, as we mentioned earlier.
It had been reported that at pH between 6.4 and 6.9, phosphate and OH− ions are preferentially
attracted to the outermost surface, where Ca is subsequently anchored to form calcium phosphate or
a Ca-Ti-P compound [74–76]. Depending on the cells used in the biological assays, the components of
the extracellular matrix participate in the precipitation processes of Ca and P. In this manner, in assays
with osteoblast cells a low or no precipitation of Ca over the passive oxide grown on the Ti6Al4V as
received had been reported. The same event occurs in the presence of fibroblast cells after 28 days of
immersion [77]. This latter was also observed in a previous study after 7 days of immersion in cultures
containing osteoblast cells [26], and in the present study. This indicates that the microstructure feature
has a direct effect on the growth of the passive oxide, its hydration and interaction with cells and
Ca precipitation [25,77,78].

Based on the above, cell adhesion occurs in different microstructures despite differences in
hydration and passive oxide thickness. The fibroblast cells adsorption, as compared to osteoblast cells,
is faster likely due to the strong interaction of the compounds derived from the extracellular matrix
with the proteins adsorbed on the oxide. As was mentioned above, the interactions of OH−, –COOH,
and −SO3

− groups through TiO2 enhance the diffusion of oxygen and hydroxyl ions modifying its
resistive behavior; meanwhile, in the presence of osteoblast cells chemical compounds with large
molecular weight (OH−, –COOH) form to a lesser extent and their adsorption is slow. Similar findings
had been reported in the literature [16,25,79].

It can be summarized that in in vitro studies, no significant differences in cell morphology
have been observed, although cell adhesion and proliferation have been higher in Ti6Al4V1050

alloy. This could be attributed to its microstructure (Figure 1), which entails a growth and
chemical composition of the passive oxide film on the heat-treated metal substrate at 1050 ◦C.
Besides, XPS analysis shows a minor content of TiO and Ti2O3 suboxides, an increase in the thickness
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and hydration, and the presence of Al2O3 for this Ti alloy [26]. It is important to point out that this
work can be used to study the effect of the metallic microstructures on the stem cell fate.

1 

 

 

Figure 3. Energy Dispersive X-ray Spectroscopy (EDX) analysis of fibroblast cells adhered on:
(a) Ti6Al4V as received alloy, (b) Ti6Al4V800 alloy and (c) Ti6Al4V1050 alloy after 7 days of immersion
in DMEM 10% of FBS + fibroblast cells.

2.3. Electrochemical Characterization

2.3.1. Evolution of Open Circuit Potentials (EOCP)

Figure 4 shows EOCP values recorded through the immersion of Ti6Al4V, Ti6Al4V800 and
Ti6Al4V1050 in culture medium. At the initial time (day 0, no cells), the potentials are less negative in
the following order: Ti6Al4V800, Ti6Al4V as received, Ti6Al4V1050. The difference in these potentials
could be due to hydration of TiO2, thickness and likely protein adsorption [25,26]. In the presence of
cells, the potential becomes less negative as the immersion increases, mainly for Ti6Al4V as received
and Ti6Al4V800 alloys, meanwhile for Ti6Al4V1050, it remains almost constant varying from −0.160 to
−0.145 V vs. SCE, thus indicating a steady state from the beginning of the test until the cell adhesion.
Unlike this alloy, the potentials for Ti6Al4V as received and Ti6Al4V800 shift to positive values, reaching
similar values for 4 and 7 days. These results could indicate that all Ti6Al4V alloys reach the same
interfacial equilibrium of fibroblast cells adhered to the passive oxide immersed in the culture medium.



Materials 2018, 11, 21 8 of 17
Materials 2017, 11, 21  8 of 17 

 

 
Figure 4. Open Circuit Potentials evolution (EOCP) for Ti6Al4V alloys immersed in DMEM 10% of FBS 
+ fibroblast cells. 

