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Abstract 
Magnesium and its alloys are used for biomaterials in orthopedic applications. Such alloys are still under development, and they are used due to their 
biocompatibility and mechanical (bone-like) properties that make them suitable to be used as biomaterials. Magnesium has potential to be used in 
biodegradable implants because of its capacity to support tissue regeneration processes. Therefore, multiple strategies have been developed to enhance 
magnesium properties. Coatings on magnesium alloys have been used to improve the cytocompatibility and corrosion resistance of magnesium. 
Particularly, titanium dioxide can be used as coating on magnesium to help regulating degradation rate and overcome some issues when magnesium is 
inserted into the human body. Accordingly, this paper is a critical review to consolidate the available literature about titanium dioxide coatings on 
magnesium alloys for potential use as biomaterials. The work focuses on coatings obtained by the sol-gel route as a promising technique for biomedical 
applications. 
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Recubrimientos de dioxido de titanio sobre aleaciones de magnesio 
para biomateriales: Una revisión  

Resumen 
El magnesio y sus aleaciones, que aún se encuentran en desarrollo, se usan en aplicaciones ortopédicas debido a su biocompatibilidad y propiedades 
mecánicas (similares al hueso), que los hacen adecuados para aplicaciones en biomateriales. El magnesio tiene potencial para ser usado en implantes 
biodegradables dada su capacidad de soportar los procesos de regeneración de tejidos. En consecuencia, se han desarrollado varias estrategias para 
mejorar las propiedades del magnesio. Los recubrimientos sobre magnesio se emplean para mejorar su citocompatibilidad y resistencia a la corrosión. 
Específicamente, el dióxido de titanio se puede usar como recubrimiento protector sobre el magnesio, con el fin de ayudar a regular la velocidad de 
degradación y superar algunos problemas que se encuentran cuando el magnesio es implantado en el cuerpo. Por tanto, en este artículo se realizó una 
revisión crítica para consolidar la literatura disponible acerca de recubrimientos de dióxido de titanio sobre aleaciones de magnesio para potenciales 
aplicaciones en biomateriales. En este documento se hace énfasis en los recubrimientos obtenidos por medio de la de la ruta sol-gel como técnica 
prometedora para aplicaciones biomédicas. 

Palabras clave: Aleaciones de magnesio; dióxido de titanio; modificación superficial; recubrimientos; biomédico. 

1. Introduction

Biomaterials are either natural or synthetic materials used
to replace or assist an organ or tissue. They are in direct 
contact with biological systems [1] and they must be 
biocompatible. Biocompatibility was defined in 2008 as "the 

How to cite: Hernández-Montes, V., Betancur-Henao, C.P. and Santa-Marín, J.F., Titanium dioxide coatings on magnesium alloys for biomaterials: A review, DYNA 84(200), 
pp. 261-270, 2017. 

ability of a material to perform the required function in 
response to medical therapy without causing undesired 
effects at either the local or systemic level in a user. The 
material must also produce a proper cell or tissue response in 
order to create relevant clinical therapy" [2]. Moreover, a 
biocompatible material can be inert or can interact and react 
with the tissue. Other biocompatible materials are degraded 
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by the body over time, and the adaptation of the material 
response to the body is decisive. Biocompatibility then 
assesses the biological activity of the material after being in 
contact with human tissue. Accordingly, a biocompatible 
material must not be genotoxic, cytotoxic, mutagenic, 
carcinogenic, or immunogenic [3]. Biomaterials have been 
developed in four different generations, and they are grouped 
according to clinical requirements. Inert biomaterials have 
been developed and selected since 1950 to enhance repair 
processes or replacement of the host tissue without causing 
an adverse reaction in the biological system; these materials 
were called first-generation biomaterials. They included 
cobalt alloys, alumina, and stable polyurethane and had great 
importance in orthopedic and dental applications. 

The second generation of biomaterials started due to poor 
adhesion and implant loosening, which called for the 
development and use of materials with bioactive surfaces 
capable of forming complex bonds with the tissue. At the same 
time, the use of biodegradable materials was also being 
researched; thus, since 1970, materials with bioactive or 
biodegradable properties have been studied. Titanium and 
calcium phosphates, including hydroxyapatite, are examples of 
second-generation biomaterials. However, the materials 
mentioned above showed limited durability over time. Further 
research is based on finding temporary materials capable of 
being degraded in a controlled manner over time and promoting 
a natural integration of the implant with the tissue that they 
should eventually replace. Bioactivity and biodegradation 
properties of third-generation materials such as magnesium and 
its alloys are currently under study for tissue regeneration and 
cardiovascular stents [1]. Since around 2010, researchers began 
studying a new generation of biomaterials. This latest 
generation of biomaterials encompasses biomimetic 
nanocomposites for applications in tissue engineering [4]. Fig. 
1. shows the four generations of biomaterials [5]. 

Currently, biomaterials science is focused on the 
development of temporary degradable structures allowing 
tissue integration with the implant, in order to improve the 
replacement or repair process. After repair, the implant is 
degraded and it is replaced by host tissue. Consequently, 
degradable biomaterials for bone repair are generating much 
interest —because they can save additional implant removal 
procedures, reducing pain and health care costs. 

On one hand, biodegradable or resorbable polymers such as 
poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), and 
polyglycolic acid (PGA) are currently being clinically applied. 
However, they have shown adverse effects in the human body 
when the immune system triggers osteolytic reactions around 

 

 
Figure 1. Evolution of biomaterials. 
Source: adapted from Bedilu et al. 2012. 

the implant after a foreign body —for example, a 
polymer— is recognized [6,7]. 

On the other hand, magnesium alloys are a new class of 
promising materials currently under development [8]. 
Magnesium alloys exhibit poorer corrosion resistance in Cl--
containing physiologic environments. Thus, these alloys 
could be used as biodegradable metals. Moreover, 
magnesium is essential to human metabolism, and it is the 
fourth most abundant cation in the human body [9]. 

Biodegradable magnesium-based materials usually have a 
high corrosion or biodegradation rate. Since this degradation 
occurs in the early stages of implantation [10,11], this is a 
limitation for using it in biomedical implants. The high 
degradation rate of Mg presents several problems: 1. 
Production of subcutaneous hydrogen bubbles during the 
corrosion of the metal can cause accumulation of hydrogen 
around the implant. Hydrogen can affect the healing process 
and may lead to tissue necrosis due to formation of gaps 
between the implant and the tissue [10,12,13]. 2. Changes in 
local pH values caused by generation of OH- anions during the 
cathodic reaction of the corrosion process [14]. This process 
affects some cellular functions and cell viability [10]. 3. The 
high corrosion rate of magnesium also produces an early 
degradation of transverse sections of the implants. Due to the 
fact that the time required by the bone to regenerate tissue is 
between 3 and 4 months approximately. During that time the 
implant must maintain mechanical integrity [15]. Nevertheless, 
Mg implants will not withstand the mechanical stresses to 
perform osseointegration if they are corroded. In the literature, 
some authors have reported that the magnesium degradation 
period is shorter than the period required to achieve mechanical 
integrity [16]. Still, the time for the implant to be stable depends 
on several factors, such as type of study (in vivo and in vitro 
studies), material composition, implant location, type of model 
(different animals), and days of evaluation of the in-vivo tests. 
Moreover, since several methods are available for measuring 
degradation rates, it is difficult to obtain correlations with in 
vitro tests. As a result, nowadays there is great interest in the 
surface properties of magnesium and its alloys to achieve 
enhanced corrosion resistance and biocompatibility while 
retaining the bulk properties of the material [17]. 

The corrosion rate of magnesium and magnesium alloys is a 
key factor for the development of new biomaterials to be used in 
resorbable implants. Therefore, coatings have emerged as a 
possible solution, enabling the reduction of degradation at the 
early stages of implanted materials and positively affecting the 
tissue recovery process. Surface modification of magnesium can 
be implemented to prevent electrolytes in the biological medium 
or in electrolyte solutions from degrading the material quickly. 
Titanium dioxide is a ceramic that has been widely used as a 
coating material, mainly because it improves the corrosion 
resistance of the surface-covering material (generally metals and 
alloys) [18,21]. Although magnesium is a bio-inert material, 
several authors have argued that it favors the formation of 
calcium phosphates on its surface, which gives the material 
bioactive properties that can be used in bone applications [22,23]. 
Furthermore, the photocatalytic activity of titanium dioxide 
provides antibacterial properties [24]. 

