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Abstract The use of magnesium (Mg) as a biodegradable
metallic replacement of permanent orthopaedic materials is
a current topic of interest and investigation. The appro-
priate biocompatibility, elastic modulus and mechanical
properties of Mg recommend its suitability for bone frac-
ture fixation. However, the degradation rates of Mg can be
rapid and unpredictable resulting in mass hydrogen pro-
duction and potential loss of mechanical integrity. Thus the
application of calcium phosphate coatings has been con-
sidered as a means of improving the degradation properties
of Mg. Brushite and monetite are utilized and their deg-
radation properties (alongside uncoated Mg controls) are
assessed in an in vivo subcutaneous environment and the
findings compared to their in vitro degradation behaviour
in immersion tests. The current findings suggest monetite
coatings have significant degradation protective effects
compared to brushite coatings in vivo. Furthermore, it is
postulated that an in vitro immersion test may be used as a
tentative predictor of in vivo subcutaneous degradation
behavior of calcium phosphate coated and uncoated Mg.
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1 Introduction

Magnesium (Mg) is a lightweight metal suggested for
investigations as a degradable replacement for current
permanent metallics used for orthopaedic applications [1—
10]. Mg demonstrates, not only biocompatibility, but also
the ability to promote osteogenesis and exhibits an elastic
modulus closer to that of human bone compared to titanium
and stainless-steel [11-15]. Subsequently, Mg offers the
advantage of sufficient mechanical integrity for bone fix-
ation and immobilization in fracture management, whilst
mitigating stress shielding, and the requirements of a sec-
ond surgery for implant removal associated with permanent
devices.
Mg degrades via the following equation (overall)

Mg" + 2H,0 < Mg(OH), + Hy(gu)

In an aqueous environment, Mg corrodes and develops a
thin Mg hydroxide film on its surface, which creates a poor
passivation layer, and gaseous hydrogen as a by product
[16]. In an in vivo environment, excess hydrogen causes
gas pocket formation, and the resulting hydroxide ions
(OH™) cause an increase in alkalinity in surrounding tissue
[17]; both of which have been shown to retard healing [18].
Thus, whilst the degradation properties of Mg are advan-
tageous, the corrosion rate must be closely controlled to
minimise hydrogen gas production [18, 19] and avoid
premature mechanical failure [20-24] to allow effective
bone healing.

Calcium phosphate coatings have long been utilised as a
means of increasing the biocompatibility of permanent
metals in orthopaedic use owing to their natural occurrence
in several biological structures, including teeth and bone
[25, 26]. Different calcium phosphate phases not only have
different solubility co-efficients and biocompatibility
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properties depending on environmental conditions
(including pH, temperature and environmental composi-
tion), but also often require different synthesis protocols
[3]. Calcium phosphate coating technologies used in recent
research include, but are not limited to, sol-gel protocols
[27-29], electrodeposition [30-32], biomimetic techniques
[33-35] and plasma spraying [36-38]. These protocols
frequently focus on titanium substrates and concentrate on
improving the biocompatibility of the substrate [39-42].
More recently, the use of calcium phosphates and their
coating technologies have been used to address and
improve the corrosion properties of degradable metals [11,
43-46].

The suggestion of calcium phosphates as a corrosion
resistant coating for Mg requires the development of a
coating technology that will not affect the surface integrity
of the substrate, whilst providing effective adherence and
transient protection of the substrate. In previous studies, we
developed an alternative and novel immersion coating
protocol, which has been successfully used for the appli-
cation of brushite (dicalcium phosphate dehydrate) and
monetite (dicalcium phosphate anhydrous) calcium phos-
phate bioceramic coatings to reduce and control the rate of
corrosion on Mg substrates in vitro [47]. Brushite is a
precursor to the more stable and insoluble hydroxyapatite
(HA) [48-50] with a relatively low solubility coefficient
compared to most calcium phosphates [51-53]. Further-
more, thermal hydrolysis results in conversion to monetite
and may be promoted by the presence of Mg ions which
can disrupt brushite crystal formation favouring conversion
to monetite [54]. In turn, monetite is capable of converting
to HA under favourable conditions also including in vivo
scenarios [3, 54, 55]. Literature further suggests monetite
to exhibit lower passive and active degradation when
compared to brushite in in vitro corrosion studies [56].
Whereas, in vivo monetite ceramics exhibit faster resorp-
tion rates compared to brushite, as seen when implanted in
rabbit cortical bone over 4 weeks period [57]. This same
phenomenon is observed in vivo (as in the current study),
with monetite obtained by the conversion of brushite using
hydrothermal processes [58].

