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Biodegradable  magnesium  (Mg)  has  garnered  attention  for its use in orthopaedic  implants  due to  mechan-
ical properties  that  closely  match  to  those  of bone.  Studies  have  been  undertaken  to  understand  the
corrosion  behaviour  of  these  materials  and their effects  on  bone  forming  cells.  However,  there  is  lack  of
research  on  how  the  corrosion  of  these  biomaterials  affect  surrounding  tissues  such  as skeletal  muscle.
Mg  plays  an  important  role in  the  structural  and functional  properties  of  skeletal  muscle.  It  is therefore
important  to  investigate  the  response  of skeletal  muscle  cells  to  both  soluble  (Mg  ions)  and  insoluble
(corrosion  granules)  corrosion  products.  Through  in  vitro  studies  it is  possible  to  observe  the effects
of  corrosion  products  on myotube  formation  by  the  fusion  of  single  muscle  precursor  cells  known  as
myoblasts.  To achieve  this  goal,  it is important  to determine  if these  corrosion  products  are  toxic  to
myotubes.  Here  it was noted  that  although  there  was a slight  decrement  in  cellular  viability  after  initial
exposure,  this  soon  recovered  to control  levels.  A  high  Ca/Mg  ratio  resulted  in the  formation  of  large
myotubes  and  a low  Ca/Mg  ratio  negatively  affected  myotube  maturation.  Mg2+ and  Ca2+ ions  are  impor-

tant  in  the  process  of myogenesis,  and  the  concentration  of these  ions  and  the  ratio  of  the  ions  to  each
other  played  a significant  role  in myotube  cellular  activity.  The  outcomes  of  this  study  could  pave the
way  to a bio-informed  and integrated  approach  to  the  design  and  engineering  of  Mg-based  orthopaedic
implants.

©  2019  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
. Introduction

Muscle, bone and tendon are integral components of the mus-
uloskeletal system, and collectively these tissues work together
o provide the framework of the body and determine movement
nd degree of flexibility. Damage to skeletal muscles can be caused
y trauma, contusions and strains during sporting activities and
hese injuries can also result in bone fractures. The severity of the

urrounding soft tissue damage and type of fracture influence the
ethod of treatment. Furthermore, soft tissue injuries can cause

ignificant clinical complications such as infection, soft tissue loss

∗ Corresponding author.
E-mail address: Y.liu3@lboro.ac.uk (Y. Liu).

ttps://doi.org/10.1016/j.jmst.2019.01.020
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
or non-union. Increase in delayed union and non-union have been
reported when there is damage to skeletal muscle [1,2]. During frac-
ture healing, the lack of intact muscle has been shown to affect the
healing process resulting in delayed bone deposition, callus remod-
elling, and reduced vascularization [3]. It has also been shown that
loss of large amounts of muscle tissue impairs fracture healing,
whilst molecules released from intact muscle enhanced bone heal-
ing [4].

Complex fractures require fixation to hold the broken bones
in the proper position for healing, with implants such as screws,
plates, wires and nails being routinely used to reposition the bone
fragments. The implants in current use for bone fixation are made

from metals such as stainless steel and titanium, however the use
of novel biodegradable Mg  as orthopaedic implants has attracted
attention as they have mechanical properties similar to bone [5–8].
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urthermore, studies have been published showing the success-
ul use of Mg-based implants in clinical trials [9–11]. While there
s considerable research on the influence of Mg  alloy corrosion
ehaviour on bone forming cells, there is limited research on the
ffect on skeletal muscle cells.

When considering the responses of adult skeletal muscle to Mg
ons, it is important to take into account its cellular physiology.
keletal muscle fibres are terminally differentiated multinucleated
ells, which shows great plasticity, and can undergo growth and
trophy in responses to a variety of stimuli through changes in
ene expression. Muscle Ring Finger-1 (MuRF-1) and Muscle Atro-
hy F-box (MAFbx) are two such genes which are highly induced in

 variety of states of muscle atrophy [12,13] and are often used as
arkers of the early stages of muscle catabolism. In addition, skele-