This paper reviews magnesium modified with Titanium 
dioxide, but it does not focus on the techniques since there  
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Figure 2. Degradation of magnesium in a biological environment. 
Source: adapted from Wu, et al. 2013. 

 
 

are several reviews already available in the literature 
[11,13,25]. Its main goal is to gather information concerning 
the development of titanium coatings to improve the 
properties (corrosion rate and biocompatibility) of 
magnesium for applications in biomaterials. In addition, the 
importance of sol-gel techniques for biomedical coatings is 
highlighted. 

 
2.  Magnesium 

 
Magnesium is a metal of interest for bone applications 

due to the fact that its density (1.74 g / cm3) and its Young’s 
modulus of 45 GPa are very similar to those of human bone 
(1.8-2.1 g / cm3 and 40-57 GPa respectively). Magnesium is 
also very abundant in the human body, and it is essential for 
cells, mainly because it takes part in various metabolic 
processes inside the body. Additionally, it is known as an 
essential ion since it participates in the formation of apatite 
in the bone matrix. Magnesium implants were used for the 
first time in 1878, but it was not until 1990 that they were 
used again in orthopedic applications, when Erwin Payr [26] 
introduced fixator pins, pegs, wires, and nails based on 
biodegradable Mg for treatments on bone fractures. When 
magnesium alloys are used for orthopedic implants, they 
provide adequate mechanical properties, low stress shielding 
effects (to avoid bone resorption), good biocompatibility, and 
a controlled degradation rate [27]. However, interest in 
implants made of magnesium and its alloys gradually 
decreased for a period of time, because they are highly 
susceptible to rapid corrosion in physiological environments, 
limiting their application [28]. This accelerated corrosion 
leads to premature failure of implants, since the support 
needed for tissue healing is not provided. Furthermore, 
production of large amounts of subcutaneous hydrogen 
bubbles and modification of local pH could eventually lead 
to tissue necrosis, as it was shown in a review by Frank Witte 
[28]. Fig. 2. presents the natural process of degradation of 
magnesium in a physiological environment [5]. 

Generally speaking, corrosion of magnesium occurs in 
aqueous solutions and various redox reactions are present, 
depending on the alloying elements. It is known that 
hydrogen and magnesium hydroxide will appear during the 
process. The most common corrosion reactions of Mg are 
shown in eq. (1-3) [30]. 

 
Anodic: Dissolution of metal 
 

݃ܯ → ଶା݃ܯ ൅ 2݁ି (1) 

 
Cathodic: Evolution of hydrogen 
 

ଶܱܪ2 ൅ 2݁ି → ଶܪ ൅ 2ሺܱିܪሻ (2) 
________________________________________________ 

Net reaction:   ݃ܯ ൅ ଶܱܪ2 → ሻଶܪሺܱ݃ܯ ൅  ଶ      (3)ܪ

 
Given that magnesium is (electrochemically) one of the 

most active metals and that it consequently has high 
corrosion rates, several alloys have been developed to 
overcome those issues and promote its use in numerous 
applications. Therefore, magnesium alloys are part of the 
third generation of biomaterials and they can be classified in 
different families: Mg-Al, Mg-Ca, Mg-Sr, Mg-Zn, Mg-Si, 
Mg-Sn, Mg-Mn, Mg-Re, and Mg-Ag [31,32]. The most 
commonly used commercial alloys are AZ (Mg-Al-Mn), AM 
(Mg-Al-Mn), AE (Mg-Al-Re), the EZ series (Mg-Zn-Re), 
ZK (mg-Zn-Zr), WE (Mg-RE-Zr), or AX AXJ (Mg-Al-Ca), 
and the AJ series (Mg-Al-Sr) [33]. Different alloys have 
particular advantages for certain applications and their 
properties have been extensively evaluated. The literature 
reports that the corrosion rate increases as temperature 
increases and it decreases with aluminum content [34, 35]. 
Pardo et al. [36] assessed the corrosion behavior of 
commercial alloys AZ31 (3.1% Al, 0.73% Zn, 0.25% Mn), 
AZ80 (8.2% Al, 0.46% Zn, 0.13% Mn), and AZ91D (8.8% 
Al, 0.68% Zn, 0.30% Mn). The authors concluded that an 
increase in aluminum concentration significantly reduces the 
corrosive activity of pure magnesium (99%). They also 
determined that the AZ31 alloy is more corrosion-resistant in 
a solution of sodium chloride (NaCl). 

Since 2000, multiple original papers and reviews have 
reported that magnesium has no adverse effects on the human 
body —mainly because Mg is a trace element of the human 
body— and the corrosion products can be considered 
physiologically beneficial. Yun et al. [37] evaluated the 
biocompatibility of Mg under corrosion effects in 
osteoblasts. The mineralization and cytotoxicity results were 
not significantly affected by the presence of corroded Mg. In 
a comparative study by Witte et al. [28], four commercial 
alloys — AZ31, AZ91, WE43, and LAE442— were 
implanted in guinea pig femurs for 6 and 18 weeks, 
demonstrating the osteoinductive capacity of Mg-based 
materials. Recently, Zhen et al. [38] used the murine 
fibroblasts cell line (L929) to test cell viability in different 
concentrations of Mg2+ at various pH values in a DMEM 
medium, and the results show that there is a considerable 
hemolysis rate. However, the result was found for pH values 
higher than 11, which is above the average physiological pH 
(pH = 7). Additionally, the viability of cells treated with low 
concentrations of Mg2+ (<100 µg / mL) is above 80%, 
showing no significant toxicity to L929 cells. 

Currently, the possible medical applications of 
magnesium have gained more attention [31]. Therefore, 
magnesium has been used for the manufacture of 
biodegradable stents [39,40], in order to avoid diseases such 
as thrombosis and restenosis via drug delivery [41]. Great 
efforts to study biodegradable magnesium —in the form of 
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implants for orthopedic applications— are focused on 
improving the corrosion resistance by surface modification in 
order to provide mechanical stability to the material. This is 
done by favoring the initial attachment and subsequent 
degradation that assist the cicatrization processes. 

 
3.  Coatings for magnesium implants 

 
The surfaces of biomaterials implanted in the human body 

are very important because they are in direct contact with host 
tissue. Additionally, since reactions take place at the 
interface, the capability of the material to be used as 
biomaterial is determined by its surface. 

Due to the fact that most materials are not biocompatible, 
several methods have been used to modify their surface 
properties, in order to improve biocompatibility, 
biofunctionality, topography, and physical-chemical 
properties, enabling the materials to maintain their bulk 
material properties. That can be achieved with surface 
modification, integration, and mechanical attachment to host 
tissue [25]. Besides, the modified surface can be an effective 
barrier against the physiological environment. 

Coatings emerge as possible solutions to highly corrosive 
media, forming films or layers on materials (ceramic or 
polymeric materials). A study by Tang et al. [42] compared 
in-vitro and in-vivo Mg-Zr coatings obtained by micro arc 
oxidation (MAO) and electrophoretic deposition (EPD). The 
authors established that EPD coatings are more corrosion-
resistant than coatings obtained by MAO. The results were 
attributed to differences in the coating structure, mostly 
because cracks or pores were not observed on the surface of 
EPD coatings, while micropores were fully distributed on the 
surface of MAO coatings. However, the cell-material 
interactions were not considered in that study. Although the 
results are satisfactory, the insufficient adhesion of coatings 
is the main obstacle of the EPD technique and its potential 
application. Subsequent studies [43] proposed a coating 
method for the micro arc oxidation and liquid phase 
deposition in order to obtain bioactive coatings on a Mg-Zn-
Ca alloy. The authors stated that an evident improvement was 
obtained in the substrate corrosion resistance, although the 
coating obtained by MAO was porous. 

Several polymers have been used as coatings because 
they enhance the corrosion rate of magnesium and also have 
acceptable biocompatibility. Witecka et al. [44] reported that 
four different biodegradable polymers (PLGA, PLLA, 
PHBV, and PHB) on Mg-2.0Zn-0.98Mn magnesium alloys 
obtained by spin-coating successfully reduced the corrosion 
of the substrate. Likewise, the results indicated that both 
cytocompatibility and cell functionality were improved. Ma 
et al. [45] have reviewed polymeric coatings for magnesium 
and magnesium alloys and gathered additional information. 