Although the increased solubility of both brushite and
monetite compared to insoluble HA suggests poor long-
term corrosion resistance, we propose that the solubility
will be adequate for controlled degradation of under-lying
Mg substrates, whilst providing a source of calcium (Ca*™)
and phosphate (HPO, ") ions for enhanced osteogenicity.
Osteoclastic activity in vivo has shown Ca*" and HPO,~
release from the bone matrix which has in turn demon-
strated significant effects on bone cell proliferation and
differentiation [59]. Furthermore, Ca%t (intracellular and
extracellular) has been identified as essential in complex
processes such as bone remodeling acting as a chemotactic

@ Springer

signal for pre-osteoblasts to the required bony site as well
as influence the maturation of the cells [60-63]. In vitro
investigations have also shown the effects of extracellular
Ca”" to be concentration-dependent where concentrations
higher than physiological levels are favoured [64—66].
HPO, on the other hand has been shown to regulate cell
cycle, proliferation rates and the secretion of bone related
proteins [67]. Thus, to reiterate, it is postulated that the use
of soluble calcium phosphates will improve bony response
when compared to insoluble HA.

The aim of this study was to assess the corrosion
behavior of these two calcium phosphate phases, brushite
and monetite, in a highly vascular location compared to an
uncoated substrate. The coatings tested here are intended
for application on Mg based orthopaedic implants, neces-
sitating their eventual investigation in an intraosseous
environment. However, intraosseous surgical procedures
commonly require the use of large animals, and thus
complex and costly operations [68]. Additionally, with
biodegradable materials such as Mg, it would be unethical
to implant an actively corroding material in a hard tissue
environment without fully characterizing the likely in vivo
response [68]. Thus this major leap from in vitro testing to
intraosseous testing suggests that there is a requirement for
an intermediate investigative step [68]. For these reasons, a
subcutaneous study in rats was implemented to assess the
corrosion and biocompatibility of the materials in vivo
prior to intraosseous studies. The intention would be to use
these findings as a tentative predictor of corrosion in an
intraosseous environment. The selection of a subcutaneous
location was due to its vascularity and large area of soft
tissue available in this layer. This ensured a physiologically
dynamic site for corrosion rate estimation, and for the
effective assessment of tissue response. One of the benefits
of this highly vascular location is rapid access by inflam-
matory mediators. This would ensure that the corrosion of
implants observed here is not underestimated for future
intraosseous experiments. Additionally, utilising a subcu-
taneous location allows one to maximize the implantation
of a large number of samples per animal [68].

The use of gravimetric analysis allowed us to determine
the most corrosion resistant coating. This study also
allowed us to compare in vivo subcutaneous corrosion rates
to in vitro immersion tests [47] to determine reliable
screening strategies for future Mg corrosion analysis and
improved in vivo experimental design.