al muscle has the ability to regenerate due to a population of stem
ells located between the sarcolemma and the basement mem-
rane of terminally differentiated muscle fibres termed satellite
ells. Following activation, satellite cells undergo asymmetric divi-
ion to generate new satellite cells and myoblasts. The myoblasts
roliferate to generate new myonuclei, and fuse together to form
ither new fibres or add to existing muscle fibres. As such, Mg  ions
ave potential to impact skeletal muscle via post-natal or regenera-
ive pathways. Mg  also plays an important role in muscle function;
nd it has been shown that Mg  deficiency can inhibit muscular
rowth [14] and negatively affect structural and functional prop-
rties of skeletal muscle [15]. The study presented here aims to
nvestigate the responses of skeletal muscle cells to both soluble
Mg ions) and insoluble (corrosion granule) corrosion products of

g and magnesium-calcium (Mg-Ca) alloy to test whether these
roducts have any negative effects on skeletal muscle cell physiol-
gy.

. Materials and methods

.1. Mg  sample preparation

Commercial pure Mg  (99.9%) and Mg-Ca (1% Ca weight per-
entage) alloy in the form of cylindrical ingots were supplied by

 partner from Peking University, Beijing, China [16]. Disks were
achined from ingots and sterilised as previously described [17].
g disks had average measurements of 12.2 mm (in diameter),

.75 mm (in depth), and 1.00 g. Mg-Ca disks had average measure-
ents of 16.0 mm  (in diameter), 3.50 mm (in depth), and 1.50 g.

.2. Preparation of Mg  corrosion products in vitro

Mg/Mg-Ca corrosion products were prepared as previously
escribed [17]. Briefly Mg/Mg-Ca disks were immersed in 400 mL
f HyCloneTM High Glucose Dulbecco’s Modified Eagles Medium
Fisher Scientific, UK, DMEM)  with L-glutamine (GE Healthcare, UK)
nd kept in a humidified atmosphere at 37 ◦C and 5% CO2 for 72 h.
art of the conditioned medium was filtered using a 0.22 �m sterile
lter (Millipore, UK) to prepare a condition medium free of partic-
late (filtered medium), while the other half was left unfiltered
non-filtered medium). The stock conditioned medium (100) was
iluted 1:2 (50), 1:4 (25) and 1:10 (10) with fresh DMEM and then
upplemented with 7% (v/v) foetal bovine serum (FBS, Pan Biotech,
K) and 1% penicillin-streptomycin (Pen-Strep, Fisher).

.3. Chemical quantification of major ions in corrosion products

Following corrosion, the concentration of Mg2+ and Ca2+ ions

n the conditioned media was analysed using inductively coupled
lasma optical emission spectrometry (ICP-OES), (iCAP 6000 series,
hermoFisher Scientific, USA) and ITEVA analyst software (iCAP,
hermoFisher). Mg/Mg-Ca conditioned media were diluted and
e & Technology 35 (2019) 2503–2512

ICP-OES analysis was conducted as follows: 0.20 g, of the differ-
ent concentrations of Mg/Mg-Ca filtered conditioned media was
weighed and transferred into a tube, along with 0.40 g of 2% v/v
nitric acid and 9.50 g of deionized water. Calibration standards
required for the construction of a standard curve covering the
range of analyte concentration were prepared as follows: 28 ele-
ment standards (100 ppm, Fisher) were serially diluted in 2% v/v
nitric acid resulting in the following concentrations, 50 ppm, 5 ppm,
0.5 ppm and 0.05 ppm. 2% v/v nitric acid was used as blank controls
and ICP-OES machine was used as per manufacturers’ instructions.
The measurement for Mg2+ and Ca2+ were measured at 279.5 and
317.9 wavelengths respectively. Each sample was  measured in trip-
licate. Every time the conditioned medium was prepared and the
ion concentration for Mg2+ and Ca2+ was measured.

2.4. Cell culture

C2C12 murine skeletal muscle myoblast cell line (European
Collection of Authenticated Cell Cultures, ECACC) was used for
experimental procedures. Cells were cultured in a humidified envi-
ronment at 37 ◦C and 5% CO2 in growth medium (GM) comprised of
79% DMEM (Fisher) supplemented with 20% (v/v) FBS (Pan Biotech)
and 1% Pen-Strep (Fisher). Once the cells were confluent growth
media was  switched to differentiation medium (DM) comprising
of 97% DMEM supplemented with 2% (v/v) horse serum (Life Tech-
nologies, UK) and 1% Pen-Strep. After 3 days of differentiation, the
media was  replaced with maintenance medium (MM) comprised
of 92% DMEM supplemented with 7% (v/v) FBS and 1% Pen-Strep.