Ceramic coatings have also been successfully produced. 
On one hand, Ren et al. [46] used a microwave-assisted 
coating process to obtain a ceramic coating (HA and calcium 
deficient hydroxyapatite -CDHA) on a AZ31 magnesium 
alloy substrate. The authors fabricated uniform coatings in 
less than 10 minutes, and the results showed that those 
coatings improved corrosion behavior, they had good 
cytocompatibility and promoted cellular proliferation after 5 

days of incubation in a cell culture medium. On the other 
hand, ceramic coatings were fabricated by micro arc 
oxidation (MAO) on ZK61 magnesium alloys by Yu et al 
[47]. The authors conclude that corrosion resistance was 
improved by the coating, and that the latter favored the 
precipitation of bone-like apatite on the coating surface after 
immersed in SBF for 14 days. 

Other authors have studied nanostructured coatings on 
magnesium alloys for biomedical applications. Recently, a 
novel bi-layered nanostructured SiO2/Ag-FHAp coating on 
biodegradable magnesium has been successfully synthesized 
by physical vapor deposition (PVD) combined with 
electrodeposition (ED). The results showed high corrosion 
resistance and biocompatibility [48]. 

 
3.1.  Magnesium coated with titanium dioxide 

 
Mechanical and biological fixation to the surrounding 

bone is one of the major concerns regarding orthopedic 
implants. Therefore, current research is focused on surface 
modifications to improve the material’s osteoconductivity, to 
have it act as a structural support and to promote new bone 
formation and growth. Osteoconductivity must be 
complemented with biodegradability because implant 
materials must be reabsorbed or biodegraded into the body, 
in order to enable the new tissue to grow and to provide an 
adequate support [49]. Some calcium phosphates (CaP) —
including hydroxyapatite (HA)— have been proposed to 
improve osseointegration of metal implants [50]. However, 
titanium dioxide has emerged as a potential candidate to 
improve the magnesium surface properties and corrosion 
resistance. 

Titanium dioxide (TiO2) and titanium oxide (IV) are 
metal oxides. TiO2 crystallizes naturally in three main forms: 
rutile, anatase, and brookite. The structure of this oxide is 
based on a titanium atom surrounded by six oxygen atoms in 
a distorted octahedral configuration [51]. Titanium oxide is 
stable and non-toxic to the environment or humans. It also 
has high catalytic activity, high oxidizing power, and it is 
stable against photocorrosion [52]. Furthermore, it presents 
antibacterial properties [24]. Different authors have reported 
that titanium oxide induces the precipitation of bone-like 
apatite or calcium phosphates on its surface [53-55]. Those 
properties make titanium dioxide a suitable candidate for 
bone replacement and reconstruction. 

Coatings with titanium dioxide are well known to have 
antibacterial properties. Guo et al. [56] observed the biocidal 
effect of a porous coating with nanoparticles containing Ag 
and TiO2, obtained by a sol-gel route. Fu and coworkers [57] 
observed the biocidal effect as well when using titanium 
dioxide coatings obtained by sol-gel methods on glass 
substrates. In general, the antibacterial effect of TiO2 has 
been extensively researched and the biological mechanism by 
which this happens is currently under study [24,58] 

Due to their mechanical properties and biocompatibility, 
the uses of titanium dioxide coatings in biomedical sciences 
include drug delivery systems [59-61] and dental and 
orthopedic applications [62-65]. 

Since adequate interaction between the biomaterial and 
the surrounding tissue, as well as biodegradability, are 
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desired properties of an orthopedic implant, magnesium 
alloys coated with titanium dioxide are of interest to 
biomedical sciences. By combining those properties, the 
lifetime of a magnesium implant can be extended and various 
biological processes can be fostered without waiving the 
biodegradation properties. 

Titanium dioxide has been used as protective coating on 
titanium substrates, 316L stainless steel, and other metals 
[66], [67]. In spite of this, it is not easy to deposit TiO2 layers 
onto magnesium alloys due to the low adhesion and low 
homogeneity that some methods of surface modification 
provide [68]. Nevertheless, several authors have successfully 
managed to apply such coatings on magnesium and some of 
those studies are mentioned in the following paragraph. 

In their work, Marin et al. [69] used the atomic layer 
deposition (ALD) technique for four different coatings. TiO2 

/ aluminum mono and multilayers were applied to the 
magnesium AZ31 substrate. The results showed that ALD 
deposition can be successfully used to protect the AZ31 Mg 
alloy from corrosion in aqueous solutions with low 
concentrations of NaCl. It is important to highlight that 
multilayer structures were the most effective against 
corrosion but long deposition times are the main limitation to 
this technique. 

Ceramic coatings containing titanium dioxide 
nanoparticles and organic compounds —such as alginate— 
were placed on the magnesium AZ91D alloy by 
electrophoretic deposition (EPD), thus improving the 
corrosion resistance from 3 to 7 times when compared to 
uncoated magnesium. The results were obtained by 
electrochemical impedance spectroscopy (EIS) [70]. Hu et al. 
[68] produced titanium dioxide coatings onto AZ31 alloys by 
modifying the surface, using liquid phase deposition (LPD) 
followed by an annealing process. The TiO2 coatings —with 
or without annealing treatment— decreased the magnesium 
alloy degradation rate, compared to uncoated magnesium in 
electrochemical tests. Fujita and coworkers [71] researched 
the corrosion resistance of TiO2 commercial films on Mg by 
liquid phase deposition (LPD) and they found that by 
changing the solution’s pH —from acidic to highly alkaline 
along with the addition of sucrose— it becomes possible to 
form a highly adhesive and thin TiO2 film on pure 
magnesium without any heat treatment. 

Recently Chen et al. [18] produced layers of 
polydopamine (PDA) between the TiO2 coatings and the Mg 
substrate to improve magnesium corrosion resistance. 
Covalently-immobilized PDA layers on Mg and TiO2 were 
obtained by deposition in liquid phase. The hybrid coating 
exhibited a significantly lower corrosion current, as well as a 
very low rate of in-vitro degradation (up to 21 days) in 
phosphate-buffered saline (PBS), compared to plain TiO2 
coatings. 

Meanwhile, Li et al. [72] studied the mechanical 
degradation of Mg-Ti composites in Hanks solution. For that 
purpose, they used titanium wires embedded in the 
magnesium matrix, employing the infiltration casting 
technique. The authors concluded that magnesium in the 
composite degrades more rapidly than pure magnesium. 
However, the strength of the composite was maintained at 
about 86 MPa after the Mg dissolved. Conversely, 

Bakhsheshi-Rad et al. [73] synthesized a nanostructured 
coating with hardystonite (HT) and titania/hardystonite onto 
Mg alloys. The results indicate that the degradation resistance 
of the magnesium alloys was improved, compared to an 
uncoated magnesium sample. It is emphasized that the cell 
viability was not affected by the exposure of the Mg coating 
with titania/hardystonite to preosteoblastic cells (MCT3-E1). 
Thus, the authors proposed new techniques to obtain coatings 
on the substrate, in order to control the corrosion rate. Similar 
data have been reported by Abdal-hay and coworkers [74]: 
titanium dioxide / poly (lactic acid) coatings on magnesium 
were used for biomedical applications, and they also showed 
a significant reduction of the biodegradation rate and 
hydrogen evolution of the magnesium substrate. These 
coatings were fabricated by electron beam physical vapor 
deposition (EB-PVD). 

Micro arc oxidation has also been used to obtain porous 
surfaces of magnesium, followed by a TiO2 coating for 
sealing pores through the sol-gel method [75]. The authors 
conclude that the resistance to biodegradation in Hanks 
solution increases significantly —approximately 30 times— 
compared to uncoated magnesium only. The parameters of 
corrosion resistance were determined by electrochemical 
impedance spectroscopy and polarization assay after 12 
hours of immersion in the solution. The authors also 
demonstrated that the coating provided a more stable surface 
over time. 