2 Materials and methods

All reagents reported herein were obtained from Sigma-
Aldrich, Missouri, USA.
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2.1 Sample preparation

Pure Mg (obtained from Timmenco Ltd., Toronto, Canada,
99.99 %) was machined to rectangular blocks
(12 mm x 4 mm x 3 mm), polished to 1,000 grit and
coated with brushite and monetite. The coating technique
used was an immersion technique where a series of tem-
perature and time controlled steps were utilized to grow a
calcium phosphates, from a calcium phosphate solution,
onto the surface of the Mg as described previously [47]. In
brief, samples were pre-treated via immersion in NaOH
and then transferred to a calcium phosphate bath for either
120 min at 50 °C to obtain brushite or a 2 step incubation
was performed where samples were incubated for 60 min
at 60 °C followed by incubation in fresh solution for
90 min at 85 °C to obtain monetite. Electron dispersive
spectroscopy (EDS, JEOL 2300F EDS, Tokyo, Japan) was
performed as well as glancing angle X-ray diffraction (GA-
XRD) to confirm the presence and identity of the coatings.
GA-XRD was performed on an X’Pert Pro PANaltyical,
Almelo, Netherlands) with a Cu anode. The glancing angle
was maintained at 5° while scans were performed at 3°-
80°. The temperature remained constant at 20 °C
throughout the analysis. X’Pert Data Collector (version
2.0e, PANalytical, Almelo, Netherlands) was used for
XRD data collection. A combination of X’Pert HighScore
Plus (version 2.2e, PANalytical, Almelo, Netherlands) and
a Joint-Committee-on-Powder-Diffraction-Spectra (JCPDS)
database was used to analyse the spectra. Spectral back-
ground manipulations and peaks were identified using
automatic algorithms with X’Pert HighScore Plus software
(PANalytical, Almelo, Netherlands).

2.2 In vitro immersion testing

The in vitro immersion technique was performed as
described in Shadanbaz et al. [47]. Briefly, all samples
(coated and uncoated) were weighed and sterilised with
UV radiation prior to immersion in simulated body fluid
(SBF). The size of the samples and solution volumes were
selected to mimic the approximate size of a large ortho-
paedic implant in the human. All samples were immersed
in either 30 mL of Earle’s Balanced Salt solution (EBSS),
Minimum Essential Media (MEM), or MEM with 40 g/L
of bovine serum albumin (MEM-P) [to mimic blood
plasma concentrations] and buffered with physiological
sodium bicarbonate system (2.2 g/LL, 26 mmol). The
experiment was carried out in T-25 cell culture flasks under
dynamic conditions using an orbital shaking platform at
300 rev/min (IKA® Vibrax, VXR basic, Selangor, Malay-
sia) in a 37 °C and a 5 % CO2 environment for 7, 21 and
28 days respectively. Daily, 14 mL of media was replaced
to mimic physiological urinary excretion [69]. Post

immersion, samples were removed and cleaned in a chro-
mic acid solution (200 g/ CrO; and 10 g/ AgNO3).
Preliminary experiments assessing the corrosion product
removal protocol indicated that all dissolution occurring
was specific to the corrosion products on the surface of the
Mg. Gravimetric analysis was performed using GraphPad
Prism (version 5.0 for Mac OS X, GraphPad Software, San
Diego California USA, www.graphpad.com) and findings
are presented graphically.

2.3 In vivo analysis

All in vivo testing was carried out in accordance with
institutional animal ethics approval (University of Otago
Animal Ethics Committee AEC 74/10). Lewis (inbred) rats
were selected for this study to minimise any intra-species
variation. A total of twelve mature male Lewis rats were
used with 3 animals allocated to each time point 21, 42, 63
and 84, days. All samples were prepared as described
above to be consistent, to enable accurate comparison
between samples. Gamma irradiation (25-32 kGy) was
used for sample sterilisation. Each animal received 6
implants (two uncoated, two brushite and two monetite) in
a subcutaneous pocket on the dorsal abdominal region of
the rat as shown in Fig. 1. A subcutaneous location was
selected as a highly vascular in vivo location. This ensured
a physiologically dynamic site for corrosion rate estima-
tion. Consequently, the suitability of coated Mg as an
implantable biomaterial may be determined using the
current findings, before advancing to a more invasive sur-
gery to test this material in a bony location. Sample allo-
cation was determined systematically to remove location
bias. All surgical protocols were carried out under aseptic
conditions.

