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ABSTRACT: The objective of  this work was to study whether thermal and chemical conversion treatments 
improve the biocompatibility of  the TiAlV alloy and reduce bacterial growth. Firstly, TiAlV alloy was modi-
fied by thermal treatment at 650 ºC for 1 hour. Then, chemical conversion was carried out in a CeCl3 solution 
to generate cerium oxide. Modified surfaces were characterized using AFM and SEM-EDX. Osteoblast adhe-
sion and bacteria biofilm formation were measured in vitro with MC3T3-E1 osteoblast cell line and Staphylo-
coccus epidermidis ATCC 35983, respectively. Bacterial viability was quantified through content in adenosine 
triphosphate (ATP) as a measure of  metabolic activity. Morphology and proliferation on modified surfaces 
were analyzed by SEM-EDX. Results revealed that thermally treated TiAlV showed greater osteoblast pro-
liferation viability associated with greater roughness and crystalline structure of rutile. Modified surfaces did 
not cause bactericidal effect but TiAlV surfaces with ceria showed a decrease in bacterial adhesion i.e. less 
bacteria proliferation and therefore a decrease in bacterial colonization.
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RESUMEN: Biocompatibilidad de osteoblastos e inhibición de adhesión bacteriana a la aleación Ti6Al4V tratada 
térmica y químicamente. El objetivo de este trabajo ha sido estudiar si los tratamientos térmicos y de conversión 
química mejoran la biocompatibilidad de la aleación TiAlV y reducen el crecimiento bacteriano. En primer 
lugar, se modificó la aleación de TiAlV mediante tratamiento térmico a 650 ºC durante 1 hour. Luego, se llevó a 
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cabo la conversión química en una solución de CeCl3 para generar óxido de cerio. Las superficies modificadas se caracterizaron 
utilizando AFM y SEM-EDX. La adhesión de osteoblastos y la formación de biopelículas microbianas se midieron in vitro con 
la línea celular de osteoblastos MC3T3-E1 y Staphylococcus epidermidis ATCC 35983, respectivamente. La viabilidad bacteria-
na se cuantificó a través del contenido en trifosfato de adenosina (ATP) como medida de la actividad metabólica. La morfología 
y la proliferación en superficies modificadas se analizaron mediante SEM-EDX. Los resultados revelaron que el TiAlV tratado 
térmicamente mostró una mayor proliferación osteoblástica asociada con una mayor rugosidad y estructura cristalina del ruti-
lo. Las superficies modificadas no causaron efecto bactericida, pero las superficies de TiAlV con ceria mostraron una disminu-
ción en la adhesión bacteriana, es decir, menos proliferación bacteriana y por tanto disminución en la colonización bacteriana.
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Other surface property, which has an effect on the in-
teraction with proteins is the isoelectric point of the 
surface which can change depending on the elements 
that are alloyed (Sittig et al., 1999).

On the other hand, the modification of the sur-
faces of these alloys are also performed in order to 
improve their properties of biocompatibility and os-
seointegration and their resistance to bacterial col-
onization. It is known that Staphylococcus species is 
responsible for more than 60% of prosthetic infec-
tions (Zorn et al., 2011). Bacteria may also be the 
cause of the orthopedic implant removal following 
aseptic loosening (Geetha et al., 2009; Raphel et al., 
2016). Specifically, Staphylococcus epidermis form 
biofilms on the prostheses surface, being the prin-
cipal causes of antibiotic resistance and responsible 
for the implant replacement (Mareci et al., 2009). 
So, the success of the implant is based on promoting 
osseointegration and inhibiting microbial adhesion.

Bearing in mind the importance of this, new sur-
face modification procedures are being developed 
that do not impair the mechanical properties of 
the alloys used in biomedical applications (Zorn et 
al., 2011; Bauer et al., 2013). As regards the TiAlV 
alloy, the synthesis of nanostructured layers of 
TiO2, obtained by anodization has been proposed 
to achieve a better osseointegration, and enhance-
ment of strong, long-lasting bonding between the 
implant surface and the surrounding bone (Hernán-
dez-López et al., 2016; Germán-Salló and Strnad, 
2018). A hydrothermal method for producing na-
nostructures on the TiAlV surface has also been 
proposed for improving the cellular response (Srivas 
et al., 2019). Other surface modifications have been 
made focused on the technical aspects, such as the 
grafting of bioactive molecules, with enhanced osse-
ointegration properties (Wu et al., 2014; Yang et al., 
2017) or treatments that permit the incorporation of 
salts or metals to improve osteogenesis and calcifica-
tion after implantation (Santander et al., 2014; Bral 
and Mommaerts, 2016).

