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Article history: MgCa and MgGd series of alloys are often reported as promising candidates for biomedical
Received 13 January 2021 applications. In the present study, cytotoxicity and corrosion behavior of MglCa and
Accepted 30 May 2021 Mg10Gd alloys in different electrolytes (NaCl, PBS, MEM) have been investigated in order to
Available online 8 June 2021 make a direct comparison and understand the mechanisms behind their performance.
Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were
Keywords: employed to analyze corrosion processes depending on media composition, whereas X-Ray
Magnesium alloys diffraction (XRD) and scanning electron microscopy (SEM) were used to evaluate crystalline
Biomedical applications structure, phase composition and surface morphology of the corroded substrates after
In vitro cytotoxicity immersion in the different electrolytes. Moreover, cytotoxicity of the Mg alloys was
Corrosion protection assessed using the WST-1 reduction and lactate dehydrogenase (LDH) release assays in

L929 mouse fibroblasts. The electrochemical results showed that MglCa has a lower
degradation rate when compared to Mgl0Gd, due to the lower microgalvanic effects and
the presence of Ca as an alloying element. Furthermore, the corrosion activity is reduced in
MEM, for both alloys, when compared to NaCl and PBS. The cytotoxicity assays revealed
that Mgl0Gd was cytotoxic in all the conditions tested, while the toxicity of MglCa was
low. Overall, these findings show that MglCa alloy presents a higher corrosion resistance
and biocompatibility and is a promising material to be used in biomedical implants.
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1. Introduction

Metallic materials play an important role in biomedical and
tissue engineering fields due to the combination of high me-
chanical strength and fracture toughness, which makes them
more suitable for load-bearing applications than ceramics or
polymeric materials [1]. Currently, the most used metallic
materials for biomedical implants are stainless steel, CoCr
based alloys, and titanium based alloys [1-3]. However, the
release of toxic or potentially harmful products, from these
materials, through wear corrosion processes is a major
concern [4]. Furthermore, these materials act as permanent
implants that must be surgically removed after the tissue has
healed, which increases health risks and associated costs.
Biodegradable materials are a novel class of biomaterials that
degrade within the body after supporting the healing process
of a diseased tissue or organ. Among these, biodegradable
metals such as magnesium (Mg) and its alloys have been
gaining an increasing interest from a biomedical application
perspective since Mg is exceptionally light in weight and ex-
hibits good mechanical properties. In addition, Mg is
biocompatible and essential to human metabolism due to
magnesium's role in several metabolic processes. Neverthe-
less, a considerable challenge is the limited corrosion resis-
tance of Mg and its alloys [5]. This metal readily reacts with
water as its reduction potential is very negative (E°= —2.4 V vs.
SHE). Even if such high reactivity is envisaged as a negative
feature for areas where production of durable structures is
required, the same does not necessarily apply to other areas.
In fact, literature in the biomedical field has devoted a sub-
stantial attention to the use of Mg alloys as biodegradable
biomedical implants [6,7], as it combines a set of unique
properties: (i) Mg alloys biocompatibility, (ii) the physiological
relevance of the Mg®" ions generated and (iii) the mechanical
properties, namely its elastic modulus, which matches the
modulus of the bone better than other metallic alloys [8].
However, the main challenge is its uncontrolled and fast
inhomogeneous degradation, with one of main consequences
being evolution of H, [6], enclosing pernicious effects to the
human body. Mg and its alloys are known to depict different
forms of corrosion: galvanic corrosion, localized corrosion,
stress corrosion cracking, corrosion fatigue, among others
[9,10]. Furthermore, corrosion of Mg alloys depends greatly on
their composition and microstructure (grain size, shape and
distribution of second phases), post-processing and media. In
most cases, localized corrosion, such as pitting corrosion,
generally occurs due to microgalvanic corrosion between
the intermetallic compounds and their neighboring o-Mg
matrix [11].

Song and Atrens (1999, 2003), in their work, have suggested
that the two main reasons for poor corrosion resistance of Mg
and its alloys are internal galvanic corrosion (caused by

second phases or impurities) and the instability of the quasi-
passive hydroxide film formed at Mg surface (which leads to
poor pitting resistance) [9,10].

Mg dissolution in aqueous environments usually follows an
electrochemical reaction where its reaction with water leads
to the production of magnesium hydroxide and hydrogen gas.
Corrosion of magnesium and its alloys is mainly localized and
in the form of irregular pitting (Song 2003). This is due to the
fact that, in water, the magnesium hydroxide accumulated on
the underlying magnesium matrix, acts as a corrosion pro-
tective layer but when the chloride concentration is high,
magnesium hydroxide converts into the highly soluble mag-
nesium chloride, leading to severe pitting corrosion [12]. In
magnesium alloys, elements (impurities) and cathodic sites
with low hydrogen overpotential facilitate hydrogen evolu-
tion, thus causing substantial galvanic corrosion rates and
local gas cavities. However, this is a “general rule” and, it must
be taken into consideration that the corrosion morphology of
magnesium and its alloys depends on the alloy chemistry and
environmental conditions. For Mg alloys the corrosion mech-
anism is more complicated than that of pure Mg [10].

The microstructure constituents of Mg alloys are usually
characterized by the «-Mg matrix and second phase or inter-
metallic phases, such as Mg,Ca in Ca-containing alloys. Since,
in most cases, the electrode potential of these second phases
is significantly higher than that of the «-Mg substrate, disso-
lution tends to emerge in the «-Mg matrix around second-
phase particles. There are reports of the presence of small
Mg,Ca particles in coexistence with Fe and Si results in pitting
corrosion of Mg—Ca alloys [12].

Nevertheless, independently of the interaction among
alloying elements, the o phase matrix always corrodes pref-
erentially (when elements and impurities are within tolerance
levels), while the alloying elements act as cathodes to the o
phase or as corrosion barriers more resistant than the o« ma-
trix phase [9].

In order to overcome this uncontrolled degradation several
strategies have been studied, from the development of new
alloys [7,13,14] to surface modification and coating technolo-
gies [7,15—18].