All animals received prophylactic antibiotics in the form
of streptomycin (Southern Medical Products, Dunedin, NZ)
subcutaneously, 30 min prior to surgery. Analgesia was
provided 20 min pre-operatively and 24 h post-operatively
via subcutaneous injection of non-steroidal anti-inflam-
matory carprofen (5 mg/kg, Southern Medical Products,
Dunedin, NZ). Anaesthesia was induced using 4 % halo-
thane:2 L/min oxygen after which anaesthesia was main-
tained at 2 % halothane:1 L/min oxygen. The dorsal aspect
of the animal was shaved and disinfected using 70 %
chlorhexidine gluconate. Six 5 mm bilateral skin incisions
were made on the dorsal abdominal aspect of the rat and a
subcutaneous pocket formed by blunt dissection to allow
the insertion of the samples (Fig. 1). After implantation of
the samples, incision sites were closed with a single
interrupted suture (3/0, C7 needle, Monomend MT
Monofilament, Veterinary Products Laboratories, Phoenix,
USA) (Fig. 1). All animals were housed separately post-
operatively. Hydrogen production, a consequence of Mg
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Fig. 1 (Top) Surgical image showing three of the six bilateral
incisions created on the dorsal aspect of the rat using blunt dissection.
(Middle) The first implant (uncoated) is being placed into the most
rostral pocket of the three subcutaneous pockets shown. (Bottom)
Incision sites were closed with a single interrupted suture as shown
here

corrosion, was monitored by palpation and visual assess-
ment. Presence of any hydrogen was also noted at the post
mortem.

At days 21, 42, 63 and 84, animals were euthanized via
CO, asphyxiation and samples harvested for analysis.
Corrosion products were removed in a chromic acid solu-
tion as described in the in vitro protocol above.
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2.4 Gravimetric examination, corrosion rates
and statistical analyses

All gravimetric data was illustrated graphically comparing
coated and uncoated corrosion performance, within in vitro
and in vivo experiments, as well as between in vitro and
in vivo experiments. Sample weights were measured post
chromic acid cleaning (as described previously) and weight
loss was calculated as a percentage difference from the
original sample weight prior to coating. In vitro findings
were analysed using a univariate generalised linear model
with post hoc Bonferroni analysis for all immersion times
(7, 21 and 28 days). Fixed variables were media and
coating whilst weight loss was the dependent variable.
In vivo gravimetric data was analysed with a generalised
linear model with repeated measures with post hoc Bon-
ferroni analysis for all implantation times (21, 42, 63, and
84 days). Gravimetric statistical analysis was performed
using SPSS statistics software package (IBM SPSS Sta-
tistics, Version 19, Chicago, USA).

Corrosion rates of samples were calculated from gravi-
metric data according to the following formula:

_ KW

~ ATD
where CR is the corrosion rate (mm/year), K is the constant
8.76 x 10%, W is the mass loss (g), A is the surface area
(cmz), T is the time of exposure (h), and D is the density of
the materials (g/cm3) [70]. Corrosion data at matching time
points between in vitro and in vivo experiments were sta-
tistically analysed using a one-way analysis of variance
(ANOVA) with a Bonferroni post hoc test where in vivo
was identified as the control group, using GraphPad Prism
software (GraphPad Software, San Diego California USA).

3 Results
3.1 Characterization of coatings

All coatings were characterised and confirmed as brushite
and monetite using scanning electron microscopy (SEM),
EDS and GA-XRD (Fig. 2). This data can also be found in
the paper published recently by the authors [47]. Both
coatings appeared homogenous, porous, and crystalline in
structure upon visual assessment (Fig. 2). Brushite com-
prises predominantly of large plate-like crystals (20-30
microns in length) whilst monetite is made up of primarily
small crystal ‘globules’ (30—100 microns across consisting
of smaller crystals: 5-20 microns). The brushite and mo-
netite coatings on Mg surfaces are both rich in calcium and
phosphate exhibiting average thicknesses of 43.65 + 2.49
and 17.93 &£ 2.03 um, respectively (Fig. 2).
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Fig. 2 EDS analysis of brushite (a) or monetite (d) coatings where
the first, second and third major peaks represent oxygen, phosphorous,
and calcium respectively. Typical SEM images are also included of
the brushite (b) or monetite (e) coatings. Cross sectional analysis
(adjacent) displaying the coating thickness of the brushite (c¢) or

