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Abstract 

Effect of processing through equal channel angular pressing (ECAP) on the degradation 

behaviour of extruded LAE442 magnesium alloy was investigated in 0.1M NaCl solution, 

Kirkland’s biocorrosion medium (KBM) and Minimal essential medium (MEM), both with and 

without 10% of foetal bovine serum (FBS). Uniform degradation of as extruded and ECAP 

processed samples in NaCl solution was observed, nevertheless higher corrosion resistance was 

found in the latter material. Increase of the corrosion resistance due to ECAP was observed also 

after 14-days immersion in all media used. Higher compactness of the corrosion layer formed 
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on the samples after ECAP was responsible for the observed decrease of corrosion resistance, 

which was proved by scanning electron microscope investigation. Lower corrosion rate in 

media with FBS was observed and was explained by additional effect of protein incorporation 

on the corrosion layer stability. A cytotoxicity test using L929 cells was carried out to 

investigate possible effect of processing on the cell viability. Sufficient cytocompatibility of the 

extruded samples was observed with no adverse effects of the subsequent ECAP processing. In 

conclusion, this in vitro study proved that degradation behaviour of the LAE442 alloy could be 

improved by subsequent ECAP and this material is a good candidate for future in vivo 

investigation.  

Keywords: magnesium; biodegradation; in vitro; cytotoxicity; implant material  

 

1 Introduction 

Magnesium alloys are nowadays intensively investigated as a potential material for degradable 

implants [1,2]. Until now, a high number of different Mg alloys have been studied in different 

in vitro and in vivo studies [3], from which LAE442 alloy (Mg-4Li-4Al-2RE, wt. %) is one of 

the most often investigated in vivo [4–11]. Relatively low and uniform degradation rate and no 

negative effect on the surrounding tissue and internal organs makes this alloy to one of the most 

suitable Mg alloys for orthopaedic applications. Until now, all studies have been conducted on 

as-cast and extruded material. Comparative in vivo studies with as-cast LAE442 alloy showed 

superior performance compared to other alloys (AZ31, AZ91, WE43) after 18 weeks of 

implantation period [4,5]. However, gas cavities of evolved H2 were observed in the 

surrounding tissue as a result of too rapid degradation rate. Improved in vivo degradation 

behaviour was found in the material after subsequent extrusion. Decrease of the degradation 

rate and no presence of gas cavities after 12 weeks of implantation period was reported [6]. It 
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was concluded that grain refinement and homogenization of alloying elements rich secondary 

phases were responsible for such improvement. Moreover, long-term in vivo studies showed 

superior degradation behaviour of extruded LAE442 alloy after 6 months [7] and 12 months [8] 

of implantation period in a rabbit model. Furthermore, LAE442 alloy was found to have lower 

degradation rate than WE43 alloy, which is currently considered as one of the most promising 

ones. The WE type alloy MAGNEZIX® is the first absorbable alloy which obtained the CE 

marking of Medical Devices for medical applications within Europe [12]. Significance of the 

LAE442 alloy in the orthopaedic implant research has been proven by a comprehensive in vivo 

study, in which degradation behaviour of intramedullary interlocked nailing system implanted 

in an adult sheep for 24-week period was investigated [9]. After thorough investigation of 

implant volume development, ex vivo mechanical and histological examinations and elemental 

analyses of alloying elements in inner organs, the authors concluded that the extruded LAE442 

alloy can be considered as a suitable degradable implant material. Additionally, beneficial effect 

of grain refinement on the in vivo corrosion of the LAE442 alloy was demonstrated after 

implantation of a single extruded and a double extruded material into rabbits [10]. 