In the same way, another important development 
has been driven towards surface modifications to 

1. INTRODUCTION

Material-tissue interface and the long-term suc-
cess or failure of the integration of an implant in the 
body are closely correlated with the properties of 
the implant devices and specifically with their sur-
face properties, such as wettability, texture or chem-
ical composition. The TiAlV alloy has an excellent 
in vivo performance, which makes it the most com-
monly used prosthetic metallic materials for rods in 
prostheses for joint and dental implants. However, 
new research into this alloy, based on the changes 
in chemical composition, has been carried out with 
the aim of obtaining alloys with optimal micro-
structures designed to achieve mechanical proper-
ties similar to those of bone and with high corrosion 
resistance and enhanced biocompatibility promoted 
by faster integration with bone tissue and minimum 
bacterial proliferation (Mareci et al., 2009).

The addition of elements in minor contents can 
determine the surface performance of Ti-based al-
loys. The vanadium content in this alloy cause toxici-
ty over time, when interacting with biological systems 
as some studies have reported (Siqueira et al., 2009). 
So research has been addressed to produce new al-
loys with a Ti base where the V has been substituted 
by other elements, such as Fe, which also stabilizes 
the β phase in the alloy (Simsek and Ozyurek, 2019). 
Other alloys that have been under investigation using 
Niobium and Iron instead of Vanadium are, for ex-
ample, Ti6Al7Nb and Ti5Al2.5Fe (α+β) phase (Ni-
inomi, 2002; Jackson and Ahmed, 2007). Research of 
the wear and corrosion behavior of Ti5Al2.5Fe and 
Ti6Al4V alloys processed by mechanical alloying in 
a simulated body environment show that although 
there is an improvement in the wear resistance, both 
alloys show pitting corrosion in simulated fluids at 
body temperature (Simsek and Ozyurek, 2019). Al-
loying elements such as Al, V, and Nb in titanium 
alloys may be incorporated into the thin oxide film 
and that probably influences the adsorption of pro-
teins and their accommodation on the surface, mod-
ifying the surface-cell interaction (Jenko et al., 2018). 
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promote a bactericide effect to prevent the adhesion 
and proliferation of microorganisms, thus reducing 
the probability of both short and long term infec-
tion. One proposal has been to obtain surfaces cov-
ered with lysozyme. The use of lysozyme prevented 
Staphylococcus aureus adhesion, while maintaining 
high cytocompatibility with the important cell lines 
(Díaz-Gómez et al., 2018). Also, a proposal has been 
made studying the combined effect of alumina and 
zinc on aluminum alloys, where their osteogenic and 
antibacterial aspects have been studied. As a result, 
it has been found that the Zn-doped Al2O3 coating 
delivers outstanding osteogenesis and antibacterial 
properties, which makes it a promising candidate for 
use in bone implants (Weng et al., 2018). Following 
up this line of research, the TiAlV has been coated 
with MgCu by arc ion plating in order to improve its 
bioactivity and in particular its antibacterial proper-
ties. The MgCu coating degraded and gradually dis-
appeared from the surface up to 14 days´ immersion. 
The degradation of MgCu coating could effectively 
kill Staphylococcus aureus with an antibacterial rate 
of 99% (Yu et al., 2018).

Adding reactive elements to the surfaces of tita-
nium alloys, such as Cu, Ce or elements like Si and 
F may increase the proliferation of osteoblasts while 
showing a decrease in bacteria (Santos-Coquillat et 
al., 2018). Multifunctional coatings have been pro-
posed to combine the wear-corrosion resistance, 
and to achieve proper amount osteoblast prolifer-
ation and bone matrix secretion while achieving a 
decrease in bacterial colonization.

However, the challenge of obtaining surfaces, 
which combine both good compatibility and an 
adequate degree of bactericide, has still not been 
achieved satisfactorily in the scientific literature.

In previous research works, the TiO2/CeO2 coat-
ing on TiAlV has been evaluated as an alternative 
coating system for lengthening the useful life of 
TiAlV implants (Tavarez-Martínez et al., 2019). 
Based on these good results and with the aim of 
furthering this research, in this work, heat treatment 
and posterior chemical conversion have been carried 
out on TiAlV surfaces to study if  biocompatibility 
of the TiAlV can be improved and bacterial growth 
inhibited or reduced.

In our research, the cell line chosen has been 
mouse osteoblasts, responsible for the bone growth 
as they form a deposit of calcium and phospho-
rous (Patton and Thibodeau, 2007). The bacteria 
strain chosen was the Staphylococcus epidermis 
(Gram-positive) opportunistic pathogen cultured 
in aerobic conditions, due to several features: path-
ogenicity property, presence on the skin and mucus 
membranes, and ability to survive in high salt con-
centration media which contain 7-8% NaCl (Madi-
gan et al., 2003). Staphylococcus epidermis forms 
biofilms that grow on the devices, which are intro-

duced into the body like intravenous catheters and 
medical prostheses. The biofilm is the main viru-
lence factor of this bacterium, acting as a barrier to 
antibiotics and host’s immune response.