Similarly, the study of coatings with nano silica-titanium 
dioxide on a Mg-Ca alloy by means of physical vapor 
deposition (PVD) has been reported. Coatings based on nano 
silica only were also evaluated. Electrochemical studies in 
simulated body fluid (SBF) showed that the nano Si / TiO2 

surface presents a significant reduction in corrosion rates 
(0.57 mm / year), when compared to the sample coated with 
nano silica only (0.91 mm / year), or the uncoated sample 
(6.21 mm / year). Likewise, a low hydrogen evolution was 
also observed [76]. 

 
3.2.  Sol-gel 

 
The sol-gel method is an efficient alternative to obtain 

coatings on different materials, since it provides low-cost 
coatings with good adhesion [77]. The method also enables 
to control the structure of the materials at the nanoscale and 
it can be used to produce metal oxides. 

Such method starts with the formation of a colloidal 
suspension of a molecular precursor in a solvent (sol) and a 
subsequent oxide network formation produced at low 
temperatures. The process involves two phases, signaled by 
the hydrolysis and condensation of the suspension and a 
polycondensation reaction that results in a three-dimensional 
network. The solvent is then removed from the gel by a 
drying process at room temperature (aging). Then, a heat 
treatment is applied to obtain monoliths or thin films. The 
sol-gel transition depends on the amount of precursors, water, 
catalyst, temperature and pH [78]. 

Several authors have used sol-gel methods for 
synthesizing TiO2 coatings. For example, Wang et al. [79] 
proposed a new method of dip/spin coating by sol-gel to 
prepare ultrafine titanium oxide films on α-Al2O3 disks. The 
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method was different from others since the substrate was first 
immersed in the sol and it was subsequently removed to form 
a thin coating by spinning. The authors obtained small glass 
films with uniform grains and a unique structure. Advincula 
et al. [80] employed a sol-gel process to prepare titanium 
oxide ultrafine silicon wafers. Those coatings were later 
modified by self-assembled monolayers (SAM) of silanes 
with different functional groups, in order to evaluate their in-
vitro protein adsorption behavior. The sol-gel process 
presents the advantage of accurately controlling the 
nanostructure and the thickness of these thin coatings. The 
authors suggested that surface modification with TiO2 by sol-
gel and SAMs can promote protein adsorption in vitro, due 
to changes in the surface chemical composition, roughness, 
and wettability. Subsequently, Advincula et al. [81] 
evaluated the biological response of the titanium oxide 
matrix derived from sol-gel, reporting an increase in cell 
adhesion and matrix mineralization on the substrates. The 
adequate cellular response of titanium oxide by sol-gel has 
been described by other authors [82,83]. In addition, the 
literature has also reported [22,84] that sol-gel-prepared 
titanium dioxide is able to induce calcium phosphates 
formation on TiO2 surfaces, improving the adhesion of the 
material to the biological tissue. 

 
3.2.1.  Surface modification of magnesium with titanium 

dioxide by sol-gel 
 
Titanium oxide coatings obtained by sol-gel have shown 

promising results. Recently, Li et al. [85] evaluated the 
corrosion resistance of coatings based on HA/TiO2 / PLA. 
Titanium dioxide was used as an intermediate layer and it 
provided high adhesion between the hydroxyapatite and the 
poly (lactic acid). The surface modification was obtained by 
the sol-gel technique through the dip-coating method, and the 
corrosion resistance of the studied surface improved when 
compared to uncoated substrates. 

Different authors have evaluated surface modification of 
magnesium with titanium dioxide by the sol-gel technique. 
One of the studies was carried out by Ochsenbein et al. [83]. 
They analyzed the response of osteoblasts to different oxide 
coatings obtained by sol-gel, and the results showed that 
titanium dioxide fostered proliferation and cell adhesion after 
three days of incubation. Another similar study performed by 
Hu et al. [86] showed an anticorrosive effect of TiO2 coatings 
obtained by sol-gel on an AZ31 magnesium alloy with 
potential use in strong acidic environments. Furthermore, Hu 
et al. [87] assessed the in-vitro degradation of magnesium 
coated with a nano TiO2 film by sol-gel. They concluded that 
the corrosion current decreased by almost 3 orders of 
magnitude when compared to uncoated samples. 

Li et al. [88] also showed that TiO2 coatings obtained by 
the sol-gel method significantly improve the corrosion 
resistance of a Mg-Ca alloy in SBF. More recent studies 
evaluated titanium oxide and titanium oxide / calcium 
phosphate coatings on AZ31 by the sol-gel method. Tang et 
al. [89] observed that the coatings improved the corrosion 
resistance and reduced the amount of hydrogen produced by 
magnesium corrosion. Although hydrogen bubbles are 
naturally created during degradation processes of magnesium 

alloys, the amount of hydrogen produced can decrease when 
the coating acts as a protection barrier. Corrosion studies 
were carried out in the solution of simulated body fluid 
(SBF). Moreover, Hernández et al [90] synthesized hybrid 
coatings by a mixture of organic precursors, inorganic 
glycidoxypropyltriethoxysilane (GPTMS), 3-
aminopropyltriethoxysilane (APTES), and tetraethyl 
orthosilicate (TEOS) by the sol-gel route, in order to increase 
the corrosion resistance of the WE54-AE magnesium alloy. 
Generally speaking, the results showed a significant 
improvement in the corrosion current by about one order of 
magnitude. 

In biomedical engineering, the improvement obtained by 
coatings on magnesium alloys can also be observed in the 
increase of cellular activity. The literature reports few studies 
on the biological properties of TiO2 substrates on 
magnesium. Still, some reports are available. Amaravathy et 
al. [91] successfully obtained sol-gel TiO2 coatings on a 
magnesium alloy —AZ31— and the results showed a 
significant improvement in adhesion during biological 
assessments. In addition, coated Mg exhibited a higher cell 
interaction (interaction area with the tissue) when compared 
to the unmodified alloy. Similarly, Amaravathy el al. [92] 
evaluated the coatings of titanium dioxide / hydroxyapatite 
on the magnesium alloy AZ31. The results of hydrogen 
evolution and potentiodynamic polarization studies showed 
that the coatings can act as a protective layer, decelerating the 
entry of corrosive metal ions from the SBF solution. 
Furthermore, cell cultures revealed that biocompatibility and 
cell adhesion of Mg coated with HA / TiO2 —evaluated by 
the osteoblast cell line MG63— improved significantly, 
which makes it a promising coating to induce 
osteointegration properties. TiO2 coatings on magnesium 
alloys usually create porous surfaces that may be unfavorable 
for applications of magnesium as orthopedic biomaterial. 
Surface defects may favor the rapid degradation of 
magnesium alloys. This problem has been solved by 
generating TiO2 multilayers on the Mg alloys. It has been 
described that a chemically alternated multilayer 
configuration generates greater resistance to corrosion [69]. 
Besides, it has also been reported that a correct densification 
of the TiO2 film prevents the formation of surfaces with pores 
or cracks [87]. New strategies include the use of bilayer-
coatings and hybrid multilayer coatings using TiO2 and 
alumina [69] and TiO2 and hydroxyapatite [92] as coating 
materials. 

 
4.  Conclusions 

 
Surface modification techniques are an important area in 

biomaterials research and biomedical engineering of 
magnesium alloys. By surface modification of magnesium 
and its alloys the biocompatibility can be enhanced and 
problems related to degradation of magnesium can be 
overcome while maintaining the bulk properties. Therefore, 
this paper reviewed TiO2 coatings used to improve the 
biological and corrosion resistance of magnesium and its 
alloys. 

Research carried out during the previous 5 years has 
shown that the corrosion resistance and biological properties 
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in the tissue-biomaterial interface of magnesium and its 
alloys may be selectively enhanced using appropriate surface 
treatments. Coatings obtained by sol-gel methods have 
proven to be attractive due to their low processing costs and 
because they enable to obtain homogeneous surfaces to 
decrease the degradation rate of the implant. Some studies 
have also reported that this technique can be used to create 
antibacterial surfaces, if suitable precursors are used. 

Although there are multiple surface modification 
techniques to generate coatings on magnesium, considerable 
research efforts are still needed to meet the current clinical 
needs of biodegradable medical implants. Currently, there are 
no coatings on magnesium capable of maintaining 
mechanical integrity for the time needed by the bone tissue 
to heal and subsequently be successfully degraded. More 
efforts are needed to understand the interaction of 
magnesium coated with TiO2 with biological systems (mainly 
with cell lines derived from bone). There also are few studies 
available in the literature with results of the performance of 
in-vivo animal models. Likewise, studies showing 
antibacterial properties of coatings on magnesium are still 
under development. 