2.3.2. Electrochemical Impedance Spectroscopy (EIS) 

Figures 5 and 6 show the Bode (Phase Angle vs. Frequency and Module |Z| vs. Frequency) and 
Nyquist (Zimag vs. Zreal) diagrams for Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 immersed for 0, 
1, 4 and 7 days in the culture medium with L929 fibroblasts cells. In these Figures, a similar 
electrochemical behavior is observed for the three alloys. In the phase angle diagrams (Figure 5), the 
maxima reach values close to −90, within 10−2 to 100 Hz interval; meanwhile, only slopes are recorded 
in the module plots at the same frequency interval, denoting the capacitive behavior of the alloys. In 
the Nyquist diagrams, the capacitive domain is related to the increase in Zimag for Ti6Al4V as received, 
Ti6Al4V800 and Ti6Al4V1050; whence the heat-treated alloys show minor impedance values likely due 
to the adhesion of the cells as the immersion progresses. The minor variations in EIS diagrams during 
the immersion can be related to the passive behavior of the oxide film mainly composed of TiO2 [11–
18,42,43] and to a lesser extent, adsorption of water dipoles and/or proteins, as well as to adhesion of 
extracellular matrix as part of the metabolism of fibroblast cells until their adhesion [25,44]. However, 
these interfacial processes could explain whether the minor phase angle values recorded at low 
frequencies (Figure 5c,e) occur simultaneously, merging different time constants in EIS diagrams.  

-0.35 

-0.30 

-0.25 

-0.20 

-0.15 

-0.10 

0 1 2 3 4 5 6 7 

EO
C

P (
V

 v
s.

 S
C

E)
 

Time (days) 

Ti6A l4V  as received  Ti6A l4V 800 Ti6A l4V 1050 

Figure 4. Open Circuit Potentials evolution (EOCP) for Ti6Al4V alloys immersed in DMEM 10% of
FBS + fibroblast cells.

2.3.2. Electrochemical Impedance Spectroscopy (EIS)

Figures 5 and 6 show the Bode (Phase Angle vs. Frequency and Module |Z| vs. Frequency)
and Nyquist (Zimag vs. Zreal) diagrams for Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 immersed
for 0, 1, 4 and 7 days in the culture medium with L929 fibroblasts cells. In these Figures, a similar
electrochemical behavior is observed for the three alloys. In the phase angle diagrams (Figure 5),
the maxima reach values close to −90, within 10−2 to 100 Hz interval; meanwhile, only slopes are
recorded in the module plots at the same frequency interval, denoting the capacitive behavior of the
alloys. In the Nyquist diagrams, the capacitive domain is related to the increase in Zimag for Ti6Al4V
as received, Ti6Al4V800 and Ti6Al4V1050; whence the heat-treated alloys show minor impedance
values likely due to the adhesion of the cells as the immersion progresses. The minor variations in
EIS diagrams during the immersion can be related to the passive behavior of the oxide film mainly
composed of TiO2 [11–18,42,43] and to a lesser extent, adsorption of water dipoles and/or proteins,
as well as to adhesion of extracellular matrix as part of the metabolism of fibroblast cells until their
adhesion [25,44]. However, these interfacial processes could explain whether the minor phase angle
values recorded at low frequencies (Figure 5c,e) occur simultaneously, merging different time constants
in EIS diagrams.
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Figure 5. Bode diagrams (Phase angle vs. Frequency and Module |Z| vs. Frequency) obtained for the
alloys: (a,b) Ti6Al4V as received, (c,d) Ti6Al4V800 and (e,f) Ti6Al4V1050 immersed in DMEM 10% of
FBS + fibroblasts cells at 37 ◦C, pH 7.40 and 5% CO2.

The deconvolution of these phenomena had been reported through Bode diagrams during in vitro
assays of Ti6Al4V alloy in the presence of osteoblastic cells [25,44,80]. In particular, different slopes
recorded in the module plots at high frequencies (105 to 103 Hz) suggest the contribution of the
adsorbed cells/extracellular matrix interface, followed by the extracellular matrix/adsorbed proteins
interface at intermediate frequencies, and the passive oxide film contribution at low frequencies [81–83].
However, in the present work EIS diagrams are poorly defined to discern these processes and are
similar to those reported in the presence of osteoblast cells. The impedance values are, however,
quite different.

Taking into account the minor variations in EIS diagrams and the fibroblast cell adhesion
during the immersion (Figure 2a–c), protein adsorption, ion diffusion, including the precipitation
of organic compounds at the oxide film-solution interface, cannot be discarded as part of the
biomaterial osseointegration.