2. MATERIALS AND METHODS

2.1. Materials

The material under study was Ti6Al4V alloy with 
19 mm in diameter and 3 mm thickness. The chem-
ical composition by optical emission spectroscopy 
was (in wt.%): 88.9 Ti, 6.4 Al, 4.5 V and 0.2 Fe. The 
Ti6Al4V alloy was modified by thermal treatment 
(TiT hereafter) at 650 ºC for 60 minutes, by means 
of a heating ramp (7 ºC/min), into a furnace in ox-
ygen rich atmosphere. After that, the piece was an-
nealed at 450 ºC (7 ºC/min) for 15 minutes and then 
rapidly cooled in cold water. 

After thermal treatment, half  of the samples re-
ceived a chemical conversion treatment consisting 
of immersion in a solution 0.001 M CeCl3 togeth-
er with hydrogen peroxide (H2O2) as oxidant for 15 
minutes in order to obtain a surface layer of cerium 
oxide (called TiTCe throughout this paper).

All the modified samples were sonically cleaned 
in two steps: distilled water for three minutes fol-
lowed by 96 % ethanol for five minutes. Finally, sam-
ples were dried in air and sterilized with ultra violet 
radiation for 60 minutes on each side. 

2.2. Surface characterization by atomic force micros-
copy, AFM

The characterization of the surface modifications 
of Ti6Al4V was performed by means of an AFM 
5100 (Agilent) equipped with a scanner with max-
imum ranges of 100 µm in “x” and “y” scales and 
4 µm in “z” scale. The images were acquired in the 
tapping mode using a cantilever of silicon nitride, 
with a nominal probe curvature radius of 10 nm and 
a constant force of 40 N/m. The software WSxM 
(Nanotec) was used for processing the images.

2.3. Cell Culture

MC3T3-E1 cell line (from the cell bank of the 
Center for Biological Researches, CIB-CSIC, Ma-
drid, Spain) was chosen as the mouse pre osteoblast 
cells.

The cells were incubated in 90 ml of Dulbecco’ 
s Modified Medium, (DMEM, Gibco®), 1ml of 
L-Glutamine 200 mM (Gibco®), 1 ml of Penicil-
lin-Streptomycin (Gibco®), 1 ml of Sodium Pyru-
vate (Gibco®) and 10 ml of Fetal Bovine Serum 
(FBS, Sigma-Aldrich®) at 37 °C in a humidified at-
mosphere of 5% CO2 in air. The culture medium was 
changed every 2 or 3 days. 
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An initial concentration of 14000 cells/ml was 
seeded on 2.8 cm2 of each experimental Ti6Al4V 
surface in the culture plate. Viability of the cell cul-
tures was assessed by parallel control tests of osteo-
blasts on polystyrene culture plate. After 1, 3 and 7 
days, cells were detached from the culture plate with 
trypsin-EDTA solution (Gibco-R) for 5 minutes in 
an incubator at 37 ºC. Then, trypsin was neutralized 
by adding DMEM culture medium. Aliquots were 
loaded of 10 µl of cells suspended in DMEM on 
Neubauer camera and the cells were counted. Each 
experiment was carried out in triplicate. 

Growth curves of MC3T3-E1 osteoblasts were 
obtained to compare the proliferation on the differ-
ent modified Ti6Al4V surfaces.

2.4. Cell fixation by SEM/EDX 

Morphological and chemical studies of the os-
teoblast cells seeded on the modified Ti6Al4V sur-
faces after 1, 3 and 7 days were carried out. After 
each testing time the cells were fixed on the modified 
Ti6Al4V surfaces by adding 1 ml of 2% glutaralde-
hyde in phosphate buffer solution (PBS) at 4 ºC for 
24 hours. After that, cells were dehydrated at 4 ºC 
for successively immersion in a series of ethanol 
solutions ranging from 35% to 100%. Tetramethylsi-
lane solution (TMS Sigma-Aldrich®) at 50% (0.5 ml 
of TMS in 0.5 ml of 100 % ethanol) was added for 
10 minutes to dry the surface-adhered cells. This 
solution was removed and 1 ml of TMS at 100% 
was added for another 10 minutes. Lastly, TMS was 
removed and left to air-dry during 30 minutes. Then, 
the osteoblasts adhered on the modified surfaces 
were topographically and chemically characterized 
by SEM and EDX (Hitachi S-4800) with a voltage 
of 5 kV and 15 kV, respectively.