Overall developments of new biodegradable magnesium 
alloys for medical use are based on the control of the 
corrosion rate and, thereby, the mechanical integrity of the 
material in a physiological environment. Several research 
papers published during the previous 5 years showed that 
coatings with titanium dioxide significantly improve the 
surface properties of magnesium. Surface treatments with 
new and innovative materials can reduce the corrosion rate 
and favor integration between the bone and the implant. 

 
References 

 
[1] Qizhi, C. and Thouas, G., Metallic implant biomaterials. Materials 

Science and Engineering: R: Reports, 87, pp. 1-57, 2015. DOI: 
10.1016/j.mser.2014.10.001 

[2] Williams, D.F., On the mechanisms of biocompatibility. Biomaterials 
29 (20) pp. 2941-2953, 2008. DOI: 
10.1016/j.biomaterials.2008.04.023 

[3] Elshahawy, W., Advances in Ceramics - Electric and Magnetic 
Ceramics, Bioceramics, Ceramics and Environment. Edited by Costas 
Sikalidis. InTech, 2011. DOI: 10.5772/726 

[4] Murugan, R. and Ramakrishna, S., Development of nanocomposites 
for bone grafting. Composites Science and Technology, 65(15), pp. 
2385-2406, 2005. DOI: 10.1016/j.compscitech.2005.07.022 

[5] Allo, B., Costa, D., Dixon, S., Mequanint, K. and Rizkalla, A., 
Bioactive and biodegradable nanocomposites and hybrid biomaterials 
for bone regeneration. Journal of Functional Biomaterials, 3(2), pp. 
432-463, 2012. DOI: 10.3390/jfb3020432 

[6] Böstman, O. and Pihlajamäki, H., Clinical biocompatibility of 
biodegradable orthopaedic implants for internal fixation: A review. 
Biomaterials, 21(24), pp. 2615-2621, 2000. DOI: 10.1016/S0142-
9612(00)00129-0 

[7] Bergsma, E., Rozema, F., Bos, R. and De Bruijn. W., Foreign body 
reactions to resorbable Poly (l-Lactide) bone plates and screws used 
for the fixation of unstable zygomatic fractures. Journal of Oral and 
Maxillofacial Surgery, 51(6), pp. 666-670, 1993. DOI: 
10.1016/S0278-2391(10)80267-8 

[8] Farraro, K., Kim, K., Woo, S., Flowers, J. and McCullough, M., 
Revolutionizing orthopaedic biomaterials: The potential of 
biodegradable and bioresorbable magnesium-based materials for 
functional tissue engineering. Journal of Biomechanicsvol, 47(9), pp. 
1979-1986, 2014. DOI: 10.1016/j.jbiomech.2013.12.003 

[9] Gu, X. and Zheng, Y., A review on magnesium alloys as 
biodegradable materials. Frontiers of Materials Science in China, 
4(2), pp. 111-115, 2010. DOI: 10.1007/s11706-010-0024-1 

[10] Witecka, A., Bogucka, A., Yamamoto, A., Máthis, K., Krajňák, T., 
Jaroszewicz, J. and Święszkowski, W., In vitro degradation of ZM21 
magnesium alloy in simulated body fluids. Materials Science and 
Engineering: C, 65, pp. 59-69, 2016. DOI: 10.1016/j.msec.2016.04.01 

[11] Poinern, E., Brundavanam, S. and Fawcett, D., Biomedical 
magnesium alloys: A review of material properties, surface 
modifications and potential as a biodegradable orthopaedic implant. 
American Journal of Biomedical Engineering, 2(6), pp. 218-240, 
2013. DOI: 10.5923/j.ajbe.20120206.02 

[12] Song G., Control of biodegradation of biocompatable magnesium 
alloys. Corrosion Science, 49(4), pp. 1696-1701, 2007. DOI: 
10.1016/j.corsci.2007.01.001 

[13] Peng, W., Tan, L. and Yang, K., Surface modification on 
biodegradable magnesium alloys as orthopedic implant materials to 
improve the bio-adaptability: A review. Journal of Materials Science 
& Technology, 32(9), pp. 827-834. 2016. DOI: 
10.1016/j.jmst.2016.05.003 

[14] Hornberger, H., Virtanen, S. and Boccaccini, A., Biomedical coatings 
on magnesium alloys – A review. Acta Biomaterialia, 8(7), pp. 2442-
2455, 2012. DOI: 10.1016/j.actbio.2012.04.012 

[15] Agarwal, S., Curtin, J., Duffy, B. and Jaiswal, S., Biodegradable 
magnesium alloys for orthopaedic applications: A review on 
corrosion, biocompatibility and surface modifications. Materials 
Science and Engineering: C, 2016. DOI: 10.1016/j.msec.2016.06.020 

[16] Zheng, Y., Gu, X.N. and Witte, F., Biodegradable metals. Materials 
Science and Engineering: R: Reports, 77, pp. 1-34, 2014. DOI: 
10.1016/j.mser.2014.01.001 

[17] Sanchez, A., Luthringer, B., Feyerabend, F. and Willumeit, R., Mg 
and Mg Alloys: How comparable are in vitro and in vivo corrosion 
rates? A review. Acta Biomaterialia. 13, pp. 16-31, 2015. DOI: 
10.1016/j.actbio.2014.11.048 

[18] Chen, Y., Zhao, S., Chen, M., Zhang, W., Mao, J., Zhao, Y., Maitz, 
M., Huang, N. and Wan, G. ,Sandwiched Polydopamine (PDA) layer 
for titanium dioxide (TiO2) Coating on magnesium to enhance 
corrosion protection. Corrosion Science, 96, pp. 67-73, 2015. DOI: 
10.1016/j.corsci.2015.03.020 

[19] Burnat, B., Dercz, G. and Blaszczyk, T., Structural analysis and 
corrosion studies on an ISO 5832-9 biomedical alloy with TiO2 Sol–
gel layers. Journal of Materials Science: Materials in Medicine 25(3), 
pp. 623-634, 2014. DOI: 10.1007/s10856-013-5099-7 

[20] Shan, C.X., Hou, X. and Choy, K., Corrosion resistance of TiO2 films 
grown on stainless steel by atomic layer deposition. Surface and 
Coatings Technology, 202(11), pp. 2399-2402, 2008. DOI: 
10.1016/j.surfcoat.2007.08.066 

[21] Krishna, D. and Sun, Y., Thermally oxidised rutile-TiO2 coating on 
stainless steel for tribological properties and corrosion resistance 
enhancement. Applied Surface Science 252(4), pp. 1107-1116, 2005. 
DOI: 10.1016/j.apsusc.2005.02.046 

[22] Peltola, T., Patsi, M. Rahiala, H., Kangasniemi, I. and Yli-Urpo, A., 
Calcium phosphate induction by sol-gel-derived titania coatings on 
titanium substrates in vitro. Journal of Biomedical Materials 
Research, 41(3), pp. 504-510, 1998. DOI: 10.1002/(SICI)1097-
4636(19980905)41:3<504::AID-JBM22>3.0.CO;2-G 

[23] Burnat, B., Robak, J., Batory, D., Leniart, A., Piwoński, I., Skrzypek, 
S. and Brycht, M., Surface characterization, corrosion properties and 
bioactivity of Ca-Doped TiO2 coatings for biomedical applications. 
Surface and Coatings Technology, 280, pp. 291-300, 2015. DOI: 
10.1016/j.surfcoat.2015.09.01 

[24] Markowska-Szczupak, A., Ulfig, K. and Morawski, A. The 
Application of Titanium Dioxide for Deactivation of Bioparticulates: 
An Overview. Catalysis Today, 169 (1), pp. 249–257, 2011. DOI: 
10.1016/j.cattod.2010.11.055 

[25] Chu, P., Surface engineering and modification of biomaterials. Thin 
Solid Films, 528, pp. 93-105, 2013. DOI: 10.1016/j.tsf.2012.07.144 

[26] Payr, E.. Beitrage zur technik der blutgefass-und nervennaht nebst 
mittheilungen uber die verwendung eines resorbirbaren metalles in 
der chirurgie. Arch Klin Chir, 62(1), pp. 67-93, 1900. 