2.5. Measurement of cell viability

C2C12 were seeded onto 24 well plates at a density of 2 × 104

cells/well in triplicate. Cells were cultured in GM for 24 h. After
24 h C2C12 growth medium was switched to DM for the fusion
of myoblast into myotubes. After 3 days in DM, mature myotubes
formed were further cultured in Mg/Mg-Ca filtered or non-filtered
medium. Cells cultured in MM were used as the standard control.
Viability of cells cultured with conditioned medium was measured
using the AlamarBlue® reagent (Invitrogen, Life Technologies) after
a total of 3 days in culture. AlamarBlue® cellular viability reagent
stock solution was  prepared by diluting 1:10 with unsupplemented
DMEM.  Cells were washed twice with 2 mL  phosphate buffered
saline (PBS) prior to being treated with 2 mL  per well AlamarBlue®

stock solution and humidified at 5% CO2 at 37 ◦C for 4 h. 100 �L
per well of solution was  then added to a black 96-well plate
and analysed for fluorescence intensity. Increased fluorescence of
AlamarBlue® reagent is indicative of an increase in cellular viability.
Fluorescence level of the supernatant was measured at excitation:
emission 530:590 nm and growth medium without cells was  used
as the blank sample. Fluorescence level from the background was
subtracted from the fluorescence level of the treated and the con-
trol sample. Cell viability ≥ 70% relative to the control was  defined
as a non-toxic effect; this is in accordance to the ISO standard for
biological evaluation of medical devices (ISO 10993-5:2009).

2.6. Myogenic genes expressed by C2C12 myoblasts

Mature myotubes formed as described earlier were treated with
Mg/Mg-Ca conditioned media. RNA was  extracted after 3 days of
culture in Mg/Mg-Ca conditioned media using RNeasy Kit (QIA-
GEN, UK) as per manufacturers’ instructions. The quantity and
purity of RNA was measured using a Nanodrop spectrophotome-

ter (ThermoFisher). The RNA produced was  used for quantitative
real time PCR (qRT-PCR) to amplify the primers of muscle related
genes: MAFbx and MuRF1 using a one-step real time PCR machine
(ViiA 7, Applied Biosystems), QuantiFast SYBR Green RT-PCR Kit
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Table  1
Sequence of the primers for muscle related genes.

Species Gene of interest Forward Primer (5’-3’) Reverse Primer (5’-3’)

AGA ATA GCC ACC AG CGC TCT TCT TCT CGT CCA G
GTT CTT GAA GAC CAG GTG TGC ATA AGG ATG TGT AG
AAG GGA ACT TGT GGT AT GCA TCA TTA AAT GGA GTA GCG TC
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Table 2
Concentration of Ca2+ and Mg2+ ions in the conditioned media following the corro-
sion of pure Mg.

Ion concentration (mean ± SD)

Sample Ca (mM)  Mg  (mM)  Ca:Mg

Mg100 0.8 ± 0.2 16.9 ± 1.1 0.05
Mg50 1.2 ± 0.2 10.8 ± 1.2 0.1
Mg25 1.5 4.9 ± 0.4 0.3
Mg10 2.1 ± 0.7 3.1 ± 0.7 0.7
Control 2.2 ± 0.6 0.9 ± 0.2 2.0

Table 3
Concentration of Ca2+ and Mg2+ ions in the conditioned media following the corro-
sion of Mg-Ca.

Ion concentration (mean ± SD)

Sample Ca (mM)  Mg  (mM)  Ca:Mg

MgCa100 1.9 ± 0.3 3.9 ± 1.1 0.5
MgCa50 1.7 ± 0.1 2.4 ± 1.2 0.7
MgCa25 1.7 ± 0.3 1.6 ± 0.4 1.0
Mouse
MuRF-1 CCA AGG 

MAFbx CTG AAA 

RP2-�  GGT CAG 

QIAGEN, UK) and reverse and forward primers designed and val-
dated within house (Table 1). RP2-� was used as the endogenous
ontrol. Amplification was performed for 40 cycles, consisting
f reverse transcription at 50 ◦C for 10 min, DNA polymerase
ctivation at 95 ◦C for 5 min, denaturation at 95 ◦C for 10 s and
nnealing/extension at 60 ◦C for 30 s. Melting curves were gen-
rated to distinguish and exclude non-specific amplifications and
rimer dimers. Ct values were analysed by the comparative Ct
��Ct) method. Ct value of each sample was normalised with the
verage Ct value of the endogenous control. The fold change in gene
xpression was calculated as 2(−��Ct).