2.5. Biofilm formation

The biofilm formation was assessed with the strain 
Staphylococcus epidermis ATCC 35983 provided 
by American Type Collection Culture. The bacteri-
al cultures were incubated in aerobic conditions for 
18 h at 37 ºC in Trypticase Soy Broth (TSB) (BBL, 
Becton Dickinson and Company, Sparks, USA). The 
bacterial suspensions were prepared in the exponen-
tial growth phase. The culture was adjusted up to a 
transmittance of 62% by means of horizontal light 
spectrophotometry (Helios Epsilon model, Thermo 
Spectronic, Thermo Fisher Scientific Inc., Cam-
bridge UK), at a wavelength (λ) of 492 nm. A bacte-
rial inoculation of approximately 3x108 colony-form-
ing unit (CFU)/ml at 37 ºC with orbital movement 
(30 rpm) for 90 minutes to facilitate the adhesion was 
added to each surface. The samples were incubated 
for 24 hours at 37 ºC and, the bacterial viability was 
quantified through its content in adenosine triphos-

phate (ATP) as a measure of metabolic activity. 
Then, they were transferred to new culture flasks and 
BacTiter-Glo™ Microbial Cell Viability Assay (Pro-
mega Corporation, Madison, WI, USA) was added 
for 10 minutes using an orbital movement in a dark 
chamber. Finally, the solution was transferred to 
white polystyrene microtiter plates in order to quanti-
fy its luminescence. The emission of light (the lucifer-
in-luciferase reaction) was measured by a luminome-
ter (Microplate Fluorescent Reader FLX 800. Biotek 
Instruments Inc). Each experiment was carried out in 
duplicate, in static flow, with orbital movement and 
was repeated two times for TiAlV, TiT and TiTCe 
samples in order to confirm the reproducibility of the 
different cultures. The surface area of the experimen-
tal sample was 2.8 cm2. The viability of the biofilm 
was represented as Relative Light Units, RLU%.

For the observation of the cells arrangement in 
the bacterial biofilm on the different surfaces, a scan-
ning electron microscopy, SEM (Quanta 3D FEG 
FEI Company Hillsborough, US) with a detector 
electrons secondary detector, ETD, was used. The 
surfaces covered with bacterial biofilm were fixed 
with glutaraldehyde at 3% for 12-15 hours at room 
temperature. Immediately afterwards, the dehydra-
tion was carried out in successive concentrations of 
ethanol (from 30% to pure ethanol) for one hour in 
each one of them. Finally, the samples were metal-
ized with an Au film of less than 5 nm thickness by 
cathodic spraying (Emitech K575X sputter coater).

2.6. Statistical Analysis

All the quantitative studies were carried out in 
triplicate. The resulting data were statistically ana-
lyzed by a two-tailed student’s t-test and expressed 
as a mean ±SD. Differences were considered to be 
significant at p<0.05. The correlation between dif-
ferent time interval studies was determined using 
Pearson’s correlation coefficient.

3. RESULTS

Figure 1 shows the surface topography by AFM 
of TiAlV in as-reception (A), after thermal treat-
ment (B) and subsequent treatment with Cerium 
chloride (C). In as-received condition, the lines 
proper to the surface preparation (grounding) can 
be seen (Fig. 1A). In the thermally treated sample 
(TiT) appear crystals of TiO2 with rutile structure 
verified by DRX (Fig. 1B) (Tavarez-Martínez et al., 
2019). The surfaces of the samples treated thermi-
cally and chemically (TiTCe) are more homogenous 
due to the cerium oxide deposited in pores and de-
fects left by the thermal treatment. The thickness of 
the layer of cerium oxide is very thin as could be 
seen only by XPS (Tavarez-Martínez et al., 2019).

Table 1 reveals the RMS roughness parame-
ter obtained from the different TiAlV samples by 
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AFM. The roughness increases as a consequence 
of  thermal treatment. The chemical treatment 
with cerium salts does not introduce any impor-
tant changes in the roughness of  the thermically 
treated samples.

Osteoblasts MC3T3-E1 cells were added on the 
different surfaces in order to compare the cell prolif-
eration. Figure 2 shows the osteoblasts MC3T3-E1 
cultivated after 1, 3, and 7 days in as-received 
Ti6Al4V (images A, B and C), thermically treated 
Ti6Al4V, TiT, (images D, E and F), and thermical-
ly and chemically treated TiAlV, TiTCe, (images G, 
H and I), respectively.

Figure 1. Topography by AFM of  A) TiAlV, B) TiT and C) TiTCe surfaces.

Figure 2. Secondary electron images of  MC3T3-E1 osteoblasts after 1, 3 and 7 days on culture (A, B, C) TiAlV, 
(D, F, G) TiT and (G, H, I) TiTCe surfaces, respectively.

Table 1. Average roughness measured by AFM

Sample
Area
µm2

RMS 
nm

TiAlV 10x10 99.3

TiT

10x10 115.95

20x20 151.0

50x50 166.2

TiTCe

10x10 127.49

20x20 150

50x50 163
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The elongated forms of the osteoblast cell with 
the extension of the filopodia to approach the other 
cells, are clearly shown. Good adhesion to the differ-
ent surfaces is also observed. Figure 3 shows com-
paratively the two modified and as-received Ti6Al4V 
surfaces after seven days of culture. In general, the 
cell proliferation on samples TiTCe is adequate but 
the confluence is not achieved as occurs in both 
thermally treated and as-received Ti6Al4V surfaces.