Before considering any modification to the Mg substrate it
is relevant to investigate if a correlation between the tests
performed in simplified electrolyte solutions and body fluids
exists. There are groups supporting the use of more simplified
electrolyte compositions, as the understanding of corrosion
processes, as well as the type of inhibiting product layers
formed are easier to investigate. Others support that a real
development of materials requires testing under conditions
close to the ones of application, though the development of
more realistic factors of performance is obtained at the
expense of loss of mechanistic information.

Overall, several works have shown that the level of
degradation of Mg depends on the electrolyte composition
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Be %

Ni %
6.16 x 107* + 1.02 x 10°°

Cu %
1.26 x 1072 +3.20 x 10°°
5.50 x 10~% + 1.18 x 10>

Fe %
4.40 x 1073+ 8.04 x 10°*
5.06 x 1073+ 1.21 x 10°*

Ca%
1.029 + 0.038

Gd %

MglCa

1.70 x 10°° + 1.070 x 10~°

1.04 x 107% + 9.68 x 10°°

8.55 + 0.15

Mgl0Gd

Table 2 — Composition of the different electrolytes.

NacCl PBS (Phosphate MEM (Minimum
Buffer solution) essential medium)

2.9 g/L NaCl 8.0 g/L CaCl,.2H,0 0.26 g/L

MgS04.7H,0 0.20 g/L

KCl 0.2 g/L NacCl 6.8 g/L
KCl 0.40 g/L

Na,HPO, 1.44 g/l NaHCO5 22 g/L
NaH,P0,.2H,0 0.16 g/L
Aminoacids

KH,PO, 0.24 g/L Vitamins
D-Glucose 1g/L
Phenol Red

used [7,19—-24]. This is not entirely surprising, as the pres-
ence of different inorganic components, amino acids, vita-
mins or glucose can affect the formation of the corrosion
product layers and affect the degradation kinetics of the al-
loys. Recently, the interaction of different components of
physiological solutions on the degradation of Mg and its al-
loys was investigated in more detail. Both works from Agha
[22] and Mei [24] have shown that a synergistic effect on
suppression of Mg degradation occurs when Ca®*, PO3~ and
HCO3 are simultaneously present in the solution. In partic-
ular, the work of Mei has additionally shown that the for-
mation of a protective layer by the combining effect of Ca®",
Mg?t, HPO3~ and HCO3 is no longer observed when pH
buffers with complexing ability towards Ca?* and Mg*" (e.g.
Tris/HCI) are present in solution or when one of the three
critical species is not present.

Several Mg alloys have been investigated as candidates for
biomedical applications, namely as orthopedic and cardio-
vascular implants. Generally, Mg alloys contain aluminum (Al)
or rare earth elements (REEs) [12] and there is a number of
reported studies mainly focused on Mg—Al and Mg-RE alloy
systems [25—28]. Results showed that both alloys achieve
similar results to other biomaterials, no signs of systemic
toxicity and therefore considered realistic alternatives to
permanent implants. Despite the fact that biodegradable Mg
alloys, containing Al or rare earth elements, exhibit good
mechanical properties and better corrosion resistance, the
presence of such constituents raises concerns about their
safety for human health. Aluminum is a well known neuro-
toxicant and it has been suggested to be associated with
various neurological disorders [29]. Additionally, intravenous
administration of cerium, praseodymium and yttrium has
also been associated with acute hepatotoxicity [30]. Conse-
quently, in order to assure the biocompatibility of biodegrad-
able materials, more efforts have been made to develop new
types of Mg alloys, using elements with no or low toxicity as
alloying elements.

In this work, we investigate two Mg alloys for biomedical
application: MglCa and Mgl0Gd. The selection of a Mg—Ca
alloy is based upon the fact that Ca encloses two main ad-
vantages when used in alloys as bioabsorbable implants: i) it is
the major component in the human bone and ii) the combi-
nation of Mg>" and Ca®" ions can be beneficial for bone heal-
ing [31]. On the other hand, the introduction of Gd aims at
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improving strength and corrosion resistance. However, the
effects on human health of this rare earth element are still
uncertain and a matter of concern. Regarding their degrada-
tion behavior, reports in the literature reveal that the appro-
priate content of Ca in Mg—Ca alloys should be in the range of
0.6—1 wt% whereas for Gd, a highly soluble element in Mg, the
optimal content is 5wt% [32].

Consequently, the aim of this work is two-fold: (i) selection
of an appropriate media for corrosion testing and (ii) in vitro
cytotoxicity evaluation of both Mg alloys according to ISO
10993—5:2009 on biological evaluation of medical devices.

2. Experimental section
2.1.  Materials and methods

All the chemicals were obtained from Sigma—Aldrich, with
>98% of ground substance, and used as received. Cell culture
medium, supplements and reagents were purchased from
Gibco, Thermo Fisher Scientific, USA.

2.2. Mg alloys chemical analysis and pre-treatments

Mgl0Gd and MglCa cast at Helmholtz-Zentrum Greesthacht
(HZG), Greesthacht, Germany, were the biodegradable Mg al-
loys selected for the proposed studies. Elemental analysis of
the acid-digested (1:1:1 HNO; 65% + HCl 32% + H,0) MglCa
and Mgl0Gd alloys and their extracts was performed by
inductively coupled plasma mass spectrometry (ICP-MS) using
an iCAP™ Q instrument (Thermo Fisher Scientific, Bremen,
Germany). Calibration standards ranging from 1 to 1000 pg/L
were prepared from three multi-element commercial stan-
dard solution: Periodic table mix 1, Periodic table mix 3 and
Transition metal mix 2 (all from Sigma—Aldrich, Buchs,
Switzerland). The element rhodium (Rh) was used as internal
standard (IS). A IS solution was prepared at a concentration of
100 pg/L by appropriate dilution of a 1000 mg/L Rh standard
solution (Sigma—Aldrich, Buchs, Switzerland). This solution
was added to both samples and calibration standard solutions
in order to obtain a final IS concentration of 10 pg/L. The
following elemental isotopes (m/z ratios) were monitored: "Li,
9Be, 26Mg’ 2771 43Ca, 51V, 52Cr, 55Mn, 5’ Fe, 5°Co, N, 55Cu, %67n,
71Ga, 75As, 8256, 88$r, 89Y) 9021,, 93Nb, 98Mo, 1°7Ag, 1cq, ussn,
121G}, 133Cs, 137Ba, 139La, 140Ga 141py 146N 147Sm, 153gy, 157Gd,
159Tb, 163Dy’ 165Ho, 166Er, 169Tm’ 172Yb, 175Lu, 178Hf, 181Ta, 182W'
205TT1, 298pb and 2%°Bi. Duplicates of each sample were prepared
and analysed independently. The chemical composition is
displayed in Table 1 and the results are presented as the
calculated mean and standard error. Mg alloys were surface
polished using silicon carbide (SiC) paper (from 400 to 2500
grit) and then rinsed with isopropanol and dried in a warm
stream of air.