As mentioned, decrease of the degradation rate of the LAE442 alloy was observed after 

subsequent extrusion, which led to decrease of the grain size and more uniform distribution of 

secondary phases in the material. It was reported that even further improved grain refinement 

could be achieved in the LAE442 alloy after subsequent equal channel angular pressing (ECAP) 

[13]. Uniform distribution of equiaxed grains of ~1.5 µm in diameter and much more uniform 

distribution of secondary phases was observed after 12 passes through ECAP. ECAP was 

already found to be an effective method to increase corrosion resistance of different magnesium 

alloys [14–16]. Therefore, further increase of the corrosion resistance of the LAE442 alloy is 

expected by comparison to the extruded samples. Moreover, substantial increase of the yield 

strength was observed in the fine-grained samples of the LAE442 alloy after ECAP [17]. 
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Increase in mechanical strength could have beneficial effect for minimizing the implant size, 

which is important in particular applications. Furthermore, substantial grain refinement was 

found to have a positive effect on the fatigue resistance, which was found to be possibly 

insufficient in the extruded samples of the LAE442 alloy [18]. Therefore, the ECAP processing 

of LAE442 alloy may advance degradable properties of implant even further. To the best of our 

knowledge, the present study is the first one that aims to investigate the effect of ECAP on the 

in vitro degradation behaviour of the LAE442 magnesium alloy.  

 

2 Experimental methods 

2.1 Material 

The investigated material was an extruded magnesium alloy LAE442 with the composition of 

4.03wt.% Li – 3.56wt.% Al – 0.76wt.% La – 0.44wt.% Nd – 1.26wt.% Ce – 0.15wt.% Ca – 

0.18wt.% Mn – < 0.0001 wt% Fe – <0.002 wt% Cu – <0.0002 Ni and balance Mg. Extrusion 

was performed at 350°C with an extrusion ratio of 22.  Billets with the dimensions of 

10x10x100 mm3 were machined from the extruded bars and processed by ECAP. The ECAP 

processing direction was parallel to the extrusion direction. The processing was performed up 

to twelve passes (12P) following route BC [19] in the temperature range of 185-230°C and ram 

speed of 5-10 mm·min-1. The angle Θ between two intersecting channels and the corner angle 

Ψ of the ECAP die were 90° and 0°, respectively. The samples of LAE442, which were extruded 

only, are designated Ex and the samples of LAE442, which were extruded and subsequently 

processed by ECAP, are designated 12P throughout the article. 

 

2.2 Microstructure analysis 

Microstructure of the specimens and corrosion layers after corrosion exposure were observed 

by scanning electron microscope (SEM) Zeiss AURIGA equipped by electron back scattered 
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diffraction (EBSD) detector and energy-dispersive X-ray spectroscopy (EDS). Samples for 

microstructure observation were mechanically polished down to 50 nm alumina solution. 

Additional ion polishing was performed for EBSD specimens using Gatan PIPS™.  

 

2.3 Corrosion in NaCl 

Initial corrosion resistance of the studied samples was investigated by electrochemical 

impedance spectroscopy (EIS). The measurement was performed using three-electrode setup 

and controlled by the potentiostat AUTOLAB 120N. Samples were cut perpendicular to the 

processing direction and exposed surface was ground with SiC1200 (15 μm) prior to each 

measurement. The measurement was performed in 0.1M NaCl solution after 5 minutes of 

stabilization. EIS tests were executed at room temperature in the frequency range of 100 kHz-

20 mHz with 10mV amplitude with respect to the open circuit potential (OCP). Additional 

rotation of 1000 rpm was introduced to obtain better homogenization of the measurement. At 

least five measurements were performed for each sample/condition.  

Hydrogen evolution was measured in 0.1M NaCl solution at room temperature for one week of 

immersion. Samples with dimensions 8x8x3 mm3 were cut from the extruded and 12P bars. 

Subsequently they were ground (SiC1200, 15 μm) in ethanol in order to remove naturally 

occurring corrosion layer, measured and weighted. 