Hernández-Montes et al / DYNA 84 (200), pp. 261-270, Marzo, 2017. 

268 

[27] Staiger, M., Pietak, A., Huadmai, J. and Dias, G., Magnesium and its 
alloys as orthopedic biomaterials: A review. Biomaterials, 27(9), pp. 
1728-1734, 2006. DOI: 10.1016/j.biomaterials.2005.10.003 

[28] Witte, F, Kaese, V., Haferkamp, H., Switzer, E., Meyer-Lindenberg, 
A., Wirth, C. and Windhagen, H., In vivo corrosion of four 
magnesium alloys and the associated bone response. Biomaterials, 
26(17), pp. 3557-3563, 2005. DOI: 
10.1016/j.biomaterials.2004.09.049 

[29] Wu, G., Ibrahim, J. and Chu, P., Surface design of biodegradable 
magnesium alloys — A review. Surface and Coatings Technology, 
233, pp. 2-12, 2013. DOI: 10.1016/j.surfcoat.2012.10.009 

[30] Pompa, L., Rahman, Z., Munoz, E. and Haider, W., Surface 
characterization and cytotoxicity response of biodegradable 
magnesium alloys. Materials Science & Engineering. C, Materials for 
Biological Applications, 49, pp. 761-768, 2015. DOI: 
10.4028/www.scientific.net/JBBTE.12.25 

[31] Li, H., Zheng, Y. and Qin, L., Progress of biodegradable metals. 
Progress in Natural Science: Materials International. 24(5), pp. 414-
422, 2014. DOI: 10.1016/j.pnsc.2014.08.014 

[32] Persaud-Sharma, D. and McGoron, A., biodegradable magnesium 
alloys: a review of material development and applications. Journal of 
Biomimetics, Biomaterials, and Tissue Engineering, 12, pp. 25-39, 
2012. DOI: 10.4028/www.scientific.net/JBBTE.12.25 

[33] Mezbahul-Islam, M., Mostafa, A. and Medraj, M., Essential 
magnesium alloys binary phase diagrams and their thermochemical 
data. Journal of Materials, 2014, pp. 1–33, 2014. DOI: 
10.1155/2014/704283 

[34] Esmaily, M., Blücher, D., Svensson, J., Halvarsson, M. and 
Johansson, L., New insights into the corrosion of magnesium alloys 
— The role of aluminum. Scripta Materialia, 115, pp. 91-95, 2016. 
DOI: 10.1016/j.scriptamat.2016.01.008 

[35] Xin, Y., Hu T. and Chu, P., In vitro studies of biomedical magnesium 
alloys in a simulated physiological environment: A review. Acta 
Biomaterialia 7(4), pp. 1452-1459, 2011. DOI: 
10.1016/j.actbio.2010.12.004 

[36] Pardo, A., Merino, M., Coy, A., Arrabal, R., Viejo, F. and Matykina, 
E., Corrosion behaviour of magnesium/aluminium alloys in 3.5wt.% 
NaCl. Corrosion Science, 50(3), pp. 823-834, 2008. DOI: 
10.1016/j.corsci.2007.11.005 

[37] Yun, Y., Dong, Z., Yang, D., Schulz, M., Shanov, V., Yarmolenko, 
S., Xu, Z., Kumta, P. and Sfeir, C., Biodegradable Mg corrosion and 
osteoblast cell culture studies. Materials Science and Engineering: C, 
29(6), pp. 1814-1821, 2009. DOI: 10.1016/j.msec.2009.02.008 

[38] Zhen, Z., Liu, X., Huang, T., Xi, T. and Zheng, Y., Hemolysis and 
cytotoxicity mechanisms of biodegradable magnesium and its alloys. 
Materials Science & Engineering. C, Materials for Biological 
Applications, 46, pp. 202-206, 2015. DOI: 
10.1016/j.msec.2014.08.038 

[39] Wang, L., Fang, G., Qian, L., Leeflang, S., Duszczyk, J. and Zhou, J., 
Forming of magnesium alloy microtubes in the fabrication of 
biodegradable stents. Progress in Natural Science: Materials 
International, 24(5), pp. 500-506, 2014. DOI: 
10.1016/j.pnsc.2014.08.006 

[40] Heublein, B, Rohde, R., Kaese, V., Niemeyer, M., Hartung, W. and 
Haverich, A., Biocorrosion of magnesium alloys: A new principle in 
cardiovascular implant technology?. Heart (British Cardiac Society). 
[online]. 89(6), pp. 651-656, 2003. Available at: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1767674/ 

[41] Haude, M., Erbel, R., Erne, P., Verheye, S., Degen, H., Böse, D., 
Vermeersch, P., et al., Safety and performance of the drug-eluting 
absorbable metal scaffold (DREAMS) in patients with de-Novo 
coronary lesions: 12 month results of the prospective, Multicentre, 
First-in-Man BIOSOLVE-I Trial. Lancet (London, England), 
381(9869), pp. 836844, 2013. DOI: 10.1016/S0140-6736(12)61765-
6 

[42] Tang, J., Wang, J., Xie, X., Zhang, P., Lai, Y., Li, Y. and Qin, L., 
Surface coating reduces degradation rate of magnesium alloy 
developed for orthopaedic applications. Journal of Orthopaedic 
Translation, 1(1), pp. 41-48, 2013. DOI: 10.1016/j.jot.2013.06.003 

[43] Cao, G., Wang, L., Fu, Z., Hu, J., Guan, S., Zhang, C., Wang, L. and 
Zhu, S., Chemically anchoring of TiO2 coating on OH-terminated 
Mg3 (PO3)2 surface and its influence on the in vitro degradation 

resistance of Mg–Zn–Ca Alloy. Applied Surface Science, 308, pp. 38-
42, 2014. DOI: 10.1016/j.apsusc.2014.04.080 

[44] Witecka, A., Yamamoto, A., Idaszek, J., Chlanda, A. and 
Święszkowski, W., Influence of biodegradable polymer coatings on 
corrosion, cytocompatibility and cell functionality of Mg-2.0Zn-
0.98Mn magnesium alloy. Colloids and Surfaces B: Biointerfaces, 
144, pp. 284-292, 2016. DOI: 10.1016/j.colsurfb.2016.04.021 

[45] Ma, J., Thompson, M., Zhao, N. and Zhu, D., Similarities and 
differences in coatings for magnesium-based stents and orthopaedic 
implants. Journal of Orthopaedic Translation, 2(3), pp. 118-130, 
2014. DOI: 10.1016/j.jot.2014.03.004 

[46] Ren, Y., Zhou, H., Nabiyouni, M. and Bhaduri, S., Rapid coating of 
AZ31 magnesium alloy with calcium deficient hydroxyapatite using 
microwave energy, Materials Science and Engineering: C, 49 pp. 364-
372, 2015. DOI: 10.1016/j.msec.2015.01.046. 

[47] Yu, H., Dong, Q., Dou, J., Pan, Y. and Chen, C., Structure and in vitro 
bioactivity of ceramic coatings on magnesium alloys by microarc 
oxidation. Applied Surface Science, 388(Part A), pp. 114-119, 2016. 
DOI: 10.1016/j.apsusc.2016.03.028 

[48] Bakhsheshi-Rad, H., Hamzah, E., Ismail, A., Kasiri-Asgarani, M., 
Daroonparvar, M., Parham, S., Iqbal, N. and Medraj, M., Novel bi-
layered nanostructured SiO2/Ag-FHAp coating on biodegradable 
magnesium alloy for biomedical applications. Ceramics International, 
42(10), pp. 11941-11950, 2016. DOI: 
10.1016/j.ceramint.2016.04.119 

[49] Velasco-Peña, M. y Garzón-Alvarado, D., Implantes Scaffolds para 
regeneración ósea: Materiales, técnicas y modelado mediante 
sistemas de reacción-difusión. Revista Cubana de Investigaciones 
Biomédicas, [en línea]. 29(1), 2010. Available at: 
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S0864-
03002010000100008&lng=es&nrm=iso&tlng=es>  

[50] Zhang, H., Han, J., Sun, Y., Huang, Y. and Zhou, M., MC3T3-E1 Cell 
response to stainless steel 316L with different surface treatments. 
Materials Science & Engineering. C, Materials for Biological 
Applications, 56, pp. 22-29, 2015. DOI: 10.1016/j.msec.2015.06.017 