In this work, it is considered that the impedance values decrease as the mobility of different
species (oxygen, hydroxide, calcium, and phosphorus, among others) through the oxide, is enhanced
due to the interaction of the cells favoring its adhesion. These phenomena occurring at the interface
facilitate the cellular deposition and growth and the biocompatibility on the three alloys, minimizing
the influence of heat treatments. High cell adhesion is presumed for the heat-treated titanium alloys,
since they are highly hydrated and less defective in comparison with Ti6Al4V as received. This fact is
in agreement with SEM images shown in Figure 2; where a high cell adhesion is evident for Ti6Al4V800

and Ti6Al4V1050 alloys (Figure 2b,c).
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To further study the electrochemical behavior of Ti alloys in the culture medium in the presence
of fibroblast cells, the experimental impedance diagrams were simulated using the equivalent circuits
shown in Figure 7. The RC equivalent circuit (Figure 7a) shows a constant phase element Qf,
which simulates a non-linear behavior of the capacitor due to the passive oxide film-adsorbed proteins
and the associated resistance, Rf. A second RC arrangement, consisting of a constant phase element
Qcell and Rextra, was simulated for 1, 4 and 7 days, simulating the contribution of a non-linear behavior
of the capacitor and the resistance of the film formed by the extracellular matrix and fibroblast cells,
Figure 7b; this contribution is due to cell adhesion covering most part of the passive oxide [57–59].

Table 1 shows parameter values obtained from the adjustment of the experimental EIS diagrams
of Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 alloys after the immersion. In the absence of cells
(0 day), a minimal variation in the solution resistance (~47.68 Ω cm2) can be seen for the heat-treated
alloys; meanwhile, Rf and Qf values remained in the same order of magnitude (108 Ω cm2 and
10−5 F cm−2). In the presence of cells (days 1, 4 and 7), similar Re values are observed for Ti6Al4V800

and Ti6Al4V1050; except for Ti6Al4V as received increasing from 10 to 18 Ω, which could be associated
with minor changes in ion concentration in the culture medium, e.g., the precipitation of Na, Cl, S, Ca
and P during cell adhesion process [26,32,60–62]. The Qf parameter decreases two orders of magnitude
for t > 0, which could be due to modifications in the chemical composition of the oxide film and/or
protein adsorption, showing a greater dielectric capacity of the surface; meanwhile, Rf values are in
the order of 108 Ω cm2 for the different alloys during immersion, consistent with the formation of TiO2

in DMEM 10% of FBS + fibroblast cells [26,32].
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The cell adhesion can be analyzed based on the results from the Rextra-Qcell arrangement
(see Table 1). Qcell values are in the same order of magnitude (10−5), which could be due to the
adsorption of proteins and/or extracellular matrix excretion by the fibroblasts; this latter is composed
mainly of collagen type I, proteoglycans linked to glucosaminoglycans, fibronectin, elastin and
laminin allowing the fibroblasts adhesion [63]. The extracellular matrix resistances (Rextra) on the
TiO2 film/adsorbed proteins interface reach 103 Ω cm2 for the three Ti alloys (day 1), whereas at 4
and 7 days, these values decrease. This fact could be related to the desorption of proteins and organic
compounds from the culture medium and the formation of the extracellular matrix enhancing the
cell adhesion, which leads to an increase in ionic mobility through TiO2 as was suggested in EIS
diagrams [84,85]. Under this assumption, a larger coverage of the extracellular matrix and proliferation
of fibroblast cells are predicted, in the following order: Ti6l4Vas received, Ti6l4V800 and Ti6l4V1050 as
was shown in Figure 2.

Table 1. Parameters obtained from the experimental EIS (Electrochemical Impedance Spectroscopy)
diagrams of Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 during 7 days of immersion in DMEM
10% of FBS+ fibroblast cells.