 

2.4 Corrosion in biological media 

Corrosion performance in biological media was investigated in Kirkland’s biocorrosion 

medium (KBM, prepared according to [3] and buffered with NaHCO3,), in KBM+10% FBS, in 

MEM (Sigma no. M0446) and MEM + 10% FBS. The ionic composition of both media in 

comparison with human plasma is given in Table 1. Samples with dimensions of 6x6x1.5 mm3 

were cut from extruded and 12P bars. Before the tests, samples were ground (SiC1200, 15 μm) 
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in ethanol in order to remove naturally occurring corrosion layer, measured, weighted and 

sonicated two times for 15 min in 96% ethanol. Three and two replicates of each sample type 

were used for corrosion rate determination and for corrosion layer examination, respectively. 

Samples were immersed into 40 ml (S/V ≈ 2.8 mm2/ml, i.e. V/S = 36 ml/cm2) of media in falcon 

tubes with vented caps (Corning) and incubated in 5% CO2 atmosphere at 37 °C on an orbital 

shaker for 14 days. 

Table 1: Ionic concentrations of KBM prepared according to [3] and of MEM+10% FBS in 

comparison with human plasma. 

medium KBM MEM Human plasma 

component concentration [mmol/l] 

Cl- 102.5 126.9 103 

Na+ 120.3 143.6 142 

Ca2+ 2.5 1.8 2.5 

K+ 5.1 5.4 5.0 

Mg2+ 0.5 0.8 1.5 

HPO4
2- 0.9 1.0 1.0 

SO4
2- 0.5 0.8 0.5 

HCO3
2- 26.2 26.2 22-30 

glucose 5.0 5.6 5.0 

 

After 14 days, the medium was removed and concentration of released Mg was measured using 

Atomic absorption spectrometer (AAS, Varian 220), while the pH of media was also recorded. 

Samples were immersed into a mixture of H2CrO4, AgNO3 and BaSO4 for 60 minutes at room 

temperature in order to remove the corrosion products. After drying, samples were weighted. 
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Corrosion rate (CR) was determined from the mass loss and was expressed in mg/cm2/day. The 

corrosion rate was calculated using following formula (1): 

CR =
∆m

A×t
     (1) 

CR: corrosion rate (mg/cm2/day) 

Δm: weight change in milligrams 

A: surface area in cm2 

t: immersion time in days 

 

2.5 In vitro cytotoxicity testing 

In vitro cytotoxicity of extracts (indirect test) was tested according to ISO 10993-5 standard. 

Samples (6x6x1.5 mm) were sterilized in ethanol for 2 hours and then dried. Various surface-

to-volume ratios and periods of incubation were used. In the first case, samples were immersed 

into 1 ml (S/V = 100 mm2/ml) of cultivation media (MEM, Sigma M0446) without FBS, which 

is a surface-to-volume ratio closer to that recommended in ISO 10993-12 standard. Samples 

were agitated on an orbital shaker (125 rpm) at 37°C for 1 day. Thereafter, the extracts were 

centrifuged (5 min, 1,500 x g), supplemented with 10% FBS and immediately used for 

cytotoxicity testing. Three samples from each type (Ex and 12P) were used. Meanwhile, L929 

cells (murine fibroblasts, ATCC® CCL-1™) were seeded into 96-well plates (100 µl/well) in 

the density of 1×105 cells/ml and incubated at 37 °C for 24 h in MEM + 10% FBS to allow cell 

adhesion. Thereafter, medium was replaced by the extracts in MEM medium with 10% FBS. 

MEM with 10% FBS only was used as a negative control. 

In the second case, the conditions more were appropriate for magnesium alloys – i.e. higher 

amount of media for extraction and longer extraction time to simulate prolonged exposition of 

the samples in the body. Therefore, samples were immersed into 6 ml (S/V = 17 mm2/ml) of 

cultivation media (MEM, Sigma M0446) supplemented with 5% FBS and agitated on an orbital 
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shaker (125 rpm) at 37 °C for 3 and also for 7 days. Decreased concentration of FBS was chosen 

according to ISO 10993-5 (higher concentration of FBS can mask the toxicity of the extracted 

substances). Three samples from each type (Ex and 12P) were used. Thereafter, the extracts 

were immediately used for cytotoxicity testing. Meanwhile, L929 cells were seeded into 96-

well plates in the density of 1×105 cells/ml or 0.4×105 cells/ml and incubated at 37 °C for 24 h 

in MEM + 10% FBS to allow cell adhesion. Thereafter, medium was replaced by the extracts 

in MEM medium with 5% FBS. MEM with 5 % FBS only was used as a negative control. 