2.3. Physical measurements
Mgl0Gd and MglCa substrates were investigated from a

corrosion standpoint using potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS).

Potentiodynamic polarization and EIS measurements were
carried out in a three-electrode cell with a SCE reference
electrode, a platinum foil counter electrode and the Mg alloy
sample (Mgl0Gd or MglCa) as the working electrode (exposed
area of ca. 2.27 cm?). The cell was placed in a Faraday cage to
avoid the interference of external electromagnetic fields. The
electrolytes used consisted of 0.05 M NaCl aqueous solution,
10 mM PBS aqueous solution and MEM — minimum essential
medium. The composition of the different electrolytes is
shown in Table 2. The measurements were performed using a
Gamry FAS2 Femtostat with PCI4 Controller. Tafel extrapola-
tion of cathodic polarization curves (E vs log(i)) was used to
determine the corrosion current density, icory (MA cm™ 2). The
analysis was made by selecting the linear part of the cathodic
curve, with at least one decade of current density variation,
that started at =100 mV in respect to the corrosion potential
(Ecorr). The current value at the E., intersection gave the
corrosion current density, icorr.

Only the cathodic branches were used for semi-
quantitative estimation of the corrosion current density at
specific moment, since for the studied systems the anodic
kinetics do not exhibit activation control and do not follow the
Tafel law.

For EIS measurements, the selected frequency range was
from 10° to 1072 Hz, with a 10 mV rms of sinusoidal pertur-
bation with 10 points per frequency decade. All the spectra
were recorded at open circuit potential. For the potentiody-
namic polarization curves the anodic and cathodic branches
were obtained independently from the corrosion potential
(£500 mV) at a potential scan rate of 1 mV/s after 1 h of im-
mersion in the corresponding medium. All electrochemical
tests were performed at atmospheric pressure and room
temperature and carried out in triplicate to check the repro-
ducibility of the results.

Weight loss measurements were performed by immersion
of the alloys in MEM, PBS and 0.05 M NaCl, according to the
ASTM G31-72 standard. Each Mg alloy was immersed in the
respective media, in triplicate, at room temperature, using a
solution volume/surface area ratio of 25 mL/cm?. After 2 and 7
days, samples were extracted and immersed in chromic acid
solution to remove corrosion products. Samples were then
washed with distilled water, acetone, dried in a stream of
warm hair and weighted.

Weight loss was calculated by the difference between the
weight before and after the immersion divided by the sample
exposed area.

The surface morphology of the samples was characterized
on a Hitachi (S-4100) scanning electron microscope equipped
with energy dispersive spectroscopy (SEM-EDS) operating at
an acceleration voltage of 25 kV. Prior to SEM analysis, the
samples were sputtered with a thin layer of conductive carbon
onto their surfaces.

Samples were analyzed by X-Ray diffraction (XRD) to
study the crystal structure and phase composition. XRD data
were collected at room temperature using a PANalytical
X'Pert MPD PRO diffractometer (Bragg—Brentano geometry,
Ni-filtered Cu Ko radiation, PIXcel'® detector, step 0.02°). The
exposure time corresponded to about 2 s per step over the
angular range of 4—80°.
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2.4.
testing

Preparation of Mg alloys extracts for cytotoxicity

MglCa and Mgl0Gd alloys were cut into circular disks with
1.7 cm in diameter and 0.5 cm in height. Extracts of the bare
MglCa and Mgl0Gd disks were prepared according to ISO
10993—12:2012 [33]. Prior to extraction, the Mg alloy disks were
sterilized by UV radiation for 2 h (1 h per side). The extraction
was carried out in borosilicate glass containers for 24 and 72 h
at 37 °C with gentle agitation (60 rpm), using MEM containing
4 mM L-glutamine, 100 units/mL of penicillin and 100 pg/mL of
streptomycin as extraction medium, at a surface area-to-
extractant volume ratio of 1.25 cm?mL. The liquid extracts
were tested for cytotoxicity immediately after preparation to
prevent sorption onto the extraction container or other
changes in their composition.

2.5. In vitro cytotoxicity testing of the Mg alloys extracts

The cytotoxic potential of the Mg alloys extracts was investi-
gated in the mouse connective tissue L929 cell line, as rec-
ommended by ISO 10993—5:2009 [33]. L929 cells obtained from
the American Type of Culture Collection (ATCC; CCL1) were
maintained in a humidified atmosphere of 5% C0,-95% air at
37 °C and cultured in MEM supplemented with 4 mM L-
glutamine, 100 units/mL of penicillin, 100 pg/mL of strepto-
mycin and 10% of heat inactivated fetal bovine serum (FBS).
Cells were passaged at 80% confluence using a trypsin—EDTA
0.25% solution, seeded in flat bottom 96 well plates at a density
of 10.000 cells/well and medium changed 24 h after seeding.
Cells were exposed for 24 h to the direct (1x), 1:2, 1:4 and 1:8
diluted extracts at 48 h after seeding. Cells exposed to the
extraction medium, diluted in the same % served as controls.
Cytotoxicity of the extracts was evaluated using the WST-1
reduction and lactate dehydrogenase (LDH) release assays.
Cells incubated for 30 min with 0.2% Triton X-100 and 70%
ethanol served as positive controls (PC) for the LDH release
and WST-1 reduction assays, respectively. For LDH release
determination, the incubation medium of each well was
gently transferred to a round bottom microplate at the end of
the exposure period and centrifuged for 5 min at 2000xg to
remove the cell debris. 100 pL of supernatant were gently