The TiT showed the greatest amount of cell pro-
liferation over testing time. The osteoblasts contin-
ued growing considerably on the TiT samples over 
testing time from the first day of culture, while the 
TiTCe surfaces showed the least cell proliferation. 
These data agree with that observed by SEM (Figs. 
2 and 3). Although the cell proliferation is less in 
the TiTCe samples, the osteoblast cell morphology 
and adhesion to the Ce oxide layer (Fig. 2 photo I) 
revealed a good health and biocompatibility of the 
cells and so the absence of any cytotoxic effects. In 
summary, a good adhesion with an elongated mor-
phology of the osteoblasts was observed on all the 
surfaces. Results are similar to that obtained by Cer-
roni et al. (2002) with their experiments on porous 
hydroxyapatite.

Figure 4 shows the cell proliferation of 
MC3T3-E1 osteoblasts on TiAlV, TiT and TiTCe. 
It can be seen that the highest proliferation is ob-
tained for TiT surfaces. However, those TiTCe 
surfaces treated with Ce decrease considerably the 
proliferation. 

A semi quantitative chemical analysis by EDS 
on the modified surfaces covered with cells for 1, 3 
and 7 days was performed. Figure 5 shows the three 
regions analyzed: sample surface (yellow), cells 
(dark blue), and the area between cells filled with 
extracellular matrix, EM (green). Tables 2, 3 and 4 
summarize the chemical analyses on these areas in 
the as-received Ti6Al4V, thermally treated TiT, and 
chemically treated TiTCe, respectively after 7 days 
in culture.

In as-received TiAlV, the surface is composed 
of Ti, Al and V in accordance with those obtained 
by optical emission spectroscopy, in wt.%: 6.4 Al, 
4.5 V, 0.2 Fe and 88.9 Ti, corresponding to the 
ASTM F136 standard specification (Table 2). The 
C content is assigned to the handing of the samples. 
The chemical analysis on the cells (dark blue) reveals 

Figure 3. Secondary electron images of  the MC3T3-E1 osteoblasts adhered on (A) TiAlV, (B) TiT and (C) 
TiTCe surfaces after 7 days in culture.

Figure 4. Cell proliferation of  MC3T3-E1 osteoblasts on 
TiAlV, TiT and TiTCe.

Figure 5. Secondary electron image of  a MC3T3-E1 osteo-
blast on the Ti surface delimiting the three regions analyzed 

by EDX: sample surface (yellow), cells (dark blue) and 
extracellular matrix (green).
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an increase in carbon, oxygen and phosphorous 
content with respect to the area without any cells 
(Table 2) and the presence of sulfur on the modified 
surfaces. These are the main constituents of the 
phospholipids, which form a high percentage of the 
biological membranes. In the area between the cells 
(green), the atomic percentages values of carbon, 
oxygen and phosphorus are between those of the 
metallic surface (yellow) and the cells (dark blue).

In the TiT samples, the atomic percentage of ox-
ygen on the surface has increased substantially, (Ta-
ble 3) due to the thermal treatment. 

Finally, the chemically treated samples, TiTCe, 
appear covered with a thin layer of cerium (Table 4). 
These results are comparable to those obtained by 
Brunelli et al. (2005), and they have also corroborated 
in other research works by XPS (Tavarez-Martínez 
et al., 2019). Besides the small percentage of Ce, the 
atomic percentage of the different elements is prac-
tically the same as those of the TiT samples. There is 
not any difference in the composition of the differ-
ent areas analyzed with respect to the time. (See the 
supplementary material, showing the analyses of 
the different samples under study with MC3T3-E1 
osteoblast for 1, 3 and 7 days). 

The biocompatibility is generally improved with 
the new surface modifications of Ti6Al4V alloy, but 
also it is important to find out whether these modi-
fied surfaces show evidence of the inhibition of bac-
terial reproduction.

The viability of the biofilm of Staphylococcus ep-
idermis ATCC 35983 on the TiAlV, TiT and TiTCe 

surfaces after 24 hours of growth is shown in Fig. 
6. It can be observed that the thermal treatment de-
creases the bacterial viability and that this decrease 
is greater when they are coated with cerium oxide.

The Fig. 7 shows by scanning electron microscope 
the appearance of the biofilm architecture formed by 
the Staphylococcus epidermis ATCC 35983 strain af-
ter 24 hours of incubation on the surfaces.

It can be seen that there is a decrease in the bac-
terial growth on the treated surfaces with respect to 
the as-received TiAlV. SEM images only provide in-
formation about the bacteria adhered to the surface 
but cannot differentiate between metabolically ac-
tive and dead bacteria. Nevertheless, a greater num-

Figure 6. Bacterial viability of  biofilm formed by staphylo-
coccus epidermidis ATCC 35983 on TiAlV, TiT and TiTCe 

surfaces after 24 hours of  incubation.