The evaluation of the test was the same in both cases. After one and four days of incubation 

with the extracts, the cells were washed with phosphate buffer saline (PBS) and incubated with 

WST-1 reagent (5 % WST-1 in MEM without phenol red) for 2.5 hours. The yellow formazan 

product created by metabolic reduction was photometrically quantified using an ELISA reader 

at the absorption wavelength of 450 nm. Cytotoxic effect was depicted as a decrease in 

metabolic activity compared to the negative control. Cytotoxic measurement was done in 6 

replicates for each sample. The limitary value of cytocompatibility was set as 70 % of metabolic 

activity of the untreated control (ISO 10993-5). 

The results from corrosion studies in various media for the samples after extrusion and after 

additional ECAP processing were compared using ANOVA followed by Tukey's honest 

significance test in R software. A P-value < 0.05 was considered significant. 

 

3 Results 

3.1 Microstructure 

EBSD micrographs of the investigated alloy after extrusion and twelve passes through ECAP 

are presented in Fig. 1. The initial microstructure of the extruded material was formed by fully 

recrystallized equiaxed grains with the average grain size of 21 µm in diameter. The severe 

plastic deformation introduced to the material during processing through ECAP resulted in 
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substantial grain refinement. Homogenous microstructure with uniform distribution of fine 

grains with average grain size of 1.7 µm was observed in the case of 12P sample. Thorough 

characterization of the microstructure evolution, together with detailed analysis of the 

secondary phases, of the LAE442 alloy processed by ECAP is shown elsewhere [13]. 

Nevertheless, substantial fragmentation and homogenization of distribution of the secondary 

phase particles within the matrix after ECAP should be noted, as depicted in Fig. 2.  

  

Fig. 1: EBSD micrographs of a) LAE442 Ex and b) LAE442 12P.  

  

Fig. 2: Secondary phase particles distribution in a) LAE442 Ex and b) LAE442 12P (SEM, 

plane parallel to extrusion and ECAP direction).  
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3.2 Corrosion in NaCl 

Effect of ECAP processing on the degradation behaviour of the LAE442 alloy was first 

investigated in 0.1M NaCl salt solution. The initial corrosion attack after 5 minutes of 

immersion was studied by EIS. The results are shown in the form of Bode plot as Fig. 3. The 

resulting values of total polarization resistance RP were calculated as 142 ± 4 Ω·cm2 and 202 ± 

14 Ω·cm2 for the extruded and 12P samples, respectively. The analysis of EIS data is shown in 

detail elsewhere [16]. Corrosion resistance resulting from EIS analysis was found to be much 

higher in 12P sample than in the Ex one. Higher corrosion resistance of the 12P sample in the 

0.1M NaCl solution was observed also using hydrogen evolution measurement, as depicted in 

Fig. 4. This method was employed in order to observe evolution of the degradation rate over a 

one-week immersion. After one day of incubation period, volume of evolved hydrogen as a 

function of time was linear in both samples. Corrosion rate calculated from the linear part of 

the plot was 2.87±0.03 mg/cm2/day and 2.49±0.02 mg/cm2/day for the Ex and 12P samples, 

respectively.  

  

Fig. 3: Bode plots for the extruded and 12P sample, measured in 0.1M NaCl solution after 5 

min of stabilization (full symbols – magnitude, empty symbols – phase angle).  
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Fig. 4: Volume of hydrogen gas evolved as a function of immersion time in 0.1M NaCl 

solution.  