2

loglil / Acm
o

= NaCl
PBS
— MEM

T T T T T T
-2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0
E/N vs SCE

2

transferred to a clean flat bottom microplate and the assay
carried out according to the manufacturer's instructions
(Roche Applied Sciences, Mannheim, Germany). Absorbance
was measured at 490 nm and 630 nm (reference wavelength)
in a microplate reader (SpectraMax iD3, Molecular Devices,
USA). Data was expressed in percentage of LDH release rela-
tive to the PC. For WST-1 reduction determination, the incu-
bation medium was aspirated and cells incubated for 2 h, at
37 °C and 5% CO,, with 100 pL/well of Cell Proliferation Re-
agent WST-1 (Roche Applied Sciences, Mannheim, Germany)
diluted 1:10 in FBS-free cell culture medium. Absorbance was
measured at 450 nm and 630 nm (reference wavelength) in a
microplate reader. Data was expressed in percentage of the
negative control response.

3. Results and discussion
3.1 Corrosion testing
3.1.1. Potentiodynamic polarization

(i) Influence of medium composition

Fig. 1 presents the polarization curves obtained for the two
alloys under study, in the three selected media. The intention
of using polarization experiments is not to obtain realistic
corrosion rates. For that purpose, mass loss and hydrogen
evolution would aid on the estimation of reliable corrosion
rates [1,2]. Herein, the aim is to compare how corrosion
changes from a mechanistic perspective (i) in different media
and (ii) for different alloys.

MglCa alloy. Analyzing the curves in the simplest media
(Nacl), it is clear that the behavior of the anodic branch con-
trasts with curves typically obtained for pure Mg in NaCl,
whereby low anodic Tafel slopes synonymous of non-
polarizable systems, are obtained [34]. In the present case,
the polarization curves obtained for MglCa (Fig. 1, left) show
that, in all the three media, there is (i) a difference in the
corrosion potential following the order E.oyy (PBS)< Ecory (MEM)
< Ecorr (NaCl) (see Table 3), (ii) a partially protective layer is

loglil / Acm

T T T T T
2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0
E/V vs SCE

Fig. 1 — Mg1Ca (left) and Mg10Gd (right) potentiodynamic polarization curves for different electrolyte solutions (0.05 M Nacl,

10 mM PBS and MEM).
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Table 3 — Corrosion potential (Ecorr), breakdown potential (Ep) and corrosion current density (icorr) for the two biodegradable

Mg alloys in the different electrolytes. Weight loss of Mg1Ca and Mg10Gd (for 2 and 7 days immersion) in the different

electrolytes are also presented for comparison.

System Medium Ecore/V Eb/V icorn/ A cm 2 Tafel slope B Weight loss SD Weight loss SD
(cath branch) V) (mg/cm?) 48 h (mg/cm?) 168 h
MglCa NaCl —-1.64 —1.50 25.1 —0.28 7.88 4.08 8.40 1.22
PBS -1.86 -1.56 56.2 -0.29 6.95 3.51 46.8 11.8
MEM -1.78 —1.46 31.6 -0.30 7.84 2.67 16.8 8.57
Mgl10Gd NacCl -1.57 — — — 184 444 252 30.6
PBS —1.65 —1.52 178.0 -0.25 140 51.2 248 13.8
MEM -1.63 —1.38 39.8 —-0.23 12.4 6.90 190 95.4

formed, with different stability ranges, in all the tested media
and (iii) the cathodic slopes are similar, although with signif-
icantly lower cathodic currents for MEM and PBS. The differ-
ences in the E.,y cannot be attributed to ohmic drop arising
from different conductivity between media, implying that
changes in the kinetics of reaction occur with changes in
media composition, as shown in previous works available in
the literature [35].

In what concerns the stability of the protective layer,
formed on the surface in contact with different electrolytes, it
is clear that the breakdown potential occurs at more negative
potentials in PBS compared to NaCl and MEM, which high-
lights the relevance of media composition for the buildup of
the protective layer, in addition to Cl-, Mg*", Ca?" and hy-
droxylions, phosphates but also other components previously
reported in the literature such as, carbonates [24]. Regarding,
corrosion current densities, a rough estimation obtained from
the cathodic curves points to MglCa in PBS as the most active
system, followed by immersion in NaCl and MEM (Table 3).

Notwithstanding the limitations associated with polariza-
tion curves to estimate the corrosion rate of Mg alloys, addi-
tional mass loss experiments were performed and the results
obtained after 2 and 7 days of immersion are presented in
Table 3. These results show that the largest mass loss was
found in PBS followed by MEM and NaCl, though the differ-
ences between MEM and NaCl are not statistically relevant.
Overall, mass loss measurements show the same trend as the
one obtained from the polarization curves. Reports in the
literature, for weight loss measurements, for MglCa in the
media under study, to the best of our knowledge, are not
available. There are however, studies for MglCa in an im-
mersion media (HBSS) similar to one of the studied media
(PBS) and the results are not far from that obtained in the
present work (8.30 mg/cm? in HBSS [35] and 6.95 mg/cm?). The
slightly lower value obtained may be due to the fact that im-
mersion time was 48 h whilst the value reported in the liter-
ature was for 72 h.

Mg10Gd alloy. Mg10Gd alloy, however, reveals a totally different
behavior in NaCl when compared to MglCa: higher currents are
measured, even at low overpotentials. This means on one hand
that Ca is an important element to render stability to the corro-
sion product layer formed whereas contrastingly, the possibility
of formation of Gd hydrides [36] in Mgl0Gd can trigger a more
active behavior of this alloy in solution. Additionally, an alloy
with such high amount of Gd may have higher tendency towards
microgalvanic corrosion. In PBS and MEM, lower current

densities are obtained for low anodic overpotentials and a
breakdown potential, missing in NaCl, is now detected in PBS
and MEM (Table 3). The E,y, values follow the trend observed for
Mg1Ca, Ecorr (PBS)< Ecorr (MEM)< Ecorr (NaCl).