.7. Mature myotube actin filament staining

Glass cover slips were pre-coated with 1 mL  of 0.2% gelatin
olution (Sigma Aldrich, UK) and incubated for 30 min  to allow
ttachment of cells to the surface. Cells were seeded on the cover
lips in a six well plate at a seeding density of 1 × 105 cells/well.
ells were cultured in GM until confluent. Once the cells were con-
uent medium was switched to DM for the fusion of myoblast into
yotubes. After 3 days in DM mature myotubes were formed, and

he medium was changed to Mg/Mg-Ca filtered and non-filtered
edium. After 3 days culture in Mg/Mg-Ca conditioned media

ells were fixed with 2% formaldehyde (Sigma) for 30 min. Fixed
ells were stained with rhodamine phalloidin (1:40, Life Technolo-
ies) and 4′,6-diamidino-2-phenylindole (DAPI, 1:1000, Sigma).
he cells were left for 60 min  at room temperature in the dark.
fter incubation the fixed cells on cover slips were mounted on
lass slides for imaging. The cells were visualised with a Leica
M2500 fluorescence microscope to determine degree of differ-
ntiation.

.8. Image analysis of myotubes

A multinucleated myotube is formed when myoblasts fuse
ogether. The number of nuclei per myotube can be used as an indi-
ation of myotube size. The more myoblasts that fuse together the
igger the myotube and the higher the number of nuclei present
er myotube. For analytical purposes, a myotube was  defined as

 cell unit that stained positive for phalloidin and containing at
east 3 nuclei. 21 images from 3 biological repeats for each sam-
le treated with various concentrations of Mg/Mg-Ca conditioned
edia were analysed. For myotubes treated with Mg/Mg-Ca condi-

ioned media, size of myotubes were organized into 4 groups, 3–10
uclei/myotube (small), 11–50 nuclei/myotube (medium), 51–100
uclei/myotube (large) and 101–300 nuclei/myotube (extra-large).
verage myotube width was also quantified for each of these con-
itions.

.9. Statistical analysis
Statistical analysis was performed using SPSS software (IBM,
SA), multivariate analysis of variance and one-way ANOVA,

ncluding Tukey’s post hoc tests, were performed to detect signifi-
ant (p < 0.05) effects of the experimental variables.
MgCa10 2.2 ± 0.4 1.2 ± 0.7 2.0
Control 2.2 ± 0.6 0.9 ± 0.2 2.0

3. Results

3.1. Chemical analysis of corrosion products in the conditioned
media

ICP-OES was used to measure the amount of Mg2+ and Ca2+

ions present in the conditioned medium following the corrosion
of Mg/Mg-Ca biomaterials in vitro. As indicated in Table 2, the con-
centration of Ca2+ ions in Mg100 conditioned media was reduced to
0.8 mM,  significantly less than was present in the control (2.2 mM).
But as the conditioned media was  diluted to Mg50, Mg25 and Mg10
the concentration of Ca2+ ions was  replenished by the addition of
fresh medium and the Ca/Mg ratio was  also increased. The dilution
of the conditioned media also resulted in the reduced concentration
of Mg2+ ions. Mg-Ca alloy corroded slower than pure Mg  leading
to less Mg2+ ions being released into the medium as indicated in
Table 3. The highest concentration of Mg2+ ions detected in Mg-
Ca100 conditioned medium (3.9 mM)  was 4 times less than the
concentration detected in Mg100 conditioned medium (16.9 mM).
As observed with pure Mg  corrosion, the corrosion of Mg-Ca also
resulted in the depletion of Ca2+ ions from the medium, however
the Ca/Mg ratio of Mg100 conditioned medium was 10 times less
compared to Mg-Ca100 conditioned medium.