Table 2. EDS analysis of TiAlV surfaces with MC3T3-E1 osteoblasts. (at.%)

C O Ti Al V Ce Na Cl P Ca S

Surface 13.1 12.8 64.6 6.6 2.8 0.1 0.0

Osteoblast 41.4 29.0 26.0 2.1 0.8 0.5 0.1

Extracellular matrix 21.6 23.0 47.9 6.1 1.4

Table 3. EDS analysis of TiT surfaces with MC3T3-E1 osteoblasts. (at.%)

C O Ti Al V Ce Na Cl P Ca S

Surface 8.1 50.0 37.3 3.3 1.2 0.2

Osteoblast 53.8 32.1 10.6 1.4 0.5 0.5 0.5 0.5 0.0 0.1

Extracellular matrix 21.7 51.4 22.7 2.8 1.3 0.1 0.0 0.0

Table 4. EDS analysis of TiTCe surfaces with MC3T3-E1 osteoblasts. (at.%)

C O Ti Al V Ce Na Cl P Ca S

Surface 9.0 55.5 30.9 3.1 1.0 0.4 0.1 0.0

Osteoblast 58.8 27.7 9.5 1.3 0.4 0.0 0.8 0.7 0.5 0.1 0.2

Extracellular matrix 32.0 43.8 19.8 1.6 0.9 0.1 0.2 0.1 0.0
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ber of bacteria not so rounded, apparently damaged 
on the TiTCe surfaces in comparison to the as-re-
ceived Ti6Al4V surface can be seen. Some of these 
bacteria are marked with arrowheads as an example.

4. DISCUSSION

The process of the integration of the implant 
with the biological tissue, according to Kasemo and 
Lausmaa (1998) and Fathi et al. (2003), begins with 
the adsorption of the first water molecules on the 
surface of the implanted material. These molecules 
may interact in different ways. If  the surface is hy-
drophilic, the water molecules adhere very strongly 
but if  the surface is hydrophobic so water adheres 
weakly to the surface. Once the water molecules 
have interacted with the surface, the ions present in 
the biological medium, such as Na+ and Cl- among 
others, are incorporated forming an electrochemical 
double layer.

In the case of the modified titanium surfaces test-
ed in this work, the sodium and chloride ions were 
only seen on the TiT and TiTCe samples (Tables 2, 
3, 4). According to Patton and Thibodeau (2007), 
these ions dissolved in water contribute to the fluid-
ity of the extracellular matrix.

Subsequently, the proteins and other molecules 
approach the surface where they are adsorbed cre-
ating a layer of a mixture of different proteins in 
distinct states of conformation. Then, the cells 
which create interactions with the protein layer by 
means of the cellular extensions approach the cell 
membrane and the cell receptors. So, the response of 
the implanted material-cells depends largely on the 
type of proteins and their conformation. The result 
of this interaction may be the integration of the im-
plant or rather the encapsulation of the implant in a 
fibrous layer or even its rejection.

In our experiments, the atomic percentage of car-
bon, oxygen and sulfur increased as a consequence 
of cells growth on materials studied. The sulfur es-
pecially increased in the presence of the CeO2 on the 

thermally treated surface (Table 4). Shivakumar et 
al. analyzed the effect of cerium atoms on the syn-
thesis of collagen in cultured cardiac fibroblasts and 
explants. It was shown that low concentrations of 
cerium (100 nM) enhanced the synthesis of collagen 
and high concentrations (100 μM) inhibited it (Fathi 
et al., 2003).

In the spaces between the cells, i.e. the extracel-
lular matrix, there is also an increase in carbon and 
oxygen in comparison with what occurs in the me-
tallic matrix (Tables 2, 3, 4). Proteins are another 
important component which form the extracellular 
matrix and whose principal composition is carbon, 
oxygen and hydrogen (Patton and Thibodeau, 2007). 
The proteins may be structural fibers, glycoproteins 
or proteoglycans. The structural fibers like collagen 
and elastin give flexibility to the tissues (Bueno-Vera 
et al., 2015). The glycoproteins are protein molecules 
attached to carbohydrates, among them, the integrins 
facilitate the adhesion between the cells and the ex-
tracellular matrix. The proteoglycans, like chondroit-
in sulphate, are hybrid molecules, which are made up 
principally of carbohydrates attached to the skeletons 
of proteins. In addition, some molecules contain sul-
fur, iron and phosphorous (Tables 2, 3, 4).