[51] Diebold, U., The surface science of titanium dioxide. Surface Science 
Reports, 48(5–8), pp. 53-229, 2003. DOI: 10.1016/S0167-
5729(02)00100-0 

[52] Singh, S., Mahalingam, H. and Singh, P., Polymer-supported titanium 
dioxide photocatalysts for environmental remediation: A review. 
Applied Catalysis A: General, 462-463, pp. 178-195, 2013. DOI: 
10.1016/j.apcata.2013.04.039 

[53] Sakaguchi, A., Nakano, M., Hieda, J., Ohtake, N. and Akasaka, H., 
Dependence of ion concentration in simulated body fluid on apatite 
precipitation on titania surface. Applied Surface Science, 347, pp. 
610-618, 2015. DOI: 10.1016/j.apsusc.2015.04.107 

[54] Kokubo, T., Kim, H., Kawashita, M. and Nakamura, T., Bioactive 
metals: Preparation and properties. Journal of Materials Science. 
Materials in Medicine, 15(2), pp. 99-107, 2004. DOI: 
10.1023/B:JMSM.0000011809.36275.0c 

[55] Kim, H., Miyaji, F., Kokubo, T. and Nakamura, T., Bonding strength 
of bonelike apatite layer to Ti metal substrate. Journal of Biomedical 
Materials Research, 38(2), pp. 121-127, 1997. DOI: 
10.1002/(SICI)1097-4636(199722)38:2<121::AID-JBM6>3.0.CO;2-
S 

[56] Guo, L., Feng, W., Liu, X., Lin, C., Li, B. and Qiang Y., Sol-Gel 
synthesis of antibacterial hybrid coatings on titanium. Materials 
Letters, 2015. DOI: 10.1016/j.matlet.2015.08.027 

[57] Fu, G., Vary, P. and Lin, C., Anatase TiO2 nanocomposites for 
antimicrobial coatings. The Journal of Physical Chemistry. B, 
109(18), pp. 8889-8898, 2005. DOI: 10.1021/jp0502196 

[58] Kubacka, A., Diez, M., Rojo, D., Bargiela, R., Ciordia, S., Zapico, I., 
Albar, J. et al., Understanding the antimicrobial mechanism of TiO₂-
based nanocomposite films in a pathogenic bacterium. Scientific 
Reports, 4, pp. 4134, 2014. DOI: 10.1038/srep04134 

[59] Wang, T., Jiang, H., Wan, L., Zhao, Q., Jiang, T., Wang, B. and Wang, 
S., Potential application of functional porous TiO2 nanoparticles in 
light-controlled drug release and targeted drug delivery. Acta 
Biomaterialia, 13, pp. 354-363, 2015. DOI: 
10.1016/j.actbio.2014.11.010 

[60] Faria, H. and De Queiroz, A., A novel drug delivery of 5-fluorouracil 
device based on TiO2/ZnS nanotubes. Materials Science and 



Hernández-Montes et al / DYNA 84 (200), pp. 261-270, Marzo, 2017. 

269 

Engineering: C, 56, pp. 260-268, 2015. DOI: 
10.1016/j.msec.2015.06.008 

[61] Xie, C., Li, P., Liu, Y., Luo, F. and Xiao, X., Preparation of TiO2 
nanotubes/mesoporous calcium silicate composites with controllable 
drug release. Materials Science and Engineering: C, 67, pp. 433-439, 
2016. DOI: 10.1016/j.msec.2016.05.041 

[62] Frandsen,C., Noh, K., Brammer, K., Johnston, G. and Jin, S., Hybrid 
micro/nano-topography of a TiO2 nanotube-coated commercial 
zirconia femoral knee implant promotes bone cell adhesion in vitro. 
Materials Science and Engineering: C, 33(5), pp. 2752-2756, 2013. 
DOI: 10.1016/j.msec.2013.02.045 

[63] Bao, L., Liu, J., Shi, F., Jiang, Y. and Liu, G., Preparation and 
characterization of TiO2 and Si-doped octacalcium phosphate 
composite coatings on zirconia ceramics (Y-TZP) for dental implant 
applications. Applied Surface Science, 290, pp. 48-52, 2014. DOI: 
10.1016/j.apsusc.2013.10.185 

[64] Mirak, M., Alizadeh, M., Ghaffari, M. and Ashtiani, M., 
Characterization, mechanical properties and corrosion resistance of 
biocompatible Zn-HA/TiO2 nanocomposite coatings. Journal of the 
Mechanical Behavior of Biomedical Materials, 62, pp. 282-290, 2016. 
DOI: 10.1016/j.jmbbm.2016.05.016 

[65] Pradhan, D., Wren, A., Misture, S. and Mellott. N., Investigating the 
structure and biocompatibility of niobium and titanium oxides as 
coatings for orthopedic metallic implants. Materials Science and 
Engineering: C, 58, pp. 918-926, 2016. DOI: 
10.1016/j.msec.2015.09.059 

[66] Fukuda, H. and Matsumoto, Y., Formation of Ti–Si composite oxide 
films on Mg–Al–Zn alloy by electrophoretic deposition and 
anodization. Electrochimica Acta, 50(27), pp. 5329-5333, 2005. DOI: 
10.1016/j.electacta.2005.03.010 

[67] Ohko, Y., Saitoh, S., Tatsuma, T and Fujishima, A., 
Photoelectrochemical anticorrosion and self-cleaning effects of a 
TiO2 coating for type 304 stainless steel. Journal of the 
Electrochemical Society, 148(1), pp. B24, 2001. DOI: 
10.1149/1.1339030 

[68] Hu, J., Shaokang, G., Zhang, C., Ren, C., Wen, C., Zeng, Z. and Peng, 
L., Corrosion protection of AZ31 magnesium alloy by a TiO2 coating 
prepared by LPD method. Surface and Coatings Technology. 203(14), 
pp. 2017-2020, 2009. DOI: 10.1016/j.surfcoat.2009.01.036 

[69] Marin, E., Lanzutti, A., Guzman, L. and Fedrizzi, L., Chemical and 
electrochemical characterization of TiO2/Al2O3 atomic layer 
depositions on AZ-31 magnesium alloy. Journal of Coatings 
Technology and Research, 9(3), pp. 347-355, 2012. DOI: 
10.1007/s11998-011-9372-8 

[70] Cordero-Arias, L., Boccaccini, A. and Virtanen, S., Electrochemical 
behavior of nanostructured TiO2/alginate composite coating on 
magnesium alloy AZ91D via electrophoretic deposition. Surface and 
Coatings Technology, 265, pp. 212-217, 2015. DOI: 
10.1016/j.surfcoat.2015.01.007 

[71] Fujita, R., Sakairi, M., Kikuchi, T. and Nagata, S., Corrosion resistant 
TiO2 film formed on magnesium by liquid phase deposition 
treatment. Electrochimica Acta, 56(20), pp. 7180-7188, 2011. DOI: 
10.1016/j.electacta.2011.03.146 

[72] Li, Q., Jiang, G., Wang, C., Dong, J. and He, G., Mechanical 
degradation of porous titanium with entangled structure filled with 
biodegradable magnesium in Hanks’ solution. Materials Science and 
Engineering: C, 57, pp. 349-354, 2015. DOI: 
10.1016/j.msec.2015.08.008 

[73] Bakhsheshi-Rad, H., Hamzah, E., Kasiri-Asgarani, M., Jabbarzare, S., 
Daroonparvar, M. and Najafinezhad, A., Fabrication, degradation 
behavior and cytotoxicity of nanostructured hardystonite and 
titania/hardystonite coatings on Mg alloys. Vacuum. 2016. DOI: 
10.1016/j.vacuum.2016.03.021 

[74] Abdal-hay, A., Dewidar, M., Lim, J. and Lim, J., Enhanced 
biocorrosion resistance of surface modified magnesium alloys using 
inorganic/organic composite layer for biomedical applications. 
Ceramics International, 40(1), pp. 2237-2247, 2014. DOI: 
10.1016/j.ceramint.2013.07.142 

[75] Shi, P., Ng, W., Wong, M. and Cheng, F., Improvement of corrosion 
resistance of pure magnesium in Hanks’ solution by microarc 
oxidation with sol–gel TiO2 sealing. Journal of Alloys and 