In what concerns corrosion current density, this parameter
was not estimated for NaCl as the response is fully dominated
by the IR drop in this system. The approximate current den-
sities estimated using the cathodic curves in PBS and MEM are
presented in Table 3.

With respect to mass loss measurements, the results
obtained clearly show the high reactivity of Mg10Gd in NaCl
and PBS. In these cases, Mgl0Gd specimens were found to
fully dissolve after 7 days of immersion, except in MEM,
where the mass loss reached was 71.5% of the initial weight
(results not shown). Again, the trend observed from the po-
larization curves for Mgl0Gd was confirmed by the mass loss
experiments. In the available literature, weight loss mea-
surement data, for Mg10Gd alloy in the media studied, were
not found, with the exception of one report for Mgl0Gd in 1%
of NaCl (immersion time not specified) [35]. The values for
weight loss reported (0.54 mg/cm?) are, however, signifi-
cantly different from the ones obtained in this work (184 mg/
cm?). This difference may be related to the fact that the im-
mersion period is not specified, wheras our values corre-
spond to a 48 h time frame.

It is noteworthy, that electrochemical measurements
assess the corrosion rate in a specific moment of time and can
greatly differ from an average corrosion rate during 24 or
168 h, since the kinetics is not linear and the corrosion rate
during these periods can significantly change. This fact is also
clear when we compare the weight loss of the different sys-
tems after different periods (recall Table 3).

(ii) MglCa vs. Mgl0Gd

The presence of Ca, in MglCa, may provide additional
stability to the corrosion product layer formed even in the
simplest NaCl medium while Gd can lead to the formation of
hydrides which make Mgl0Gd quite active. In spite of
observing a partial protective effect of the corrosion products,
formed under anodic polarization, MglCa in PBS was found to
be the least resistant. This can be due to a combination of
different factors namely the increase in concentration of
chlorides, approximately 3 times higher when compared to
the Nacl solution, and a pH buffering effect, in PBS, that can
jeopardize the formation of a more compact layer to protect
the alloy more effectively.
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Fig. 2 — EIS spectra acquired for Mgl1Ca in different electrolyte solutions (NaCl, PBS and MEM) from 15 min to 48 h of

immersion.

These findings are in stark contrast with Mg10Gd, which is
most active in NaCl. The presence of additional ingredients in
solution such as phosphates provides already some level of
protection when compared to the very active Mgl10Gd in Nacl,
which is considerably more effective in the presence of addi-
tional components such as Ca?" and carbonates and fully
agrees with previous works [22,24].

3.1.2. EIS studies

Fig. 2a presents EIS spectra acquired for MglCa in 0.05 M NacCl
during 48 h of immersion. Two major points can be high-
lighted from these results: first is that there are no significant
changes in the impedance magnitude response over time and
the second is the scattering of low frequency points. Going
deeper into the analysis of the EIS data, in this frequency re-
gion, the fractional residual errors obtained by application of
Kramers—Kronig equations increase significantly, up to 24 h,
depending upon immersion time. For 48 h of immersion, the
number of points with large differences occurs for a smaller
frequency range (Fig. 2b). The main reason for this is that after
48 h of immersion the system attains a certain degree of sta-
bility in comparison to the initial EIS measurements, thus the

Kramers—Kronig fitting discards a smaller region of spectra
affected by the non-stationarity. This is possibly related with
the formation of a partial protective layer composed by
corrosion products (see EIS detailed discussion below and
section 3.2).The OCP values measured before the EIS data
acquisition starts at —1.72 V vs. SCE after 15 min of immersion
ending up in —1.66 V vs. SCE after two days of immersion
(Supplementary Table S1). In the case of MglCa immersed in
PBS (Figs 2c and d), the scattering of data is also visible
throughout the monitored time. Moreover, the OCP values are
initially more negative than in NaCl solution (—1.84 V vs. SCE),
tending to increase, with immersion time, up to —1.61 V vs.
SCE. Similar to the data acquired in NaCl, the low frequency
data cannot be used to evaluate and compare the different
systems. In MEM, the OCP values are initially the most nega-
tive amidst the different media (—1.86 V vs. SCE), becoming
more positive up to 48 h of immersion (-1.58 V vs. SCE).
Furthermore, in MEM and PBS, a smaller number of data had
to be rejected in comparison to NaCl (Figs 2e and f).

The EIS spectra for Mgl0Gd are depicted in Fig. 3. Similarly,
several points had to be excluded from the EIS spectra of
Mgl0Gd alloy based on Kramers—Kronig relations
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Fig. 3 — EIS spectra acquired for Mg10Gd in different electrolyte solutions (NaCl, PBS and MEM) from 15 min to 48 h of

immersion.

(Supplementary Table S2). Concerning the OCP values, these
were quite stable throughout the immersion time being more
positive for MEM (—1.52 V vs. SCE), followed by PBS (between
—1.61V and —1.57 V vs. SCE) and NaCl (between —1.66 V and
—1.63 V vs. SCE). The OCP values estimated here do not follow,
exactly, the order obtained for E.o, in the polarization tests
(recall Table 3) but are still close to each other (~100 mV).
Another important aspect to be mentioned is that for Mg10Gd,
in NaCl, the OCP can differ almost 200 mV between replicates
(not shown), whereas for the other media this difference is
smaller than 80 mV (PBS) and 40 mV (MEM).

The reason behind the description of the Kramers—Kronig
analysis in detail, in this work, is to show that one cannot use
low frequency data to extract any information concerning
inductive behavior of these Mg alloys and, therefore, esti-
mate polarization resistance and corrosion rate according to
the procedure described by King et al. [37]. As a result, the
fitting of EIS data described below was done after excluding
the low frequency data which did not comply with
Kramers—Kronig analysis.