3.2. Responses of myotubes to the presence of conditioned media

A reduction in metabolic activity was  observed when cells were
cultured in Mg  filtered medium on day 1, however metabolic activ-
ity was  improved by days 2 and 3. In non-filtered medium, low
metabolism was only observed in samples treated with Mg25
and Mg10 at day 1. Overall the metabolic activity of Mg treated

myotubes was still above 70% throughout the culture period, even
at the highest concentration of 16.9 mM (Mg100), suggesting no
cytotoxic effects for both filtered and non-filtered medium (Fig. 1).
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Fig. 1. Effect of Mg  conditioned media on mature myotube metabolic activity was
investigated using the AlamarBlue® assay. Myotubes were cultured in various con-
centrations of (A) Mg  filtered medium and (B) Mg  non-filtered medium over a period
of  3 days. Metabolic actvity for all concentrations at all time points was above 70%,
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Fig. 2. Effect of Mg-Ca conditioned media on mature myotube metabolic activity
was investigated using the AlamarBlue® assay. Myotubes were cultured in various
concentrations of (A) Mg-Ca filtered medium and (B) Mg-Ca non-filtered medium
over a period of 3 days. Treatment with Mg-Ca conditioned media resulted in
uggesting no cytotoxic effects. The dotted line at 100% metabolic activity repre-
ents the control. The bars represent the mean and standard deviation in the positive
rientation of three independent experiments, each with n = 3.

The treatment of myotubes in the presence of Mg-Ca condi-
ioned media (filtered and non-filtered medium) resulted in an
ncrease in metabolic activity when comparing the various concen-
rations to the control at each time point (Fig. 2), with a maximum
ncrease of 1.5 times observed in MgCa100 filtered media at day 2
f culture. However, by day 3 a reduction in metabolic activity was
bserved compared to days 1 and 2 across conditions, particularly

n non-filtered medium, but activity was still above the control.

.3. Morphological analysis of myotubes following treatment
ith conditioned media

Fig. 3 shows images of myotubes captured on day 3 of cul-
ure in Mg  conditioned media. The morphological observations
emonstrated a slight reduction in total nuclei number per image
cross all conditions when compared to control, however these
ifferences were not significant indicating that a healthy cellular
opulation was present across each of the conditions (Fig. 4(A)).
verage myotube widths were comparable to control in each of

he culture conditions, with the exception of Mg50 non-filtered
edium which demonstrated increased widths compared to both

ontrol and each of the filtered media conditions (p < 0.01). How-
ver, a general trend was observed indicating increased myotube
idths in the cells cultured in all the Mg  non-filtered conditions,

hen compared to both control and the Mg  filtered conditions

Fig. 4(B)).
Imaging analysis was also performed to quantify the size dis-

ribution of myotubes presented in the field of view of randomly
enhanced metabolic activity. The dotted line at 100% metabolic activity represents
the control. The bars represent the mean and standard deviation in the positive
orientation of three independent experiments, each with n = 3.

selected images based on the number of nuclei contained. When
cells were treated with Mg100 conditioned media (filtered and
non-filtered medium) there was a significantly higher (p < 0.001)
percentage (80%) of small myotubes compared to the control (50%)
(Fig. 5(A)). However, when the concentration of Mg  conditioned
media (filtered and non-filtered medium) was  diluted to Mg50 this
effect on myotube size was  reduced by at least 20%. Further dilu-
tion resulted in myotube size distribution similar to the control.
However, treatment with Mg10 non-filtered medium resulted in
a significantly lower (p < 0.05) percentage of smaller myotubes
and a significantly higher (p < 0.05) percentage of medium sized
myotubes in comparison to Mg100 non-filtered medium (Fig. 5(B)).
The average number of myotubes per image increased significantly
in the filtered Mg100 and Mg50 conditions compared to the non-
filtered Mg50 and Mg25 conditions (p < 0.05) (Fig. 5(C)). Overall,
the addition of non-filtered Mg  appeared to promote increases in
myotube size, which was  offset by a reduction in the number of
myotubes present per field of view.