3.2 In vitro gravimetric analysis

Gravimetric analysis of samples, after chromic acid
cleaning, was recorded graphically as a percentage of their
original (pre coating) mass (Fig. 3). Data was analysed
using a univariate generalised linear model with post hoc
Bonferroni analysis for all immersion times (7, 21 and
28 days). Whilst a corrosive protective trend of brushite
was apparent in EBSS and MEM, there was no significant
difference when compared to the uncoated control.

monetite (f) coating can be seen in the corresponding panels revealing
an average thickness of 46.76 £ 1.29 um for the biomimetic brushite,
43.65 £ 2.49 pm for brushite, and 17.93 + 2.03 pm for the monetite.
Glancing angle X-ray diffraction of the brushite coating (g) or
monetite coating (h), units are displayed as intensity (counts/s)

Immersion of brushite coated Mg in MEM containing
protein, demonstrated significant corrosion protection
(P < 0.0001) across all time points when compared to the
uncoated controls. Monetite coatings exhibited significant
corrosion protective properties across all time points in
EBSS (P <0.05) and MEM containing protein (P <
0.0001). A protective trend was evident in MEM also.
Monetite consistently displayed greater protective effects
than brushite across all time points and solutions, however
these observations were not statistically significant.
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Fig. 3 The above graphs illustrate weight loss as a percentage of the
original weight for uncoated and brushite or monetite coated samples
where samples were immersed in either EBSS (a), MEM (b) or
protein containing MEM (c). All data values are an average of the
mean, n = 3. ¥**P < 0.0001, *P < 0.05
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3.3 In vivo corrosion morphology and tissue response

Clinically detectable hydrogen production was not encoun-
tered through palpation and visual assessment throughout the
time points in any of the animals. Post mortem analysis
supported these observations confirming minimal to no
hydrogen production in proximity of the implants and
implant sites. Hydrogen production was not observed around
either brushite or monetite coated samples across all time
points, although hydrogen bubbles within soft tissue were
observed surrounding 5/24 of the uncoated Mg samples
(Fig. 4). These bubbles were observed at the earlier 3 and
6 week time points with no evidence of hydrogen bubbles
remaining by 9 and 12 weeks. Whilst not observed in all
animals, post mortem analysis revealed occasional migration
of implants within their subcutaneous pockets before
anchoring in soft tissue (Fig. 5). Additionally, in contrast to
the coated samples, corrosion was more pronounced on the
surfaces of the uncoated Mg (Fig. 6) after 12 weeks.

3.4 In vivo gravimetric analysis

All samples remained in a subcutaneous location for 21,
42, 63, and 84 days after which animals were euthanised,
samples removed, cleaned and assessed for gravimetric
changes. All changes were recorded graphically as a per-
centage of their (pre coating) original weight (Fig. 7). Data
was analysed with a generalised linear model with repeated
measures with post hoc Bonferroni analysis for all
implantation times (21, 42, 63, and 84 days). Reduced
corrosion rates were observed in the brushite coated sam-
ples when compared to uncoated controls, (P < 0.05) over
time. This decrease in corrosion closely followed the pat-
tern of corrosion of the uncoated control over time as can
be seen in Fig. 7. The monetite coated samples exhibited
significantly reduced corrosion rates (P < 0.004) over time
when compared to uncoated controls. No significant dif-
ference was seen in corrosion protection between the
brushite and monetite coatings over the experimental
84-day period, although the latter demonstrated a greater
corrosion protection trend.