The EIS data were fitted using the equivalent circuits pre-
sented in Table 4 and are based on studies recently presented
in the literature [38,39]. In the beginning in NaCl, one time
constant at intermediate frequencies could be detected. One
additional time constant could be observed at low fre-
quencies, although the number of points available were not
enough to fit and obtain meaningful values. The first time
constant presents an order of magnitude typically associated
with a thin layer of oxides, represented by a constant-phase
element (CPE.y) in parallel with an oxide resistor (Rox). The
low frequency time constant is ascribed to the ongoing elec-
trochemical (corrosion processes), represented by a constant
phase element (CPEg) in parallel with a charge transfer
resistor (R;). Moreover, with evolution of immersion time, the
same time constants were observed but there was an increase
in the Roy (from 5.48 x 10 to 1.24 x 10° Q cm?).

Fig. 4 depicts the resistance of the oxide layer protecting
the substrate (Rox). In PBS solution, the EC used to fit the EIS is
the same used to adjust the EIS data in NaCl. Initially, only
the time constant at intermediate frequencies, mainly
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Table 4 — EC circuits used to fit EIS impedance for Mg1Ca and Mg10Gd in different media (Constant-phase elements were

used instead of pure capacitors).

Equivalent circuit Alloy
MglCa Mg10Gd
NaCl (048 h) NaCl (0—48 h)
PBS (0—24 h) PBS (0—48 h)
MEM (0—4 h) MEM (0—1.5 h)
PBS (48 h) MEM (4—48 h)
MEM (24—48 h)

associated with the oxide film, could be fitted, although the
corrosion process is also present. However, as the time
evolves, the system becomes more protected and, for long
immersion times (48 h), a high frequency time constant ap-
pears, which can be correlated with the growth of an addi-
tional protective film (CPEqiy, in parallel with Raimy), thus the
system can now be represented by a two time constant
associated with a protective layer and a more internal oxide
layer (Table 4).

In MEM, two time constants were initially detected, simi-
larly to the results obtained in NaCl and PBS. The time con-
stant at intermediate frequencies is ascribed to the oxide,
while the time constant at low frequencies is associated with
corrosion processes. Nevertheless, the latter could not be
fitted as there were not sufficient data after exclusion of
points based on Kramers—Kronig relations. With evolution of
immersion time a high frequency time-constant appears after
24 h. The effective capacitance (not shown) is almost two or-
ders of magnitude lower and seems to be consistent with the
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growth of an additional protective layer for longer immersion
times. Nevertheless, the substrate is more protected in MEM
when compared to PBS, with R,y being 20 times higher in MEM
than in PBS after 48 h of immersion (Fig. 4 a).

Looking into the Bode and Nyquist representation of EIS
spectra for Mgl0Gd (Fig. 3), after 15 min of immersion in NaCl,
one time constant at intermediate frequencies could be
detected. Although the effective capacitance suggests that it
can be related with the oxide layer grown in contact with the
solution, the R,y obtained, using the EC presented in Table 4, is
more than one order of magnitude lower when compared to
Mg1Ca, varying between 3.92 x 10" to 1.20 x 10° @ cm? (Fig. 4 b).
In PBS, the reactivity of Mg10Gd is even more remarkable: only
the intermediate time constant can be fitted. However, there
is a remarkable decrease in the impedance between 1.5 h and
4 h. This decrease in impedance corresponds to an increase of
almost four times (from 94 to 347 pF cm ) in the effective
capacitance of the fitted time constant. Such difference can be
explained in the following way: for short immersion times
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Fig. 4 — Evolution of (R,x) as a function of time for Mg1Ca and Mg10Gd(*) in different media (*) for the system Mg10Gd in PBS
only Rox values up to 4 h of immersion were determined. For longer immersion periods Rox values could not be fitted due to

the a high degree of uncertainty associated with those.
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there is an effect of the buildup of corrosion products in PBS,
but as time evolves, its protective abilities are no longer veri-
fied and the response of the system is dominated by the
ongoing corrosion processes. As a result, up to 4 h of immer-
sion the time constant fitted corresponds to the response of
the oxide layer, whereas for longer immersion times it cor-
responds to the double layer response and ongoing electro-
chemical processes. In the case of Mg10Gd immersed in MEM,
the results are qualitatively similar to the ones obtained for
MglCa: for short immersion times (t < 4 h) the intermediate
time constant is associated with the response of the corrosion
product layer, whereas after 4 h of immersion an additional
time constant associated with the growth of a film is observed
and consistent with results previously reported for metals
immersed in Ca-containing electrolytes [24].

In line with the analysis presented above, it is possible to
observe that MglCa has a lower degradation, in all the tested
media when compared to Mgl0Gd. Moreover, both alloys are
more protected in MEM when compared to PBS and NacCl so-
lution. These results are quite relevant: MEM has all the in-
gredients to build up a protective layer which drastically
reduces the corrosion of Mg alloys, even when the alloy is
active. One remark concerning the comparison of EIS results
with mass loss measurements presented in Table 3 should be

‘[ —— Mg1Ca_NaCl

considered at this point. The results from EIS are in agreement
with mass loss measurements, except for MglCa in NaCl and
MEM. The mass loss measurements do not show statistical
differences in the corrosion rate of MglCa in MEM and NaCl. In
fact, the mean value of weight loss is larger in MEM than in
NaCl. This may be due to the buildup of the protective layer in
MEM which is thicker, but also grows at the expense of some
dissolution of Mg from the underlying substrate.

Thus, not only is MEM providing an active corrosion pro-
tection to the studied Mg alloys but is also a relevant medium
for in vitro cell growth and toxicity testing. Furthermore, MEM
closely mimics in vivo environment. Though its levels of Ca
and Mg are slightly lower compared with blood, it contains
glucose, amino acids, and vitamins, and similar concentration
of HPOZ~ and HCOs. As a result, MEM should be selected to
probe the degradation of Mg alloys under more realistic con-
ditions [40].

