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Abstract: Bioabsorbable magnesium (Mg) alloys have several advantages in biomedical implant
applications as they reduce certain risks associated with conventional permanent implants. However,
limited information is available for WE43 Mg alloy specimens with comparable size to that of
biomedical implants such as cardiovascular stents and orthopaedic wires. The present work
examines the corrosion and biological properties of WE43 stent precursor tubes and wire specimens
suited for orthopaedic implants. The corrosion-induced loss of mechanical integrity as well as the
corrosion-induced changes in surface morphology of the specimens are elucidated and compared.
Cell viability assays were performed with human umbilical vein endothelial cells (HUVECs). It was
observed that Mg ions released from the WE43 alloy acted as a growth stimulator of HUVECs.
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1. Introduction

Mg and its alloys have emerged as a new class of biomaterials for use in bioabsorbable medical
devices such as stents [1,2] and orthopaedic implants [3]. When compared to traditional metallic
biomaterials like 316L, biodegradable Mg-based devices can eliminate the need for a second surgical
procedure for implant removal which reduces cost and patient morbidity [4]. Further, Mg alloys
exhibit numerous favourable physical characteristics such as lower density, higher specific strength,
and an elastic modulus closer to that of human bone [5].

While a number of studies have examined the mechanical properties of bulk WE43
specimens [6–9], these often have different materials processing histories to medical devices, and the
presence of scale-effects means that the mechanical behaviour may not capture the true device
behavior [9]. Thus, it is important that material characterisation testing for small-scale medical devices
is conducted on the device itself or on a sample of the device material in the final or finished form.
However, few studies have been published that examine the in vitro corrosion performance of WE43
stent precursor tubes and stents [10–13] and WE43 wires suited for use as orthopaedic implants [14–16].
While some data relating to the performance of WE43 dog-bone specimens was presented in our
previous study [12], the main aim of this study is to compare and contrast the in vitro corrosion and
biological performance of WE43 specimens prepared from stent precursor tubes and wires.

J. Manuf. Mater. Process. 2017, 1, 8; doi:10.3390/jmmp1010008 www.mdpi.com/journal/jmmp

http://www.mdpi.com/journal/jmmp
http://www.mdpi.com
https://orcid.org/0000-0002-4589-3514
https://orcid.org/0000-0003-1414-9052
https://orcid.org/0000-0003-4141-1685
http://dx.doi.org/10.3390/jmmp1010008
http://www.mdpi.com/journal/jmmp


J. Manuf. Mater. Process. 2017, 1, 8 2 of 9

2. Materials and Methods

2.1. Preparation of Specimens and Mechanical Testing

A total of 27 dog-bone and 18 wire specimens having the geometry and dimensions shown
in Figure 1 were laser cut from stent precursor tubes and cleaved from wires of the WE43 Mg
alloy, respectively, which contained approximately 93% Mg, 4% yttrium (Y), 2.3% neodymium (Nd),
0.7% zirconium (Zr), and the remainder of rare-earth (RE) elements, as measured by inductively
coupled plasma mass spectrometry (7500 ICP-MS, Agilent Technologies, Santa Clara, CA, USA).
Metallographic analysis confirmed that dog-bone and wire specimens had comparable average grain
sizes of 10 to 15 µm following mechanical processing and T6 heat treatment. All specimens were
finished by phosphoric acid etching and reactive ion etching surface treatments, as described in
earlier work [17] and had an average surface roughness of 0.17 µm, as measured by an atomic force
microscope (Nano-RTM O-020, Pacific Nanotechnology, Santa Clara, CA, USA). Finished dog-bone
specimens had an outer diameter (OD) of 2.09 mm, wall thickness of 0.14 mm, and a strut width of
0.12 mm while wire specimens had an OD of 2 mm and length of 10 mm, as measured by a scanning
electron microscope (Leo 440 Stereoscan, Leica Cambridge Ltd., Cambridge, UK). Control specimens
with the same dimensions as the Mg specimens were manufactured from 316L stainless steel tubes
and wires. The tab regions on each specimen were coated with an epoxy resin to limit corrosion to the
test region.J. Manuf. Mater. Process. 2017, 1, 8  4 of 9 
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Figure 1. Plot of (a) percentage mass lost over time for dog-bone and wire specimens (b) evolution of
SBF solution pH. Error bars represent 95% confidence intervals derived from T-table (n = 3).