Fig. 6 shows images of myotubes captured on day 3 of cul-
ture in MgCa conditioned media. Myotubes cultured within both
filtered and non-filtered MgCa conditions demonstrated a non-
significant reduction in total nuclei number per image across
all conditions when compared to control (Fig. 7(A)). Average
myotube widths were significantly increased in both MgCa25 and

MgCa10 filtered media (p < 0.05), as well as MgCa25 and MgCa10
non-filtered media (p < 0.01) conditions when compared to con-
trol. Significant increases in width were also observed between
the MgCa25 and MgCa10 non-filtered media, and MgCa100
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Fig. 3. Representative images showing actin filament staining of myotubes after treatment with various concentrations of Mg  conditioned media. (A–D) Images showing the
effect  of filtered medium on myotubes and (E–H) images showing the effect of non-filtered medium on myotubes. (I) Image showing cells cultured in the standard growth
medium (control). Scale bar=100 �m.
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Fig. 4. Myotube width analysis following treatment with Mg  conditioned medium. (A). No significant differences in total nuclei number per image across all conditions were
detected when myotubes were treated with Mg  conditioned medium. (B) When myotubes were treated with Mg50 non-filtered medium an increase in myotube width was
observed when compared to both control and each of the filtered media conditions (**, p < 0.01).

Fig. 5. Image analysis of stained myotubes following treatment with Mg filtered and non-filtered medium. (A) Treatment with Mg100 filtered medium resulted in a
significantly high (#, p < 0.001) percentage of smaller myotubes (3–10 nuclei/myotube) compared to control. (B) Treatment with Mg100 non-filtered medium also resulted
in  a significantly high (#, p < 0.001) percentage of smaller myotubes compared to control. (C) There was a significant increase (*, p < 0.05) in the number of myotubes per
field  of view when myotubes were treated with Mg100 and Mg50 filtered medium compared to treatment with Mg50 and Mg25 non-filtered medium. The bars represent
the  mean and standard deviation in the positive orientation of three independent experiments, each with n = 3.
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Fig. 6. Representative images showing actin filament staining of myotubes after treatment with various concentrations of Mg-Ca conditioned media. (A–D) Images showing
t  non-fi
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he  effect of filtered medium on myotubes and (E–H) images showing the effect of
reated with Mg-Ca conditioned medium; treatment with Mg-Ca resulted in the for

nd MgCa50 filtered media conditions (p < 0.01 in both cases)
Fig. 7(B)).

Myotube size, expressed as total nuclei per myotube, was
ncreased in MgCa100 filtered medium (Fig. 8(A)); there was a
ignificantly higher percentage (p < 0.05) of smaller myotubes

ompared to MgCa10 filtered medium. Furthermore, treatment of
yotubes with MgCa25 and MgCa10 filtered medium resulted in

 higher percentage (p < 0.01) of extra-large myotubes compared
o the control. When cells were cultured in Mg-Ca non-filtered
ltered medium on myotubes. No adverse effects were seen when myotubes were
n of larger myotubes compared to the control. Scale bar=100 �m.

media (Fig. 8(B)), myotube size distribution was  similar to the con-
trol for all the concentrations. Finally, number of myotubes per
field of view were significantly lower in the filtered MgCa25 and
MgCa10 condition, when compared with the non-filtered MgCa100
condition (p < 0.05) (Fig. 8(C)). Overall when myotubes were cul-
tured in filtered medium at lower concentrations there was  an
increase in myotube size, which was  again largely offset by a cor-

responding reduction in the number of myotubes present per field
of view.
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Fig. 7. Myotube width analysis following treatment with MgCa conditioned medium. (A). Culture of myotubes in MgCa conditioned media demonstrated a non-significant
r  to con
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eduction in total nuclei number per image across all conditions when compared
ltered  MgCa25 and MgCa10 (*, p < 0.05), as well as non-filtered MgCa25 and MgC
idth  were also observed between MgCa25 and MgCa10 non-filtered media, and M

.4. Effect of Mg  and Mg-Ca conditioned media on myotubes at
ene level

Gene analysis was performed to investigate the effects of high
oncentrations of Mg  corrosion products on myotubes. The expres-
ion of MurF1 and MAFbx was investigated following treatment
ith Mg  conditioned media. Gene analysis was performed on cells

reated with Mg  concentration ≥ 10 mM (Mg100 and Mg50). The
reatment of myotubes with Mg  filtered and non-filtered medium
ownregulated (*, p < 0.05) MurF1 expression compared to the con-
rol (Fig. 9(A)), whereas the expression of MAFbx was  upregulated
hen myotubes were treated with Mg100 non-filtered medium

ompared to control; however, only 0.4 fold changes was observed
Fig. 9(B)). The observed 0.4 fold changes is not a significant indi-
ator of muscle atrophy, therefore it can be concluded that the
resence of Mg  conditioned medium does not cause atrophy related
amage to the mature myotubes.