— Time (Days) Re (Ω cm2) Rextra (Ω cm2)
Qcell

(Siemens sn)
(cm−2)

n Rf (Ω cm2)
Qf

(Siemens sn)
(cm−2)

N χ2

Ti6Al4V

0 49.82 — — — 1.07 × 108 1.84 × 10−5 0.859 4.36 × 10−3

1 67.29 6661 1.79 × 10−5 0.887 1.29 × 108 8.47 × 10−7 0.978 4.40 × 10−4

4 59.11 1995 1.79 × 10−5 0.900 1.34 × 108 8.56 × 10−7 0.977 8.87 × 10−4

7 66.33 1177 1.82 × 10−5 0.903 1.61 × 108 8.62 × 10−7 0.993 4.84 × 10−4

Ti6Al4V800

0 34.33 — — — 1.17 × 108 3.59 × 10−5 0.915 6.70 × 10−3

1 45.14 8515 3.39 × 10−5 0.929 1.34 × 108 4.47 × 10−7 0.991 6.7 0 × 10−3

4 42.14 2866 3.28 × 10−5 0.926 1.64 × 108 6.09 × 10−7 0.956 7.69 × 10−3

7 39.40 1686 3.45 × 10−5 0.921 8.40 × 106 1.92 × 10−7 0.937 5.75 × 10−3

Ti6Al4V1050

0 58.88 — — — 1.74 × 108 3.46 × 10−5 0.927 4.77 × 10−3

1 51.03 7760 3.28 × 10−5 0.923 1.06 × 108 1.41 × 10−7 0.940 6.67 × 10−3

4 44.89 1277 3.22 × 10−5 0.922 1.76 × 108 1.59 × 10−7 0.939 5.09 × 10−3

7 55.36 945 3.20 × 10−5 0.924 1.96 × 108 1.87 × 10−7 0.942 9.35 × 10−3
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Figure 7. Equivalent circuits used to simulate experimental EIS responses of Ti6Al4V as received,
Ti6Al4V800 and Ti6Al4V1050, immersed in DMEM %10 of FBS+ fibroblast cells for: (a) 0 days and (b) 1,
4 and 7 days.
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3. Materials and Methods

3.1. Heat Treatments

Ti6Al4V alloy rods (Goodfellow Materials Ltd., Huntingdon, UK) of 12.7 mm in diameter and
20 mm in length were used; this alloy was encapsulated in quartz under an argon atmosphere in order
to avoid its oxidation.

Two heat treatments were performed for separate at two temperatures, one at 800 ◦C
(named Ti6Al4V800) and the other one at 1050 ◦C (named Ti6Al4V1050), below and above Ti6Al4V
transformation temperature (980 ± 20 ◦C), respectively [8]. These alloys remained inside the furnace
for 6 h and were air-cooled at room temperature. Afterwards, discs of 2 mm thick were cut.

3.2. Metallography

In order to reveal the microstructure, a standard metallographic technique was used, consisting
of its grinding with SiC paper sheet, polishing to a mirror finish and etching with Kroll reagent
(HF + HNO3 and deionized water, 1:3:96) [9]. The microstructure was observed with a Nikon
EPIPHOT 300 optical microscope coupled to a Nikon FDX-35 camera (Nikon Instruments Europe B.V.,
Amsterdam, The Netherlands).

3.3. X-ray Diffraction and XPS Characterizations

Phases on Ti6Al4V alloys, mechanically polished to a mirror finish, were identified by X-ray
diffractometer, Brucker AXS model D8 Focus (Fison Instruments, East Grinstead, UK), with Kα

radiation of Cu equipped with fluorescence filter of iron, in a range of 20 to 90◦, at a velocity of
8◦ min−1, with a pitch of 0.02.

Prior to electrochemical measurements, Ti6Al4V alloys were mechanically polished using emery
papers grade 1500 until obtaining homogeneous surfaces. In order to eliminate any contamination,
the materials and electrochemical cell were sterilized in an autoclave for 30 min at 120 ◦C and
1.2 kg cm−2. After sterilization and prior to the in vitro assays, metal surfaces were analyzed with
a Fisons MT500 Spectrometer, which was equipped with a hemiespheric electron analyzer (CLAM 2)
and an X-ray source employing Mg Kα radiation (1253.6 eV) and operating at 300 W (Fison Instruments,
East Grinstead, UK). The residual pressure in the analysis chamber was kept below 10−8 Torr during
the measurements. Spectra were recorded using a 20 eV pass-through energy, which is typical for
high-resolution conditions. A background subtraction was carried out using the Shirley method,
fixing the experimental curve to a mixture of Gaussian and Lorentzian curves of variable proportion.
The binding energy of C1s from the contamination of saturated hydrocarbons to 285.0 eV was used as
internal reference to calibrate each spectrum.

