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Abstract 
Biodegradable Mg-based alloys have attracted increasing attention from orthopedic surgeons 

and biomaterials scientists since their Young’s modulus is close to that of bone. However, control 

of the degradation rate is still a challenge. Sputtered TiO2 coatings were deposited on Mg-Zn-

Ca alloys aiming to reduce the initial strong reactivity of Mg with biological fluids. However, the 

degradation tests indicated that the coated samples induced a larger variation in the pH, greater 

H2 production and formation of degradation products in comparison to the bare alloys. 

Consequently, an enhanced cytotoxicity of the coated samples was observed. 
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1.Introduction 

The major issue for the clinical applications of Mg-based alloys as biodegradable implants is 

their rapid corrosion rate [1, 2], which leads to loosening of their mechanical integrity prior to the 

recovery of bone. Additionally, during the corrosion process there is a significant release of H2, 

localized alkalization and increase in the osmolality that affect the cells functions.  

Great efforts have been made to reduce the corrosion rate producing Mg-alloys using only bio-

inert elements [3, 4]. Nevertheless, there is still need of reducing the immediate reactions in 

physiological fluids to levels where the corrosion products do not affect the cell attachment and 

proliferation on the surface of the Mg-based implants [5, 6]. Thin-protective layers are an 

attractive strategy since the mechanical properties of the bulk can be preserved and the film will 

eventually breakdown allowing the desirable degradation of Mg. Titanium-based coatings are 

attractive since Ti has already proven to be biocompatible, osteoconductive and osseointegrable 

[7].  However, metallic Ti coatings might be problematic due to the large differences in the 

electrochemical potential between Ti and Mg. An alternative is the use of ceramic TiO2 coatings 

that can give similar or even better biological response than commercial Ti surfaces [8]. The idea 

of using TiO2 ceramic coatings has been investigated before [9-16], but a careful analysis shows 

that TiO2 coatings were usually combined with polymers or ceramics forming multilayers or 

composite coatings, otherwise, no improvement was obtained (Supplementary file). However, 

no detail explanation has been given about why to avoid direct TiO2-Mg contact.  In this work, 

we deposited TiO2 films directly on polished Mg-alloys surfaces and evaluate the degradation 

and cytotoxicity.  

 

2.Experimental Details 

Fine grained twin-rolled strips of the Mg0.7Zn0.6Ca (ZX11) alloy were hot rolled as described in 

[17]. For the present work, ZX11 sheets annealed at two recrystallization temperatures: 350 °C 

(Mg1) and 450 °C (Mg2) were used. These led to coarser grain sizes and less fraction of 
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precipitates for Mg2 in comparison to Mg1 (Fig. S1). The effect of the microstructure on alloy’s 

properties will be reported elsewhere.  Radio frequency magnetron sputtering was used to 

deposit 80 nm thick TiO2 coatings on both faces of 10 x 10 x 1 mm3 pieces using a Ti target and 

a reactive Ar/O2 atmosphere [8]. The H2 production and mass-variation during immersion in 

physiological solutions were evaluated. Cell viability was evaluated by the MTT(3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay using indirect cell culture inserts in 

which the Mg piece was floating and separated by a membrane on top of the cell cultures (human 

adipose-derived mesenchymal stem cells). In this method, cells are exposed to the degradation 

effects of the sample without any dilution. The variation of the pH during the first 48 h of alloys 

culture in DMEM-F12 was evaluated.  

 

3. Results 

The coatings were conformal and presented a TiO2 composition and a Rutile structure with grain 

sizes below 10 nm (Fig. S2). Degradation of Mg in chloride-rich solutions (Phosphate buffer 

solution, PBS) and in DMEM-F12 medium occurred via the reactions summarized in Table 1. 

 

Table 1. Mg degradation reactions and degradation products 

Anodic reaction Mg(s) →  Mg2+
(aq) + 2e- 

Cathodic reaction 2H2O + 2e- → H2 + 2OH- 

             2H2O + O2 + 4e- → 4OH- 

Product formation Mg2+ + 2(OH-) → Mg(OH)2 

Mg2+ + HCO3
- → MgCO3 + H+ 

Product Dissolution Mg(OH)2 + 2Cl- → MgCl2 (aq) + 2OH- 

 

 

During immersion in physiological solutions, the degradation products are accumulated on the 

surface (Fig. S3 and S4), leading to an increment on the mass that is reported in Fig. 1a. For 
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both media and Mg substrates, the coated samples presented a larger mass gain indicating a 

faster degradation. Note that the usual acid chromic acid cleaning was not used since it can 

damage the TiO2 film, disturbing the results.  

 

 
Fig. 1 (a) Mass gain of uncoated and coated Mg1 and Mg2 samples after immersion for 4 days. (b) 

Hydrogen evolution plot. (c) pH versus time plot. 