Compounds, 469(1), pp. 286-292, 2009. DOI: 
10.1016/j.jallcom.2008.01.102 

[76] Bakhsheshi-Rad, H., Hamzah, E., Daroonparvar, M., Kasiri-
Asgarani, M. and Medraj, M., Synthesis and biodegradation 
evaluation of Nano-Si and Nano-Si/TiO2 coatings on biodegradable 
Mg–Ca alloy in simulated body fluid. Ceramics International, 40(9), 
pp. 14009-14018, 2014. DOI: 10.1016/j.ceramint.2014.05.126 

[77] Harle, J., Kim, H., Mordan, N., Knowles, J. and Salih, V., Initial 
responses of human osteoblasts to sol-gel modified titanium with 
hydroxyapatite and titania composition. Acta Biomaterialia, 5, pp. 
547-556, 2006. DOI: 10.1016/j.actbio.2006.05.005 

[78] Guglielmi, M., Kickelbick, G. and Martucci, A., Sol-Gel 
nanocomposites. Springer New York, 2014. DOI: 10.1007/978-1-
4939-1209-4 

[79] Wang, X., Shi, F., Gao, X., Fan, C., Huang, W. and Feng, X., A sol–
gel dip/spin coating method to prepare titanium oxide films. Thin 
Solid Films, 548, pp. 34-39, 2013. DOI: 10.1016/j.tsf.2013.08.056 

[80] Advincula, M., Fan, X., Lemons, J. and Advincula, R., Surface 
modification of surface sol-gel derived titanium oxide films by self-
assembled monolayers (SAMs) and non-specific protein adsorption 
studies. Colloids and Surfaces. B, Biointerfaces, 42(1), pp. 29-43, 
2005. DOI: 10.1016/j.colsurfb.2004.12.009 

[81] Advincula, M., Rahemtulla, F., Advincula, R., Ada, E., Lemons, J. 
and Bellis, S., Osteoblast adhesion and matrix mineralization on sol-
gel-derived titanium oxide. Biomaterials, 27(10), pp. 2201-2212, 
2006. DOI: 10.1016/j.biomaterials.2005.11.014 

[82] Paldan, H., Areva, S., Tirri, T., Peltola, T., Lindholm, T., Lassila, 
LPelliniemi, L., Happonen, R. and Närhi, T., Soft tissue attachment 
on sol–gel-treated titanium implants in vivo. Journal of Materials 
Science: Materials in Medicine, 19(3), pp. 1283-1290, 2008. DOI: 
10.1007/s10856-007-3234-z 

[83] Ochsenbein, A., Chai, F., Winter, S., Traisnel, M., Breme, J. and 
Hildebrand, H., Osteoblast responses to different oxide coatings 
produced by the sol-gel process on titanium substrates. Acta 
Biomaterialia, 4(5), pp. 1506-1517, 2008. DOI: 
10.1016/j.actbio.2008.03.012 

[84] Areva, S., Paldan, H., Peltola, T., Närhi, T Jokinen, M. and Lindén, 
M., Use of sol-gel-derived titania coating for direct soft tissue 
attachment. Journal of Biomedical Materials Research Part A, 
70A(2), pp. 169-178, 2004. DOI: 10.1002/jbm.a.20120 

[85] Li, B., Zhang, K., Yang, W., Yin, X. and Liu, Y., Enhanced corrosion 
resistance of HA/CaTiO3/TiO2/PLA coated AZ31 alloy. Journal of 
the Taiwan Institute of Chemical Engineers, 59, pp. 465-473, 2016. 
DOI: 10.1016/j.jtice.2015.07.028 

[86] Hu, Y., Pan, F., Wang, J. and Peng, J., The anticorrosive properties of 
sol-gel coating on AZ31 magnesium alloy. Materials Science Forum, 
610–613, pp. 899-904, 2009. DOI: 
10.4028/www.scientific.net/MSF.610-613.899 

[87] Hu, J., Zhang, C., Cui, B., Bai, K., Guan, S., Wang, L. and Zhu. S., In 
vitro degradation of AZ31 magnesium alloy coated with nano TiO2 
film by sol–gel method. Applied Surface Science, 257(21), pp. 8772-
8777, 2011. DOI: 10.1016/j.apsusc.2011.03.148 

[88] Li, M., Chen, Q., Zhang, W Hu, W. and Su, Y., Corrosion behavior 
in SBF for titania coatings on Mg-Ca alloy. Journal of Materials 
Science, 46(7), pp. 2365-2369, 2011. DOI: 10.1007/s10853-010-
5083-2 

[89] Tang, H., Xin, T. and Wang, F., Calcium phosphate / titania sol-gel 
coatings on AZ31 magnesium alloy for biomedical applications. 
International Journal of Electrochemical Science, [online]. 8, pp. 
8115-8125, 2013. Available at: 
http://www.electrochemsci.org/papers/vol8/80608115.pdf 

[90] Hernández-Barrios, C., Duarte, N., Hernández, L., Peña, D., Coy, A. 
and Viejo, F., Synthesis of hybrid sol-gel coatings for corrosion 
protection of we54-Ae magnesium alloy. Journal of Physics: 
Conference Series, 466(1), 012011, 2013. DOI: 10.1088/1742-
6596/466/1/012011 

[91] Amaravathy, P., Rose, C., Sathiyanarayanan, S. and Rajendran, N., 
Evaluation of in vitro bioactivity and MG63 oesteoblast cell response 
for TiO2 coated magnesium alloys. Journal of Sol-Gel Science and 
Technology, 64(3), pp. 694-703, 2012. DOI: 10.1007/s10971-012-
2904-6 



Hernández-Montes et al / DYNA 84 (200), pp. 261-270, Marzo, 2017. 

270 

[92] Amaravathy, P., Sathyanarayanan, S., Sowndarya, S. and Rajendran, 
N., Bioactive HA/TiO2 coating on magnesium alloy for biomedical 
applications. Ceramics International, 40(5) pp. 6617-6630, 2014. 
DOI: 10.1016/j.ceramint.2013.11.119 

 
 

V. Hernández-Montes, is a BSc. in Biomedical Eng. (2014), currently 
completing a MSc. Eng. degree in Biomedical Engineering at Instituto 
Tecnologico Metropolitano, Medellín, Colombia. She is a researcher for 
Advanced Materials and Energy (MATyER) Research Group at Instituto 
Tecnologico Metropolitano. Her interests include biomaterials with 
emphasis on coatings and physical-chemical and mechanical 
characterization of materials. 
ORCID: 0000-0002-4692-3623 
 
C. Betancur-Henao, is a BSc. in Biomedical Eng. (2014), currently 
completing a MSc. Eng in Biomedical Engineering at Instituto Tecnologico 
Metropolitano, Medellín, Colombia. She is a researcher for Advanced 
Materials and Energy (MATyER) Research Group at Instituto Tecnologico 
Metropolitano. Her interests include biomaterials with emphasis on 
physical-chemical and mechanical characterization of materials. 
ORCID: 0000-0003-1345-9091 
 
J.F. Santa-Marín, is a BSc. in Mechanical Eng. (2005), MSc. Eng in 
Materials and Process Engineering (2008) and PhD. in Engineering with 
emphasis on science and technology of materials (2013) from Universidad 
Nacional de Colombia. Currently, professor Santa is a researcher for 
Advanced Materials and Energy (MATyER) Research Group at Instituto 
Tecnologico Metropolitano. His interests include materials in general with 
emphasis on wear, processing, and physical-chemical and mechanical 
characterization of materials. He is coauthor of more than 12 international 
publications in international journals such as Tribology International, Wear, 
and others. 
ORCID: 0000-0001-5781-672X 

 

 
 

 

Área Curricular de Ingeniería 
Geológica e Ingeniería de Minas y Metalurgia 

Oferta de Posgrados 
 

Especialización en Materiales y Procesos 
Maestría en Ingeniería - Materiales y Procesos 
Maestría en Ingeniería - Recursos Minerales 

Doctorado en Ingeniería - Ciencia y Tecnología de 
Materiales 

Mayor información: 
 

E-mail: acgeomin_med@unal.edu.co 
Teléfono: (57-4) 425 53 68 

 