3.5 In vitro versus in vivo corrosion rates

The matching time point of 21 days between in vitro and
in vivo experiments was used to compare the corrosion
rates of coated and uncoated Mg. This data was analysed
using a one-way analysis of variance (ANOVA) with a
Bonferroni post hoc test where in vivo was identified as
the control group. No significant difference in corrosion
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Fig. 4 Demonstrates established hydrogen bubbles surrounding an
uncoated magnesium implant (/eff) compared to a coated magnesium
implant (right) in a subcutaneous location at 3 weeks

Fig. 5 The top panels shows the implant sites of the magnesium
implants after successful anchoring in the subcutaneous fascia whilst
the lower panel illustrates migration that occurred in the subcutaneous
layer during the period of implantation

rate was observed between solution types at 21 days with
either the brushite or the monetite coating (Fig. 8).
However, significant differences (P < 0.05) were dem-
onstrated in uncoated Mg samples between MEM/MEM
containing protein and in vivo corrosion rates (Fig. 8). No

e

100um

Fig. 6 SEM images of uncoated (a), brushite (b) and monetite
(c) coated samples after cleaning with a chromic acid solution post
12-week implantation in subcutaneous tissue in rats
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Fig. 7 The above graphs shows the gravimetric changes as a
percentage of the original weight for uncoated and brushite or
monetite coated samples where samples placed in a subcutaneous
pocket on the dorsal region of the rat for 21, 42, 63 and 84 days. All
data values are an average of the mean, n = 6. **P < 0.004,
*P < 0.05

difference was seen between EBSS and in vivo corrosion
rates.

4 Discussion

In order to determine the suitability of various calcium
phosphate coatings for controlling Mg corrosion, the cal-
cium phosphates of interest must be investigated in both an
in vitro and in vivo environment. This study confirms
significantly improved corrosion resistance of calcium
phosphate monetite phase coated Mg compared to brushite
phase and uncoated Mg substrates in both in vitro and
in vivo tests. Furthermore, we demonstrate EBSS to be the
most accurate in vitro predictor of in vivo subcutaneous
Mg corrosion rates (uncoated and coated).

Monetite and brushite calcium phosphates have, to date,
been most commonly used in bone cements due to their
similarity to biological apatites and osteoconductive/
osteoinductive properties [71-73]. Furthermore, their bio-
resorption properties compared to insoluble HA make them
promising candidates for retardation rather than complete
elimination of Mg implant corrosion [3]. For the develop-
ment of Mg as an orthopaedic biomaterial, it is necessary to
control its corrosion so as to optimize and correctly balance
the rate of implant degradation with subsequent new bone
formation to promote optimal healing conditions. High
corrosion rates can lead loss of mechanical and the

@ Springer

Il Earles

B MEM
—_— /| Prolein
- Il Invivo

Corrosion rate (g/em?)

2

Coaling
1:Uncoaled 2: Brushite 3: Monelile

Fig. 8 Corrosion rate analysis indicating the different corrosion
patterns observed with the coated and uncoated samples both in vivo
and in vitro at the matching time point of 21 days. ****P < 0.0001,
*#P < 0.01