. Discussion

The corrosion of Mg/Mg-Ca alloy resulted in the release of
g2+, Ca2+ and phosphates ions into the medium [17,18]· Corro-

ion of Mg/Mg-Ca alloy also led to an increase in pH of the culture

edia [19]. However, the presence of sodium carbonate in DMEM

nd exposure to CO2 during cell culture resulted in the forma-
ion of a CO2/bicarbonate buffering system, similar to that in blood
20], and the formation of the corrosion layers and the kinetics of
trol. (B). A significant increase in average myotube widths was observed in both
*, p < 0.01) conditions when compared to control. Significant increases in myotube

0 and MgCa50 filtered medium (**, p < 0.01).

corrosion processes further affects the of Mg2+ release profile as
illustrated in our previous numerical study [21]. The degradation
behaviour of the two metals, pure Mg  and Mg-Ca alloy resulted in
two different media environments. The differences in these envi-
ronments had an impact on the muscle culture. The initial exposure
of Mg  conditioned medium to myotubes resulted in a decrease
in metabolic activity; however metabolic activity was still above
70% when compared to the control for all concentrations at all
time points, suggesting no cytotoxic effects. In the presence of Mg
conditioned medium, muscle cells were exposed to a higher Mg2+

concentration and the Ca/Mg ratio was  negatively correlated with
Mg2+ concentration when the conditioned medium was  diluted.
It was  noted that the Ca/Mg ratio in the control was 20 times
higher than in Mg100 and Mg50. On the other hand, when mus-
cle cells were exposed to Mg-Ca conditioned medium the opposite
effect was observed. Metabolic activity of myotubes was  signifi-
cantly enhanced compared to the control, suggesting that Mg2+ ion
concentration of 4 mM or less and higher Ca/Mg ratio is beneficial
for myotube cellular activities. Rubin et al., showed that Ca2+ ion
deprivation inhibited DNA synthesis, however high Mg2+ ion con-
centration reversed the effects of low Ca2+ ion concentration [22].
Hence, the variation of metabolic activity of myotubes in Mg con-
ditioned medium could be attributed to cellular responses to high
Mg2+ ion concentration, which counteracted the Ca2+ ion deficiency

effect.

Overall, the presence of Mg  filtered media appeared to have
negligible overall effect on the size of myotubes, whereas the pres-
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Fig. 8. Image analysis of the stained myotubes following treatment with Mg-Ca conditioned media. (A) When myotubes were treated with filtered medium, myotube size
distribution followed a trend similar to the control. However, treatment of myotubes with MgCa25 and MgCa10 filtered medium resulted in a higher percentage (p < 0.01)
of  extra-large myotubes compared to control. (B) The treatment of myotubes with Mg-Ca non-filtered medium also resulted in a size distribution similar to control. (C)
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reatment of cells with MgCa25 and MgCa10 filtered medium resulted in a signifi
reatment with MgCa100 non-filtered medium.

nce of Mg  non-filtered appeared to promote increases in myotube
ize, which was offset by a reduction in the number of myotubes
resent per area. However, it was also noted that the treatment
f myotubes with high Mg2+ ion concentration (Mg100 filtered
nd non-filtered media) resulted in a reduction in the number of
uclei contained per myotube, an indication of muscle size/fusion.
hen myoblast cells are induced to differentiate, not all myoblast

ells form myotubes; a mixed population of myoblasts and mature
yotubes exist. Most likely in the presence of high Mg2+ ion con-

entration (Mg100), mature myotubes detached from the culture
ubstrate. On the other hand, the unfused myoblasts where able
o initiate fusion; but due to low Ca2+ ion concentrations (below
.5 mM),  the fusion process was ineffective resulting in the for-
ation of smaller myotubes (low nuclei number/myotube). Ca2+

on concentrations of 1.5 mM are required for proper fusion of
yoblasts [23]. Furthermore, the low Ca2+ ion concentration in
g100 could have compromised the capability of fused myotubes

o maintain the cytosolic calcium level required via store-operated
ntry mechanisms [24]. Even though Mg2+ ions have been reported
o play a role in fusion, Ca2+ ions are the key player as high
oncentrations (10 mM)  of Mg2+ ions are required to compen-
ate for Ca2+ ion deficiency [25]. Important proteins required
or fusion such as calpains and integrins [26,27] are Ca2+ ion
ependent. Improper function of these proteins affects myotube

ormation resulting in short myotubes and accumulation of unfused
ells [28].
The effect of high Mg  conditioned medium concentration was
lso analysed at the gene level. Gene expression analysis of
AFbx and MuRF1 did not show atrophy related effects; in fact

 down regulation of these atrophy related genes was  observed.
 lower (#, p < 0.01) myotube number as measured per field of view compared to