There are several factors that can affect the im-
plant-cell interaction and may inhibit cell growth 
such as: the ion release and the chemical compo-
sition and topography of the surface under study. 
TiAlV is a material that is capable of passivating 
instantly with the oxygen in the air, forming a com-
pact, uniform and adherent nano layer of TiO2, 
which isolates metallic substrate and reducing con-
siderably the ion release kinetics in very different 
corrosive media. The chemical composition of the 
as-received TiAlV alloy favors the formation of a 
passive layer of TiO2 of nanometer order. The heat 
treated alloy has a thicker layer (1 μm) of TiO2 of 
rutile while the TiTCe sample has also a thin layer 
of cerium oxide, in which the Ce is found in two pos-
sible Ce3+/Ce4+ oxidation states (Tavarez-Martínez 
et al., 2019). The surface chemical composition of 

Figure 7. Electron micrographs (20000x) of  the Staphylococcus epidermidis ATCC 35983 proliferation on (A) TiAlV, (B) TiT 
and (C) TiTCe surfaces after 24 hours of  incubation.
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the modified Ti substrates is important for the ad-
sorption of proteins. In the case of the TiT samples, 
TiO2 is highly hydrophilic, thus favoring the first step 
towards the metallic material/cell integration (Shi-
vakumar et al., 1992). In aqueous media, the OH- 
favors the bond with phosphate ions by means of 
the Ca2+ ions (acting as a bridge) present in the phys-
iological medium. The presence of ions like phos-
phate or calcium in the culture medium results in a 
positive stimulus for cell viability and therefore for 
the process of osseointegration of the implant in the 
organism. These ions appear in the different table 
(Tables 2, 3, 4) and some are deposits of calcium and 
phosphorous which can give rise to the formation of 
hydroxyapatite, providing the bone with mineraliza-
tion and strength (Bueno-Vera et al., 2015). These 
points serve to anchor the osteoblasts (Burgos As-
perilla, 2013) (Fig. 2).

Most of the heat treatments applied to the TiAlV 
alloy are carried out in order to obtain a good ad-
herent rutile-based surface with the aim of improv-
ing wear, corrosion resistance and biocompatibility. 
The rutile phase obtained is thermodynamically sta-
ble and according to several authors is more inert 
to a bacterial attack and has greater friction resist-
ance compared to anatase and brockite (Izman et 
al., 2012). Other studies have shown that the Young 
modulus of rutile structure is close to that of bone 
(Ayu et al., 2017). Despite these encouraging prop-
erties, few research works have been reported on the 
adhesion strength of the oxide layer formed on the 
titanium substrate.

The smallest cell growth was obtained on the 
surface of TiTCe samples that is affected by the 
low affinity of cerium for water (Azimi et al., 2013; 
Tavarez Martínez, 2019), which is important in 
the implant-biological tissue interaction process. 
This hydrophobic character is due to the electron-
ic structure of the oxides of the rare earths where 
4f orbitals (not fully occupied), are protected from 
the interactions with the surrounding environment 
by the complete octet of electrons in the external 
layers 5s2p6. Therefore, they have less interaction 
with water molecules in the interface (Azimi et al., 
2013). However, it has been reported that by adding 
cerium oxide on boride surfaces (in the same way 
we obtained cerium oxide on TiO2), more uniform, 
smooth and crack free layers can be obtained, which 
increase the tribological performance as well as cor-
rosion resistance of the TiAlV (Peng et al., 2018; 
Tavarez-Martínez et al., 2019). The hydrophobic 
character of the compounds of Ce on the surfaces is 
not at all unfavorable, since the soluble compounds 
of Ce4+ are associated mainly with a high redox po-
tential of tetravalent cerium ions and the ability to 
oxidize biological molecules that can cause problems 
of toxicity. In addition, the Ce3+ ions released from 
the layer at high concentrations may cause a Fen-

ton-like reaction in the biological medium. On the 
other hand, the nano ceria and cerium ions used in 
regenerative medicine have shown some interesting 
properties, as for example, stimulating the growth of 
fibroblasts and thereby helping the regeneration of 
the surrounding tissues (Shcherbakov et al., 2020).

Other important parameter for cell adhesion and 
proliferation is the increase in surface roughness of 
the materials (Anselme and Bigerelle, 2005; Ahmed 
et al., 2012). It has been noted that higher values 
of surface roughness provide better cell adhesion. 
It could be seen in Table 1 that the heat treatment 
increases the surface roughness but the subsequent 
chemical treatment with cerium salts does not intro-
duce any significant changes in roughness. Accord-
ingly, a greater cell proliferation has been obtained 
in the samples TiT (Figs. 2, 3 and 4).

In the experiments with bacteria on the modified 
Ti alloys, the smallest bacterial viability was shown 
by the surface treated with cerium salts, TiTCe, fol-
lowed by that treated thermally and after by the 
as-received state (Fig. 6). The smallest proliferation 
occurring in the presence of the cerium oxide layer, 
concurred with other studies carried out by other 
authors (Pelletier et al., 2010; Ciobanu and Harja, 
2019; Shcherbakov et al., 2020) where it was shown 
that the presence of nanocrystals of CeO2 can in-
hibit the growth of some bacteria. This effect was 
explained on the basis of different mechanisms, 
such as membrane disruption, ROS generation and 
interference with the nutrient transport functions 
(Alpaslan et al., 2017). The electron micrographs of 
the biofilm formation on surfaces (Fig. 7) showed a 
higher number of not turgid bacteria in the TiTCe 
surface, possibly due to membrane damage.