 

3.3 Corrosion in biological media 

In order to investigate the degradation rate in biological media, four types of solutions were 

used. KBM was chosen as a simulated body fluid (SBF) because, as mentioned in [3], it closely 

reflects ionic composition of the human plasma, especially concentration of Cl- (contrary to 

other SBFs). Minimal essential medium (MEM) + 10% FBS was chosen as a cultivation 

medium and also used for in vitro cytotoxicity testing of the investigated samples. In order to 

study the influence of FBS, KBM + 10% FBS and MEM without FBS was also used. Both Ex 

and 12P samples were immersed into all solutions for 14 days. Afterwards, corrosion rate from 

mass loss was calculated. The results are presented in Fig. 5. The lowest degradation rate was 

found for 12P samples immersed in KBM+10% FBS. Importantly, the 12P samples had lower 

corrosion rate than Ex samples in all investigated media. It is important to note that after the 

immersion period, pH of each solution was below 7.6 for all tested samples and experimental 

setups. 
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Fig. 5: Corrosion rate of LAE442 calculated from mass loss [mg/cm2/day] after 14 days in 40 

ml of media (KBM or MEM, with or without 10% FBS) in 5% CO2 (error bars represent 

standard deviation, *** stands for p < 0.001). 

 

3.4 Analysis of the corrosion layer morphology and composition 

To better understand the reason for the differences in the degradation rate between investigated 

samples and different media, SEM images of the surfaces after the immersion were taken, see 

Fig. 6. The major difference in the observed corrosion layers formed on Ex and 12P samples 

was between immersion in KBM and other media. The samples immersed in KBM had rough 

surface with advanced disintegration, while in the other media, the corrosion layers had a dry, 

cracked earth structure. Generally, there was a major difference between the Ex and the 12P 

sample. The surface layers formed on 12P samples were more compact after corrosion in all 

media. In KBM, this difference is primarily due to deeper and more pronounced cracks in the 

extruded sample. In MEM, we observed advanced disintegration of the surface layer formed on 

the Ex sample contrary to the 12P sample. In case of both media with FBS addition, the 

difference between the extruded and 12P sample is mainly due to significantly higher density 

of cracks of the compact surface layer observed on the sample Ex.   
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Fig. 6: Corrosion layer formed on the surface of the investigated samples after 14-days 

immersion in different biological media.  
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Not only the morphology of the corrosion layers formed in KBM and the other media were 

different, but there were also significant differences in their composition. Substantially higher 

content of Mg was observed in the layer formed in KBM, while in the other media, high content 

of Ca and P was measured. Calcium phosphate (CaP) compounds preferentially nucleates on 

Mg(OH)2 [20], therefore differences between Mg and Ca+P concentration indicates a limited 

stability of CaP on the samples immersed in KBM media but much better stability in all other 

media. In MEM, comparable ratio between Mg(OH)2 and CaP was observed. Composition of 

the corrosion layer was quite homogeneous through the surfaces of all studied samples, and 

there was no significant difference between extruded and 12P sample immersed in the same 

media. Table 2 shows composition difference between the corrosion layers formed on 12P 

samples immersed in different media. 

 

Table 2: Elemental composition of the corrosion layers formed on the 12P samples after 14 

days of immersion in different media.  

at.% KBM KBM+10%FBS MEM MEM+10%FBS 

O 61.6 ± 0.4 58.8 ± 0.2 59.7 ± 0.6 58.5 ± 0.7 

Na 1.8 ± 0.3 2.0 ± 0.1 1.2 ± 0.2 1.4 ± 0.3 

Mg 16.0 ± 0.4 8.0 ± 0.1 11.7 ± 0.8 7.5 ± 0.3 

Al 7.3 ± 0.1 2.4 ± 0.1 3.3 ± 0.3 2.4 ± 0.3 

P 6.8 ± 0.2 13.1 ±0.1 11.4 ± 0.3 13.3 ± 0.6 

Cl 0.5 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 0.1 ± 0.1 

Ca 6.0 ± 0.3 15.7 ± 0.1 12.3 ± 0.6 16.6 ± 0.3 
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3.5 In vitro cytotoxicity testing 

Metabolic activity of the L929 cells was not altered after exposure to the extracts of tested 

samples (Fig. 7); moreover, relative cell viability was far above 70 % limit stated in ISO 

standard. There were no differences in the cell response using various extraction media, 

extraction volumes, extraction periods or cultivation periods. Most importantly, there was no 

difference in cytotoxicity between the samples before and after ECAP processing. We can 

therefore assume that the cytocompatibility of LAE442 alloy in extruded state is sufficient and 

that additional ECAP processing has no adverse effects on the cytocompatibility of this alloy. 