3.4. In Vitro Assays

DMEM 10% of FBS was used as a culture medium, which was prepared as follows: 1 mL
200 mM L-Glutamine Gibco® (Darmstadt, Germany), 1 mL Gibco® Penicillin-Streptomycin, 1 mL
Gibco® Sodium Pyruvate and 10 mL FSB (Fetal Bovine Serum, Sigma-Aldrich®, St. Louis, MO, USA)
were added to 90 mL DMEM (Dulbecco’s Modified Medium, Gibco®) under stirring conditions.
Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 discs were immersed in the culture medium for 24 h
(day 0, in the absence of cells). Afterwards, 10,000 L929 fibroblast cells provided by the Biological
Research Center, Madrid, Spain, were seeded on each surface using a pippete.

The electrochemical measurements were performed using a homemade electrochemical cell [27],
with Ti6Al4V as received, Ti6Al4V800 and Ti6Al4V1050 discs (area 1.25 cm2) as working electrodes,
a saturated calomel electrode as reference and a platinum wire (Goodfellow Cambridge Ltd.,
Huntingdon, UK) as a counter electrode. Luer unions were fitted to control the entry and exit
of 5% CO2.
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Open circuit potentials (EOCP) were measured for 600 s, and immediately the Electrochemical
Impedance Spectroscopy (EIS) characterization was carried out, applying a sinusoidal signal 5 mV
of amplitude in a frequency range of 105 to 10−2 Hz and 10 points per decade, using a Gamry series
600 Potentiostat-Galvanostat coupled to a PC for the control and data acquisition. All assays were
performed in triplicate. EOCP and EIS measurements were performed at 0, 1, 4 and 7 days and the
materials were maintained in the culture medium + cells for 7 days at 37 ◦C, pH = 7.40, 5% CO2 and
100% relative humidity. The culture medium was renewed every 48 h to supply nutrients and eliminate
cell waste products.

3.5. Cell Fixation

After in vitro assays, fibroblast cells were fixed onto the metal surfaces by adding 1 mL
of 2% glutaraldehyde and maintained at 4 ◦C for 24 h. Subsequently, a dehydration process
was carried out by immersion in a sequence of solutions ranging from 35% to 100% of ethanol.
Thereafter, a 50% Trimethylsilane (TMS Sigma-Aldrich®) solution (0.5 mL TMS in 0.5 mL 100% ethanol)
was added to the cells for 10 min. This solution was withdrawn and 1 mL of 100% TMS was added
over 10 min. Finally, the TMS was removed and allowed to air dry for 30 min.

3.6. SEM-EDX Surface Characterization

After cell fixation, the surfaces were characterized by SEM/EDX using a Zeiss SUPRA 55-VP
Scanning Electron Microscope (Carl Zeiss de México S.A. de C.V., Mexico, Mexico), operating at 15 kV
and coupled to an EDX for microanalysis capability.

4. Conclusions

Fibroblast cells show biocompatibility on Ti6Al4V as received and alloys heat-treated at 800 ◦C
and 1050 ◦C, namely Ti6Al4V800 and Ti6Al4V1050, respectively, after seven days of immersion in
DMEM 10% of FBS. The differences in cell adhesion and morphology are characterized by SEM,
where agglomerated cells are evident on Ti6Al4V as received and Ti6Al4V800, presumably due to the
globular microstructure of these alloys; this contrasts with the lamellar microstructure of Ti6Al4V1050

that displays the largest cell coverage. As part of cell proliferation, the signals of C, O, P, S, Na
and Cl, which constitute the essential substance of the extracellular matrix (e.g., hyaluronic acid,
glucosaminoglycans, collagen and elastin) are detected by EDX analysis. In addition, the precipitation
of Ca is only observed for Ti6Al4V1050 alloy. Finally, a similar electrochemical behavior is seen for
Ti6Al4V alloys during immersion in the culture medium, related to the formation of TiO2, overlaying
the contribution of protein adsorption and the precipitation of the extracellular matrix from the cells.
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