Mechanical testing on dog-bone samples has already been published in an earlier study [12].
Wire specimens were also tested using a similar protocol, whereby mechanical strength testing was
performed to determine the corrosion-induced loss of mechanical integrity of the specimens over time.
Uniaxial tensile testing was carried out to failure in one loading cycle using a materials testing machine
(Z005, Zwick Roell, Ulm, Germany) with a 5-kN load cell. A preload of 0.5 N and a crosshead speed
of 1 mm/min were used. Tests were terminated when the load dropped below 70% of the maximum
load value. Local strain at the specimen gauge portion was recorded using a video extensometer
(Messphysik, Fürstenfeld, Austria) and the compliance of the load frame was derived and then removed
from all subsequent stress–strain data (derived from crosshead travel) by way of post-processing in
MS Excel. The conversion of elongation to engineering strain was based on a 10 mm and 20 mm gauge
length for dog bone and wires specimens, respectively.

Specimen stresses were calculated based on the original specimen cross section and so the change
in cross section due to necking and corrosion was not accounted for; this approach has been used
previously in similar studies [18]. Engineering stress–strain curves were produced for each specimen.
The elastic modulus (E), 0.005% offset yield strength (σy) and ultimate tensile strength (UTS), strain at
UTS (εu), and the ultimate strain at failure (εf) were calculated in accordance with ASTM E111-04.
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2.2. Immersion Testing

The corrosion behaviour of the dog-bone and wire specimens was characterised through
immersion experiments performed in simulated body fluid (SBF). The main purpose of the corrosion
experiments was to determine the specimen corrosion rate and the influence of this corrosion on
specimen mechanical integrity and surface morphology over time. Before corrosion testing, specimens
were stored in a desiccator for 24 h and sterilised by exposure to ultraviolet irradiation. Specimens were
placed in a separate container and exposed to Hank’s balanced salt solution (H8264, Sigma Aldrich,
Arklow, Ireland) on all surfaces of the test region. The ratio of solution volume (mL) to exposed
specimen surface area (cm2) was approximately 62.5 and 30.6 for dog bone and wire specimens,
respectively; well above the minimum ratio recommended for Mg alloys [19]. Corrosion testing was
performed under sterile conditions in an incubator (Nuaire NU-5500E, 37 ± 2 ◦C, 5% CO2) where the
pH of the SBF was measured (HI-98127, Hanna Instruments, Woonsocket, RI, USA) and maintained
within a physiological range (6.5–7.9). Specimens were removed at various intervals of time, cleaned
in a 10% chromic acid solution (27081 Sigma Aldrich, St. Louis, MO, USA) at 55 ◦C in order to remove
corrosion products, and weighed using a mass balance with a resolution of 0.00001 g (Sartorius RC210P,
Gottingen, Germany). Corrosion surfaces were imaged using a SEM.

Furthermore, the quantification of Mg ion release from specimens (wire) was determined using
inductively coupled plasma atomic emission spectrometry (ICP-AES), (Varian Liberty 150, Agilent
Technologies Inc., Palo Alto, CA, USA) with the instrument optimised at 279.553 nm wavelength on
aqueous solutions. The specimens were incubated in 10 mL cell culture medium (medium 200, without
supplements) for 72 h in a humidified atmosphere (5% CO2, 95% air at 37◦ tem) [20]. The samples
were acidified in 10% HNO3 before measuring by ICP.

2.3. Cell Viability

The biocompatibility of the specimen (wire) was evaluated using human umbilical vein
endothelial cells (HUVECs, Bioscience, Shannon, Ireland). HUVECs were maintained in medium 200
(M200 PRF, Bioscience) supplemented with Low Serum Growth Supplement (LSGS, Bioscience) at
37 ◦C in a humidified atmosphere of 5% CO2.

The indirect cell viability MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was employed [21,22]. In brief, Mg alloys were kept in the cell culture medium for 72 h,
which gives an extraction medium containing 103.3 ppm Mg2+ ion (measured by ICP). Both sides
of specimens were exposed to UV radiation for 2 h before extraction of the medium containing
magnesium ions. The extracted medium was diluted to 10% concentration using medium M200 with
supplements (Low Serum Growth Supplement) in preparation for the cell viability assays. HUVECs
were seeded onto 96-well cell culture plates at 5 × 103 cells per 100 mL medium in each well and
incubated overnight in order to ensure attachment to the well. The medium in each well was replaced
with 100 mL of Mg extract with supplements (Low Serum Growth Supplement) and incubated in
a humidified atmosphere with 5% CO2 at 37 ◦C for 1, 3, 5, and 7 days [23]. The culture medium with
10% DMSO, with and without extracted medium, were considered the positive and negative controls,
respectively. After incubation the cells were treated with MTT dye and the absorbance was measured
using a Synergy multi-mode micro-plate reader at a wavelength of 570 nm.