  

Fig 7: Metabolic activity of L929 after 1-day or 4-day exposition to LAE442 extracts 

prepared using various media and extraction periods. Dashed line stands for the cut-off 

between non-toxic and toxic response. Error bars represent sample standard deviation from 

six replicates. 

 

4 Discussion 

4.1 Corrosion in NaCl 

Increase in the corrosion resistance after ECAP was already observed in a number of 

magnesium alloys, as mentioned above. The major reason was found to be a combination of 

better distribution of corrosion layer stabilizing alloying elements through the material, together 
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with reduced grain size [16,21]. The decrease in the grain size has two major impacts on the 

corrosion behaviour. Higher density of lattice defects leads to an increased severity of the 

corrosion attack, but it also leads to a decrease in the mismatch between the corrosion layer and 

matrix. Therefore, a decrease in the corrosion layer cracking occurs [22]. As a result, more 

stable protective surface films form faster [16]. Aluminium contained in the investigated alloy 

is an element that could positively affect corrosion resistance, as shown previously [21,23–25]. 

Aluminium oxides tend to fill pores of the porous Mg(OH)2 corrosion layer and increase its 

protection ability. Nevertheless, it should be noted that the concentration of aluminium must 

exceed certain threshold level in order to enhance the corrosion resistance after ECAP [16]. 

Similar functionality of lithium was also previously reported. Li(OH) corrosion products 

increased corrosion resistance due to the deposition within porous surface layer [26–29]. 

However, detection of Li(OH) is experimentally challenging and its deposition within the 

corrosion layer of the LAE442 alloy has not been proven yet. Nevertheless, the increase of the 

polarization resistance of the LAE442 alloy after ECAP was much higher than the increase 

previously observed in the lithium free AE42 alloy, which was measured under the same 

conditions [16]. Therefore, faster formation of corrosion layer stabilized by Al oxides together 

with Li hydroxides in 12P sample explains higher corrosion resistance achieved in the LAE442 

alloy compared to the AE42 alloy. The significant increase of the corrosion resistance after 

ECAP in the LAE442 alloy was therefore achieved by better distribution of Al-rich secondary 

phases due to fragmentation (Fig. 2), similar as observed in AE42 alloy, formation of fine 

distribution of aluminium rich particles within the matrix [13] and possibly the enhancing effect 

of Li. Combination of all these factors resulted in faster formation of more stable protective 

surface film.  

Higher corrosion resistance of 12P sample was observed not only immediately after the 

immersion, as demonstrated by the hydrogen evolution measurement. The linear character of 
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both plots indicates uniform degradation in both investigated samples after one day of 

immersion. Higher corrosion rate of extruded sample is directly visible from higher volume of 

evolved hydrogen. This hypothesis is supported also by the values of the calculated corrosion 

rates. The higher corrosion resistance found in 12P sample together with the uniform 

degradation in 0.1M NaCl solution is an important information that predestines this material 

for subsequent corrosion tests in biological media.  

 

4.2  Corrosion in biological media 

Degradation behaviour in biological media was investigated using immersion tests and 

corrosion rate was calculated form mass loss evaluation. Corrosion rate was significantly (p < 

0.01) lower in the presence of 10% FBS for both types of samples in both media used (KBM 

and MEM). 10% FBS corresponds approximately to the protein concentration of 3.2-7 mg/ml. 