Furthermore, implantation of Mg  in vivo did not show muscle
damage [28], hence it can be concluded that Mg  and its corro-
sion products do not cause adverse effects on skeletal muscle. It
has been identified that cellular response to extracellular Mg2+ ion
concentration depends on cell type and the differentiation stage of
the treated cells [29]. The reduced size of myotubes observed may
imply that the high concentration of Mg  conditioned media could
also play a role in metabolic activities during myoblast differentia-
tion and tissue maturation [30].

On the other hand, exposure to Mg-Ca conditioned media
resulted in large or hypertrophic myotubes. Fusion of myoblasts
to myotubes or myotubes to myotubes indicates a high rate of
protein synthesis [28]. The increase in metabolic activity observed
here and also proved by the previously published proteomic data
could have contributed to the formation of large myotubes [31].
It is believed that maintaining a high Ca/Mg ratio is important in
the formation of large myotubes; calcium dependent signalling has
been shown to be involved in the induction of hypertrophy [32]. It
can be concluded that a high Mg2+ ion concentration is required
for accelerating cell proliferation but the availability of Ca2+ ions is
crucial for myotube formation.

This is the first and only study to date to demonstrate the effect
of Mg  and Mg-Ca corrosion products on mature myotubes in vitro.
This study has revealed the importance of not only looking at bone
forming cells but also muscle cells when investigating bone regen-
eration in the presence of a corroding Mg  implant. Future research

on Mg  biomaterial engineering should also consider the interaction
of alloyed element released during corrosion process, with the cor-
responding biological system that the biomaterials are intended to
be used.
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Fig. 9. The effect of corrosion products at gene level on myotubes treated with Mg
conditioned medium for 3 days. (A) Fold change in the gene expression of MuRF1
following treatment with Mg conditioned medium. Treatment of myotubes with
Mg  conditioned medium resulted in a significant downregulation (*, p < 0.05) of
MurF1. (B) Treatment of myotubes with the presence of Mg100 non-filtered medium
resulted in a significant increase (*, p < 0.05) in the expression of MAFbx compared
to Mg100 filtered and Mg50 non-filtered medium. A significant downregulation
of  MAFbx was also observed when myotubes were treated with Mg100 filtered
medium compared to control. The fold change is relative to the control sample, rep-
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[30] G. Farruggia, S. Castiglioni, A. Sargenti, C. Marraccini, A. Cazzaniga, L. Merolle,
S.  Iotti, C. Cappadone, J.A.M. Maier, Magnes. Res. 27 (2014) 25–34.

[31] Z. Zhen, B. Luthringer, L. Yang, T. Xi, Y. Zheng, F. Feyerabend, R. Willumeit, C.
Lai, Z. Ge, Mater. Sci. Eng. C 69 (2016) 522–531.

[32] S.E. Dunn, J.L. Burns, R.N. Michel, J. Biol. Chem. 274 (1999) 21908–21912.
esented by a fold change of 1 (dotted line). Target gene expression was normalised
o  the endogenous control (RP2-�). The bars represent the mean and standard
eviation in the positive orientation of two independent experiments, each with

 = 3.

. Conclusions

Concentration of Mg2+ ions and the ratio between Mg2+ and Ca2+

ons play a significant role in maintaining the cellular activities of
yoblasts and muscle regeneration. Initial exposure of myotubes to

igh Mg  corrosion product concentration reduced cell viability, but
ver time the myotubes were able to adapt. Over the time period

nvestigated, cells responded differently to Mg  and Mg-Ca condi-
ioned media. A high Ca/Mg ratio resulted in the formation of large

yotubes and a low Ca/Mg ratio resulted in small sized myotubes.
igh Mg2+ ion concentration between 4–10 mM can accelerate cell
roliferation but the availability of Ca2+ ion is crucial for myotube

ormation.
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