3. Results

3.1. Mechanical Testing

Based on the results of the immersion tests the mass lost over time by the dog-bone and wire
specimens is shown in Figure 1a. It can be seen that both specimen types exhibited a relatively
low rate of corrosion for the first 1 to 2 days immersion; however, it increased thereafter to give
a steady average corrosion rate of 0.021 mg·cm−2·h−1 and 0.011 mg·cm−2·h−1 for dog-bone and wire
specimens, respectively. The corrosion test for the dog-bone specimens was terminated at 11 days as
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the majority of specimen mechanical integrity had been lost, corresponding to a mass loss of about
40%. The corrosion test for the wire specimens was terminated at 30 days as the corrosion-induced
loss of mechanical integrity of the specimens was high, despite a relatively small mass loss of 9.4%.

The solution pH for specimens was maintained within physiological levels for the duration of
the corrosion tests, as shown in Figure 1b. Compared to the pH of the stainless steel 316L control
specimens, the increase in pH observed for WE43 may be attributed to specimen corrosion resulting in
the release of Mg into the SBF.

Representative stress–strain curves are shown in Figure 2 for (a) dog-bone and (b) wire specimens,
respectively. For both specimen types, specimen strength and failure strain decreased significantly
with immersion time. It can be observed that the corrosion-induced loss of mechanical integrity was
very advanced after 11 days and 30 days for dog-bone and wire specimens, respectively. Further,
the yield stress and UTS for both specimen types dimished significantly over time, as shown in Figure 3.
The greatest reduction in yield stress and UTS was observed for the dog-bone specimens, as shown
in Figure 3a.
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3.2. Surface Morphology Studies

Representative SEM images, displaying typical surfaces on dog-bone and wire specimens are
shown in Figures 4 and 5, respectively. A significant change in the morphology of the surface layer
was observed owing to the formation of pit-like corrosion features on dog-bone specimens (Figure 4b)
and wire specimens (Figure 5b,c) after 2 days and 3 to 6 days, respectively. For both specimen types
the corrosion attack advanced across large regions of the surface, in a layer-by-layer manner, thus a
relatively uniform specimen morphology resulted after 6 days and 20 days immersion for dog-bone
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(Figure 4e) and wire specimens (Figure 5e), respectively. The layer of corrosion products that formed
on the specimens (not shown here) was found to be typically composed of Ca, O, P, Mg, Cl, and C,
as measured by an energy-dispersive X-ray spectrometer (INCA Energy 350 XT microanalysis system).
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3.3. Indirect Cytotoxicity Evaluation of Mg Ions on HUVECs

The Mg WE43 implant materials are intended for use in various bio-implants ranging from
fracture fixation to cardiovascular applications. In this study, the cytotoxicity of an Mg specimen (wire)
was examined using a MTT assay evaluating the proliferation and viability of the HUVECs (commonly
used to evaluate stent materials) in contact with Mg ions extracted from alloys (Figure 6). It was
observed that the cell viability of HUVECs increased with the increasing exposure time in the presence
of Mg extracts (103.3 ppm), which indicates that the extracted cations promoted healthy growth of the
cells. The cell viability of extracts was higher than 85% on days 3, 5, and 7 as compared to less than
40% in the DMSO control.

J. Manuf. Mater. Process. 2017, 1, 8  6 of 9 

 

 
Figure 5. Typical morphology of wire specimens after immersion times of (a) 0 day; (b) 3 days; (c) 6 
days; (d) 10 days; (e) 20 days; and (f) 30 d. (SEM Magnification: 400×). 

3.3. Indirect Cytotoxicity Evaluation of Mg Ions on HUVECs 

The Mg WE43 implant materials are intended for use in various bio-implants ranging from 
fracture fixation to cardiovascular applications. In this study, the cytotoxicity of an Mg specimen 
(wire) was examined using a MTT assay evaluating the proliferation and viability of the HUVECs 
(commonly used to evaluate stent materials) in contact with Mg ions extracted from alloys (Figure 6). 
It was observed that the cell viability of HUVECs increased with the increasing exposure time in the 
presence of Mg extracts (103.3 ppm), which indicates that the extracted cations promoted healthy 
growth of the cells. The cell viability of extracts was higher than 85% on days 3, 5, and 7 as compared 
to less than 40% in the DMSO control. 