 

Moreover, the cathodic reactions involved in the Mg degradation, indicate that H2 and OH- ions 

(increase in pH) are released. The H2 evolution (Fig. 1b) shows that the deposition of TiO2 

nanocoatings on Mg alloys increased 3.2 and 2.6 times the H2 amount of Mg1 and Mg2, 

respectively. This is also observed following the pH evolution in the solution (Fig 1c). During the 

first hour, the pH linearly increased following a similar rate for all samples. However, after one 

hour, there was a sudden increase in the slope for the coated samples presenting about one unit 

of pH larger than the bare alloys. The overall results presented in Fig. 1 indicated that the initial 

degradation of the TiO2-coated Mg is significantly more severe than that of the Mg alloys, which 

agrees with the larger cathodic current densities observed in the electrochemical results (Fig. 

S5). 
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Fig. 2 Cytotoxicity MTT assay results and surface micrographs of uncoated and coated Mg1 and Mg2 

samples after immersion during (a) 24, (b) 48 and (c) 144 h in DMEM-F12. *p ≤ 0.05. Cell viability is 

reported as considering 100% cell viability that of cells cultured under standard culture conditions (no 

alloys interaction) at the corresponding culture days. All micrographs have the same scale. (d) 

Schematic model of the corrosion process in coated samples. Arrows indicate the filiform corrosion 

morphology. 

 

Figure 2 shows the cytotoxicity evaluated by the MTT test after 24, 48 and 144 h of cells indirect 

culture. It can be observed that at 24 h, there is no reduction in cell viability for the ZX11-alloys, 

data which is noteworthy since usually 5X or 10X diluted extracts need to be used to test the 

cytotoxicity of Mg-based samples [18]. However, for both coated samples, there is a significant 

reduction, reaching only 41% cell viability for Mg1-TiO2 and 73% for Mg2-TiO2. At 48 h and 
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further, the alloys showed a reduction in cell viability, but the values are always lower for the 

coated samples.  

This unforeseen cytotoxicity observed for the coated samples is difficult to explain but is mainly 

consequence of the accelerated corrosion, which is evidenced by observing the surface 

morphology of the samples placed in the culture inserts during the MTT assays. The images 

show clear evidence of localized corrosion leading to typical filiform patterns on the coated 

samples (Fig. 2 and S4), meanwhile, the uncoated samples, present accumulation of corrosion 

products and only small areas of localized corrosion. The increased cytotoxicity was also 

confirmed by the reduced number of cells, and the morphological changes, observed for the 

coated samples during the immunocytochemical evaluation of RUNX2 at 6 days of indirect cell 

culture (Fig. 3). 

 

 
Fig. 3. Immunocytochemical evaluation of RUNX2, as an osteogenic differentiation marker, at 6 days of 

cells indirect culture (in presence of complete corrosion products of alloys samples) with (a)-(b) 

uncoated and (c)-(d) coated samples. Similar results were observed in different zones and amplifications 

(Fig S6). 
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4. Discussion  

Sputtering is a well-established deposition technique, which produces dense thin films that 

usually provide initial corrosion resistance, but that might contain micro-nano porosity [19]. This 

film-through porosity allows the electrolyte to encounter both the Mg and the TiO2 coating on 

confined localized areas. The corrosion of the Mg alloys is accelerated either for the confinement 

effect (localized corrosion) or by a possible formation of a micro-galvanic TiOx-Mg pairs. It is 

well-known that Mg is a reductor of TiO2 as indicated by the negative free energy (about -200 

KJ/mol) from the Ellingham diagram. The preferential reduction of rutile in P25 TiO2 powders at 

any temperature has been observed by Xu et al. [20], while Zu et al. [21] describe the room 

temperature reduction of TiO2 by Mg sheets. These papers show partial reduction (Ti(IV) to 

Ti(III)), but complete reduction could be achieved by the presence of H2 [22] or dissolved chloride 

species, such as MgCl2 [23] or TiCl4 [24], although these reactions usually occur at high 

temperatures. Analysis of the ZX11-TiO2 interface after the degradation to corroborate the 

hypothetical TiO2 reduction is difficult due to the accumulation of corrosion products. However, 

the results presented clearly indicated an increase in the corrosion rate and cytotoxicity of the 

TiO2 coated Mg samples occurring through localized corrosion. This localized corrosion spreads 

laterally explaining the filiform shape of the corrosion patterns observed for the coated 

specimens (Fig 2d) and the larger increase in pH and H2 evolution.  

5. Conclusions 

Rutile nanocrystalline coatings deposited on Mg-alloy (ZX11) by magnetron sputtering induced 

a faster degradation and increased cytotoxicity. No significant differences were observed for the 

two alloy microstructures, since the major problem was the localized-accelerated corrosion of 

the alloy occurring at the nano-micro porosity of the TiO2 film. 
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