3.2.  Structural, compositional and morphological
characterization

Fig. 5 presents the surface morphologies and corresponding
EDS spectra for both Mg alloys, before and after 48 h im-
mersion, in different electrolytes. Before immersion, SEM
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Fig. 5 — SEM images and corresponding EDS spectra of Mg1Ca and Mg10Gd alloys before and after 48 h immersion in
different electrolytes. Mg1Ca (A) as-polished, after 48 h immersion in (B) NaCl (C) PBS immersion and (D) MEM. Mg10Gd (E)
as-polished, after 48 h immersion in (F) NaCl (G) PBS and (H) MEM.
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Fig. 6 — A: XRD spectra of polished Mg1Ca alloy (inset showing Mg1Ca phases); B XRD spectra of Mg1Ca alloy after 48 h
immersion in different media. G: XRD spectrum of polished Mg10Gd alloy (inset showing Mg10Gd phases); D: XRD spectra of

Mg10gd alloy after 48 h immersion in different media.

images of the surface of MglCa (panel A) and Mg10Gd (panel
E) substrates reveal micro scratches arising from the pol-
ishing procedure used to remove oxides from the surface,
whilst EDS spectra show the main constituents of the alloys:
Mg and Ca for MglCa and Mg and Gd for Mg10Gd. The optical
images presented as insets in the EDS spectra show sub-
strates with clean, shiny surfaces. After 48 h of immersion in
the different media, two main points can be highlighted: (i)
MglCa substrates (panels B, C and D) show less corrosion
products than Mg10Gd for the same media (panels F, G and H)
and (ii) both alloys show less corrosion products when tested
in MEM, which is in agreement with the previous electro-
chemical measurements.

Moreover, the high corrosion activity identified earlier for
Mgl10Gd in NaCl can be directly associated with the extensive
amount of corrosion products deposited on the surface (panel
F). Regarding the compositional analysis by EDS, the analysis
of the deposits, after immersion in NaCl, shows the presence
of signals associated with O, Na and Cl, which is consistent
with the formation of hydroxides and oxides of Mg and
contamination of the surface with NaCl salts. The corrosion
products in this case show a grainy-like morphology.

In PBS, a strong signal of P and K allows us to infer the
incorporation of these elements in the layer of deposits
formed on the substrate. In addition, the morphology of the
deposits formed is different: for MglCa there is the formation
of needles and particle-like products, while for Mg10Gd only
needles are observed. In MEM, Mg10Gd shows more compact

products (panel H) with Ca incorporated, which may explain
why the corrosion of this alloy is lower in MEM than in other
media, although the high signal of Mg detected together with
O, may indicate the formation of Mg corrosion products to
some extent. In the case of Mg1Ca, the product layer formed is
thin enough to detect the scribes from the polishing procedure
initially carried out, with the signal of Ca and P prevailing in
the associated EDS spectrum (panel D). Overall, all the ob-
tained results are consistent with the electrochemical findings
previously presented.

The XRD patterns acquired from the samples exposed to
the different electrolytes, for 48 h, are shown in Fig. 6. Panels A
and C show the main diffraction peaks associated with the
bare substrates [41-43] and panels B and D show the over-
lapping of XRD diffractograms for MglCa (B) and Mgl10Gd (D)
after exposure in different media.

MglCa and Mgl0Gd bare substrates present peaks at 2d
angles around 32°, 34°, 36°, 47°, 57°, 63°, 69° and 70° corre-
sponding to (100) (002) (101) (102) (110) (103) (112) and (201)
crystal planes of Mg respectively (JCPDS card number 04-007-
3847). MglCa also present a reflection from (202) crystal plane
of Mg at 2® angle around 78°.

In the case of MglCa, after exposure to different media
(Fig. 6B), all the substrates present peaks mainly associated with
Mg substrate. Only in NaCl the reflection planes at 2& angle
around 18, and 38° related with (001) and (011) crystal planes
indexed to Mg(OH), phases were detected (JCPDS card number
04-015-4256). In PBS and MEM only peaks of Mg alloys were
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observed. This implies that the deposits formed and observed
before (Fig. 5) are too thin (and possibly amorphous) to be
detected by XRD.

For Mgl0Gd, corrosion activity was significant in NaCl
medium and for that reason a thick porous layer of corrosion
products was detected. Hence, only the signal of Mg(OH), was
observed, revealed by the presence of 2® angles around 18°,
38°, 51° and 58° corresponding to (001) (011) (102) and (110)
crystal planes of Mg(OH), phases respectively (JCPDS card
number 04-016-3445). In PBS the corrosion was not as exten-
sive and signal from the Mg substrate is still detected (2@
angles around 32°, 34° and 36° related to 100, 002 and 101 Mg
phases), in addition to (001) and (101) crystal planes associated
with Mg(OH), phases at 2® angles around 18° and 38° (JCPDS
card number 04-015-2580 and 01-075-1527). Finally, in MEM

Fig. 7 — Pictures of the Mg alloys and extracts after the 24-h
and 72-h extraction in serum-free cell culture medium.
Mg1Ca alloys and extract after 24 h (A); Mg1Ca alloys and
extract after 72 h of incubation (B); Mg10Gd alloy and
extract after 24 h (C and D, respectively); Mg10Gd alloy and
extract after 72 h (E and F, respectively).

only diffraction peaks associated with Mg can be detected.
Again, these findings support the amorphous nature of the
protective layer formed in MEM, which is in full agreement
with previous work by Mei [24].