 

Figure 6. Effect of Mg ions (103.3 ppm) on the HUVECs examined by MTT assay after 1, 3, 5, and 7 
days of exposure. 

  

Figure 6. Effect of Mg ions (103.3 ppm) on the HUVECs examined by MTT assay after 1, 3, 5, and 7 days
of exposure.

4. Discussion

The relatively high corrosion rates of Mg alloys observed in vivo and in SBF, may generally
be attributed to the inability of Mg surfaces to naturally passivate in aqueous chloride-containing
solutions at physiological pH levels and the influence of other aggressive ions such as phosphates,
sulphates, and carbonates [24]. Mg alloys are susceptible to corrosion owing to galvanic activity
among their primary constituents namely, primary α, eutectic α, and β-phases. Corrosion attack often
involves galvanic coupling between anodic and cathodic areas that result in preferential dissolution of
the (anodic) Mg matrix (α-phase), leading to undermining and fallout of the secondary phase particles,
and cathodic reduction of water [25]. A relatively uniform galvanic corrosion attack was observed in
this study (Figures 4 and 5). Small pits initiated on the affected surface and spread laterally over the
whole surface but tended not to form deep pits owing to the self-limiting nature of localised corrosion
in Mg, as observed in a previous study [26]. The steady-state corrosion rates (0.021 mg·cm−2·h−1 and
0.011 mg·cm−2·h−1) measured in this work (Figure 1) correspond to corrosion rates of 0.99 mm/year
and 0.52 mm/year for dog-bone and wire specimens, respectively. These corrosion rates are comparable
with those previously reported for Mg alloys in vitro [27]. It is interesting to note that the corrosion
rate of the dog-bone specimens (0.99 mm/year) was found to be approximately 1.9 times greater
than that of the wire specimens (0.52 mm/year). As the composition and surface finishing of both
specimens was very similar, the difference in corrosion rates may be attributed to differences in
materials processing [28]. For example, variations in crystallographic orientation that result from
different materials processing in magnesium alloys have a strong influence on surface processes such
as corrosion, dissolution, and oxidation.

The corrosion-induced reduction in the stress-strain response (Figure 2) and mechanical properties
(Figure 3) observed in the corrosion tests likely resulted from the reduction in specimen cross-section
and the influence of stress concentrations in corroded regions, as reported in previous studies [17].
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The corrosion-induced loss of mechanical integrity (yield stress and UTS) observed for dog-bone
specimens (Figure 3a) was relatively linear over time and had progressed significantly by 11 days.
For wire specimens (Figure 3b), a large loss of mechanical integrity was observed after 3 days beyond
which the rate of loss was linear and significantly lower when compared to dog-bone specimens.

The cytotoxicity study shows increased cell viability overtime in the presence of the Mg alloy
extract (Figure 6). The lower viability at the first day of exposure can be attributed to the high rate of
corrosion in the initial stages of exposure. It could be concluded that Mg ions increase cell viability
over longer exposure times (seven days). The result demonstrates that the Mg alloy extraction medium
has a positive influence on the viability and proliferation of the HUVECs.

These results agree with the previous observation, where no inhibitory effect of alkali-heat-treated
Mg (NaHCO3-MgCO3) was recorded on marrow cell growth [20]. It was observed that Mg-0.5 Sr alloy
increases HUVEC viability over a seven day period of exposure. It was also reported that abundant
Mg ions released from the Mg/Ca specimen to the culture medium can enhance the cell attachment
and promote the proliferation and growth of the L-929 cells [29].

5. Conclusions

A relatively uniform corrosion attack was observed in this study when compared to previous
studies involving bulk specimens and specimens prepared by surface treatments unsuited to medical
device manufacture such as mechanical polishing using silicon carbide papers [14]. In this study,
the corrosion rate for dog-bone specimens was shown to be approximately 1.9 times greater than that
for wire specimens of the same material composition. The findings demonstrate the strong influence
upon corrosion kinetics of materials processing, surface finishing, and corrosion environment and for
Mg alloys. Furthermore, the cell viability result demonstrate that the Mg alloy extraction medium has
a positive influence on the viability and proliferation of the HUVECs, and in particular, the presence
of Mg ions increase cell viability over longer exposure times (seven days). This work provides some
new insight into the mechanical properties, temporal corrosion performance, and biocompatibility of
WE43 Mg alloy tubes and wires suited for use in the manufacture of bioabsorbable medical devices.
The data presented could also help inform future computational models for the preclinical assessment
of Mg implants.
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