Cerium oxide nanoparticles possess anti-inflam-
matory properties. Nanoceria reduces the produc-
tion of inflammatory mediators by stimulating the 
macrophages of mice cell line J774A. In a model 
of human immunity in vitro, Schanen et al. (2013) 
found that the treatment with CeO2 nanoparticles in-
duced APCs (antigen-presenting cells) to secrete the 
anti-inflammatory cytokine, IL-10 and a TH2-dom-
inated T cell profile (Shcherbakov et al., 2020).

Nevertheless, according to our research, it is too 
early to state that cerium oxide has a bactericidal 
effect. Some factors have to be taken into account 
such as, the morphology of the nanoceria, the pH 
of the medium, the nature of the bacteria itself  (dif-
ferences on the surface of the membrane, metabolic 
differences and/or potential effects on the formation 
of spores) and, especially, the Ce3+/Ce4+ ratio. An 
elevated quantity of Ce3+ cause an antioxidant ef-
fect. Otherwise, if  Ce3+/Ce4+ ratio is low, act as an 
anticarcinogenic and antibacterial agent (Alpaslan 
et al., 2017). 

However, the decrease in bacterial viability, ob-
served in this work, is a good progress, since the in-
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crease in hydrophobicity and roughness is normally 
associated with an increase in bacterial adhesion to 
surfaces (Donlan, 2002; Boyd et al., 2002).

5. CONCLUSIONS

- The TiAlV treated thermally showed greater os-
teoblast proliferation because of its coating of rutile 
and higher roughness values compared to the other 
tested TiAlV surfaces.

- The TiAlV surfaces after thermal and, specially, 
chemical treatment with cerium oxide showed a de-
crease in the bacterial adhesion of Staphylococcus 
epidermis.
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ANNEXES. SUPPLEMENTARY MATERIAL

EDS analysis of TiAlV samples with MC3T3-E1 osteoblasts at different times. (at.%)

Surface sample Osteoblast Extracellular matrix

day 1 3 7 1 3 7 1 3 7

C 44.9 13.8 27.8 58.3 48.9 29.6 54.7 27.2 12.1

O 5.0 62.8 24.8 28.0 37.0 27.3 22.9 22.4 14.4

Ti 41.4 19.1 40.9 10.7 7.9 36.5 18.2 41.2 63.5

Al 7.4 3.5 4.1 1.7 1.6 4.8 3.1 7.9 7.2

V 1.3 0.8 2.4 0.4 0.4 1.6 0.6 1.0 2.8

Ce - - - - - - - - -

Na - - - 0.3 0.5 0.1 0.1 - -

Cl - - - 0.3 0.5 0.2 0.1 -

P - - - 0.2 0.2 0.1 0.1 0.1 -

Ca - - - - 2.9 - - - -

S - - - - 0.2 - - - -

EDS analysis of TiT samples with MC3T3-E1 osteoblasts at different times. (at.%)

Surface sample Osteoblast Extracellular matrix

day 1 3 7 1 3 7 1 3 7

C 17.5 15.8 7.8 66.4 68.3 53.4 18.8 14.4 10.4

O 62.1 65.5 - 25.7 20.8 31.0 59.6 67.1 59.9

Ti 16.4 14.9 83.5 1.6 2.5 11.5 17.9 15.2 25.5

Al 3.2 3.0 5.4 0.5 0.8 1.6 3.0 2.7 2.6

V 0.5 0.5 3.3 0.1 0.1 0.4 0.5 0.3 1.3

Ce - - - - - - - - -

Na 0.1 0.2 - 3.0 4.1 0.8 0.2 0.1 -

Cl - - - 2.3 3.0 0.7 - 0.1 0.2

P - - - 0.4 0.3 0.3 - 0.1 -

Ca - - - - - - - - -

S - - - - 0.1 0.2 - - -
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EDS analysis of TiTCe samples with MC3T3-E1 osteoblasts at different times. (at.%)

Surface sample Osteoblast Extracellular matrix

day 1 3 7 1 3 7 1 3 7

C 9.5 13.4 16.5 67.9 66.9 53.8 17.4 41.2 23.0

O 64.7 66.9 49.8 29.1 24.2 31.9 63.1 46.9 51.5

Ti 21.8 15.6 28.9 0.2 3.0 10.9 16.1 7.8 21.6

Al 2.9 2.7 3.0 0.1 0.7 1.2 2.6 2.1 2.3

V 0.7 0.5 1.0 - 0.1 0.4 0.4 0.6 0.7

Ce - 0.1 0.1 - - - 0.1 0.1 -

Na 0.1 0.5 0.4 1.0 2.6 0.8 0.1 0.8 0.3

Cl 0.1 0.2 0.2 1.1 1.9 - - 0.4 0.3

P 0.1 0.1 0.1 0.3 0.3 0.1 0.1 0.1 0.1

Ca - - - - - 0.7 - - -

S - - - 0.2 0.1 0.2 - - 0.1
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