3.3.  Cytotoxicity testing

Cells were exposed to the Mg1Ca and Mg10Gd extracts for 24 h
and cytotoxicity was evaluated using two well-established
endpoints: LDH release, an indicator of plasma membrane
integrity and WST-1 reduction to assess changes in cell
metabolic activity. The appearance of the MglCa and Mg10Gd
alloys and respective extracts after the 24- and 72-h extraction
is pictured in Fig. 7. The degradation behavior of the bare Mg
alloys, especially of MglOGd was rather inhomogeneous
among the extraction experiments as evidenced by variance
of the data. Regarding the cytotoxicity of the MglCa, neither
the direct nor the diluted 24-h extracts caused significant al-
terations in cell viability compared to the respective controls,
as assessed by the LDH release and WST-1 reduction assays
(Fig. 8A and B). Our findings are in agreement with previous
studies reporting the absence of significant in vitro cytotoxicity
following indirect exposure to Ca-alloyed Mg alloys [44—46].
However, the 72-h MglCa extracts induced a concentration-
dependent increase of LDH release in L929-exposed cells
(Fig. 8C) and a significant decrease in cellular metabolic ac-
tivity (62 + 15% of negative control) in cells incubated 24 h with
the direct extract (Fig. 8D). Indeed, a higher degree of MglCa
alloy dissolution was observed at 72 h compared to 24 h after
extraction. Mg levels in the direct extracts increased
comparing with the extraction medium, being this increase
more evident in the 72-h extracts (729 + 0.18 wus
0.79 + 0.002 mM). At the same time, Ca concentration in the
extract decreased at 72 h (0.47 + 0.05 vs 1.55 + 0.15 mM),
probably caused by Ca precipitation due to medium alkaliza-
tion. Accordingly, cytotoxicity at this timepoint is most likely
caused by elevation of the Mg content, H, gas evolution and
pH alkalization as previously reported for Mg alloys [47—49].
On the other hand, a significant concentration-dependent
increase, in LDH release, was observed in cells exposed to the
24-h Mgl0Gd extracts when compared to the corresponding
controls (Fig. 8A). This was accompanied by a significant
decrease of WST-1 reduction observed in L929 cells exposed to
direct Mgl0Gd alloy extract (Fig. 8B). Moreover, Mgl0Gd 72-h
extracts induced a marked cytotoxicity in L929 cells. The cell
metabolic activity was significantly reduced (6 + 0.1% of NC) in
1929 cells incubated with the direct extract compared with the
corresponding control (Fig. 8D). However, LDH release levels in
the very same cells were close to zero (Fig. 8C), suggesting an
interference of the extract in the assay. Indeed, pH measure-
ments of the extracts revealed a pH 12 value for the Mgl0Gd
extracts contrasting with the pH 8.5 value observed in the FBS-
free cell culture medium kept under the same extraction con-
ditions. This rise in pH could explain the changes in cell viability
detected. To test this hypothesis, MglOGd extract pH was
adjusted to 8.5 and tested for cytotoxicity. As shown in Fig. 9, a
significant increase of LDH release (71 + 8% of PC) was now
detected in cells exposed to the pH-adjusted Mgl0Gd extract. On
the other hand, a marked decrease in cell metabolic activity
(20 + 5% of NC) consistent with the effect caused by exposure to
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metabolic activity (WST-1 reduction) after 24 h exposure to the 24-h extracts. Right (C) Plasma membrane integrity (LDH
release) and (D) cell metabolic activity (WST-1 reduction) after 24 h exposure to the 72-h extracts. Data represent the
mean + standard deviation (SD) of three independent experiments, each performed in triplicate. Data was analyzed using
Welch's t test. *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001 vs extraction medium.

the Mgl0Gd 72-h extract was observed showing that, despite
interfering with the LDH release measurements, this extract is
highly cytotoxic, most likely due to its Gd content. In this regard,
Grillo et al. investigated in vitro cytotoxicity of Gd, either alone or
in mixtures with Mg ions, in Chinese hamster ovary (CHO—K1)
cells. These authors showed cytotoxic effects at Gd concentra-
tion levels >200 pM, though no synergistic effects were observed
for Gd—Mg mixtures. On the other hand, Kottuparambil et al.
reported no significant adverse effects on mouse embryo fibro-
blast NIH 3T3 cells cultured onto Gd-alloyed Mg alloy disks (Mg-
Zn-Gd and Mg—Zn-Gd-Nd) [50]. In our study, Gd concentrations
in the direct extracts are around 0.4 uM. However, other ele-
ments such as Al (0.5 uM), Zn (0.2 pM), Cu (0.4 uM) and Sr (0.2 uM)

A
O Extraction medium (pH 8.5)
B Mg10Gd extract (pH 12)

Mg10Gd extract (pH 8.5)
100

80+
60+

404

LDH release
(% positive control)

20+

1

qa
q T T

were also detected in Mgl0Gd extracts and may contribute
additively and/or synergistically to the observed cytotoxic ef-
fects. Gd toxicity in humans is still a matter of spark debate
mostly from the evidence of Gd accumulation and reports of
harmful effects in patients subjected to magnetic resonance
imaging (MRI) using Gd-based contrast agents [45]. Furthermore,
Mg—Gd alloys seem to be rapidly degraded in vivo. Myrissa et al.
reported that Mgl10Gd pins implanted into Sprague—Dawley rats
were fragmented just 12 weeks after implantation to smaller
particles that perturbed bone remodeling. The released Gd
distributed and accumulated in various organs, mainly in the
spleen, lung, liver and kidney over the 36 weeks of study [51,52].

120+

100+ I

80+
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1 m?Z2
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Fig. 9 — Effect of the Mg10Gd alloy 24-h extract, as extracted (pH 12) and after pH adjustment (pH 8.5) in L929 cells viability (A)
Plasma membrane integrity (LDH release) and (B) cell metabolic activity (WST-1 reduction) following 24 h of exposure. Data
represent the mean + standard deviation (SD) of one experiment performed in triplicate.
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Thus, more studies must be performed to investigate the safety
of Gd-alloyed Mg alloys.

4, Conclusions

In this work, two biodegradable Mg alloys were tested in
different media to evaluate their corrosion degradation and
induced cytotoxicity. The main conclusions obtained are as
follows:

e The electrochemical results showed that MglCa has a
lower degradation rate when compared to Mg10Gd, due to
the presence of Ca as an alloying element.

e The corrosion activity was reduced in MEM, for both alloys,
when compared to NaCl and PBS. These results are in line
with previous works reported in the literature.

e The results obtained with electrochemical techniques are
consistent with mass loss measurements performed for
both alloys in different media.

e Although MEM is a more complex medium for unveiling
mechanistic information, regarding the degradation of Mg
alloys, it gives additional protection and thus more realistic
results when the purpose of the work is the development of
materials for biomedical applications.

e Concerning cytotoxicity studies, Mgl0Gd was found to be
cytotoxic in all the conditions tested, while the toxicity of
MglCa was low.

e For high extract concentrations some toxicity was also
found for MglCa, meaning that additional control on the
dissolution of the alloy should be considered.
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