Our observation is in a good agreement with the published data [30] where lower corrosion rate 

of pure magnesium in the presence of FBS was observed. Kirkland and Birbilis observed even 

three times lower corrosion rates of various magnesium alloys in MEM + 10% FBS compared 

to sole MEM [3]. This can be explained by the formation of more uniform, thicker and more 

protective layer resulting from protein adsorption [3] since proteins readily interact with Mg 

divalent ions [31]. More stable and protective layer was also observed by SEM of samples 

immersed in both media with FBS, see Fig 6. Adding 10% of FBS into the KBM resulted in a 

significant change of the corrosion layer character, while in the case of the MEM, the difference 

was not so pronounced. Nevertheless, in the case of both media EDX analysis showed (Table 

2) that the addition of FBS led to increase of stability of CaP on the surface, which has higher 

protection ability than the sole Mg(OH)2. Therefore, it is assumed that higher stability of the 

corrosion layer formed in both media with FBS led to higher corrosion resistance of the 

samples.  
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Corrosion rate was significantly (p < 0.05) lower in KBM than in MEM. This is probably caused 

by slightly higher concentration of Cl- in MEM (Table 1). As mentioned in [3], higher 

concentration of Cl- accelerates the corrosion rate of Mg alloys.  

The most important result is that the corrosion rate after ECAP processing was significantly (p 

< 0.001) lower in all used media, which is consistent with results obtained by EIS and H2 

evolution in NaCl.  Investigation of the corrosion layers by SEM has shown higher stability of 

the corrosion layer formed on 12P samples in all used media, when compared to the extruded 

ones. Therefore, microstructure of the studied samples had a direct impact on the stability of 

the corrosion layer, as discussed above in chapter 4.1. After ECAP, the density of cracks 

substantially decreased. This is in accordance with the previous results, which point out that 

substantial grain refinement leads to a decrease of the mismatch between corrosion layer and 

matrix, resulting in increase of the corrosion layer protection ability [21].  

The pH values of media after immersion period were below 7.6 for all tested samples and 

solutions. Thus, crucial requirement for maintaining the physiological pH range (7.4-7.6), as 

recommended in [3], was complied. This is important, because higher pH generally results in 

more stable and protective CaP surface film that could significantly decrease corrosion rate of 

the studied material, and subsequently affect the results.  

 

4.3 In vitro cytotoxicity testing 

Under the selected conditions, we observed no cytotoxic effect of extracts prepared from 

LAE442 after both types of processing. Our results indicate that even the extruded state of 

LAE442 alloy has a sufficient cytocompatibility, which is in agreement with previously 

published observation [32] where the cytocompatibility of extruded magnesium alloys with Li, 

Al and RE was studied. The relative viability of ECV304 and VSMC cells after one-day 

incubation with extracts of Mg-3.5Li-4Al-2RE exceeded 70%. In another study, in vitro 
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cytotoxicity tests with an extruded LAE442 alloy were performed [18]. Only slightly reduced 

viability (70% viability of the control) of L929 cells after incubation with 100% (undiluted) 

extracts of the extruded LAE442 alloy was observed. This could be caused by a smaller 

extraction volume used. As mentioned in the introduction, as-cast and extruded LAE442 alloy 

were also tested in vivo and were clinically well tolerated. Therefore, a positive influence of 

ECAP processing on in vivo behaviour can be assumed. 

 

5 Conclusions 

We have demonstrated that the ECAP processing decelerates the corrosion rate of the LAE442 

magnesium alloy not only during short-term electrochemical experiments in NaCl, but also in 

longer-term experiments in more complex biological media, such Kirkland’s biocorrosion 

medium and Minimal essential medium, both with and without the addition of 10% FBS. Thus, 

it is concluded that ECAP processing can be used to improve corrosion resistance of the 

LAE442 magnesium alloy as a material for temporary orthopaedic implants. These results, 

together with our successful in vitro cytotoxicity tests, let us to conclude that future work should 

focus on in vivo corrosion testing and biocompatibility of LAE442 after ECAP. 
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