possibility of premature implant failure, in additional to
pathological hydrogen production and thus altered local pH
in surrounding tissues [17, 74]. As reflected in the current
investigation, the monetite coating demonstrated significant
corrosion protection both in vitro and in vivo, whilst
brushite showed significant protection in vitro and a pro-
tective trend in vivo compared to the uncoated control. Our
findings are in agreement with recent literature that dem-
onstrated monetite and brushite to have sufficient corrosion
protection properties on Mg based on in vitro studies, with
monetite showing a trend of superior corrosion protection
[75-78]. Wang et al. [75] showed substantially lower cor-
rosion of brushite coated Mg samples compared to uncoated
samples in SBF. Similarly, Chun-Yan et al. [79] found Mg
alloy coated with calcium phosphates to have significantly
higher corrosion resistance compared to uncoated alloys
in vitro. Li et al. [78] further showed brushite to demon-
strate corrosion protection compared to uncoated samples.
The authors also found heated treated brushite (forming
monetite in a similar way to the monetite obtained within
the current study) to provide additional corrosion resistance
compared to brushite and uncoated samples. Conversely,
alternative findings utilizing electrochemical impedance
spectroscopy tests on brushite coated Mg have suggested
the coating to be too thin and irregular in morphology to
provide effective corrosion resistance long term [76].
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Whilst other investigators have suggested improved prop-
erties by converting the brushite phase to a HA-like phase
leading to increased corrosion resistance [80]. In view of the
findings of the current study, we propose the monetite
coating to have superior corrosion resistance to the brushite
coating owing partly to its higher solubility coefficient at
37 °C and thus greater resistance to dissolution at this
temperature [77]. Greater physical thickness of the coating
has also been suggested by investigators to promote cor-
rosive protective properties of calcium phosphates [81] in
contrast to our study where the relatively thinner monetite
coating outperformed the brushite coating. Recent investi-
gations have postulated that monetite improves apatite
deposition in vivo, and hence may result in enhanced
thickness of protective coating and improved osteocon-
ductivity [78]. Moreover, limited hydrogen production was
seen in vivo particularly in the coated samples indicating
decreased corrosion rates in the presence of calcium phos-
phate coatings. This ability to maintain hydrogen levels
within physiological buffering capacity seen in this study is
in accordance with recent publications [76].

Upon immediate assessment, in vitro corrosion rates
appear to be higher than in vivo corrosion rates. However,
these observations are only statistically significant between
uncoated samples in MEM/MEM containing protein and
in vivo test conditions. Surprisingly, these findings indicate
EBSS, the simplest of the simulated body fluids, having the
greatest potential for tentatively predicting the in vivo
corrosion rates of calcium phosphate coated and uncoated
Mg. Our observations corroborate those of Walker et al.
[82] where corrosion of Mg alloys were consistently lowest
in an in vivo subcutaneous location or an EBSS immersion
when compared to MEM and protein containing MEM
immersion tests. The data here further suggests that the two
calcium phosphate coatings experience corrosion attack at
more similar rates, than the uncoated samples, between the
three solutions and subcutaneously in vivo. Thus specu-
lating that in vitro testing for corrosion rates of uncoated
Mg requires more consideration than coated Mg. In line
with this, recent literature has demonstrated that the lowest
corrosion rates for uncoated Mg can be seen in simpler
solutions i.e. artificial seawater and PBS when compared to
the more physiologically relevant and complex cell culture
media such as Dulbecco’s modified eagle medium (MEM)
or Hanks solution (HBSS) [83, 84]. In contrast, Yamamoto
et al. [69] indicated immersion of uncoated Mg in NaCl
solution to result in substantially higher degradation when
compared to the more physiologically relevant Earle’s
minimum essential media containing protein, whilst other
investigators have likewise shown uncoated Mg in protein
containing media to have similar corrosion patterns [85].
These discrepancies in corrosion rates in vitro, however,
are most probably the consequence of inconsistent

methodologies between investigators i.e. solution compo-
sition and volume, sample size, substrate impurities, static
or dynamic conditions [46, 82, 86-89].

5 Conclusions

Using an in vivo subcutaneous location for Mg implanta-
tion, the current findings have illustrated that monetite
coatings on Mg to have significant corrosion protection
effects, whilst brushite coatings demonstrated only a pro-
tective trend. Additionally, we speculate that EBSS solu-
tion may be used as a tentative predictor of in vivo
corrosion rates for both uncoated and calcium phosphate
coated Mg samples. It is important to highlight however,
that whilst these in vivo corrosion rates and coating
behaviors are limited to a subcutaneous location, these
findings allow the screening of possible candidates prior to
advancement to more invasive and complex studies in large
animals where bony locations may be investigated for both
corrosion and biocompatibility.
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