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Abstract

There is an increasing interest in biodegradable materials, such as magnesium, for orthopaedic implants. This is driven by their potential
to address challenges like stress shielding and the need for secondary removal surgery. In this study, biodegradable magnesium alloys were
produced using the Vacuum Induction Casting technique. The impact of micro-alloying Zn and Ca in Mg—xZn-0.2Ca (x = 0.1, 0.2, 0.3,
and 0.4 wt%) alloys on corrosion resistance, cytocompatibility, and early-stage inflammatory response was investigated. XRD and SEM-EDS
analysis confirmed the presence of Ca,MgeZn; secondary phases in all alloys. The Mg—0.3Zn-0.2Ca alloy exhibited the lowest corrosion
rate and an elastic modulus of 36.8 GPa, resembling that of natural bone. Electrochemical measurements indicated a correlation between
grain size and secondary phase volume fraction in explaining corrosion behaviour. In vitro degradation in simulated body fluid (SBF) for
21 days showed hydroxyapatite formation on alloy surfaces, aligning with electrochemical studies. In vitro cytotoxicity tests demonstrated
the cytocompatibility of all alloys, with Mg—0.3Zn-0.2Ca having the highest cell viability over a 6-day cell culture. Investigation into the
inflammatory response with RAW-Blue macrophages revealed the anti-inflammatory properties of Mg—0.3Zn-0.2Ca alloys. Micro-alloying
with 0.3 wt% Zn and 0.2 wt% Ca enhanced mechanical properties, corrosion resistance, cytocompatibility, and immunomodulatory properties.
This positions the Mg—0.3Zn-0.2Ca alloy as a promising biodegradable implant for bone fixation applications.
© 2024 Chongqging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Corrosion susceptibility of biodegradable Magnesium
(Mg) alloys in physiological Chlorine environment is a
major limitation for its clinical applicability [1]. Magnesium
as biomedical implant has numerous advantages due to its
density, mechanical strength, and elastic modulus close to the
natural bone properties [1]. Mg is one of the most important
bivalent ions associated with the formation of the biological
apatite and shows direct influence on bone metabolism [2].
Alloying with elements like Al, Li, or Co has been reported to
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enhance the corrosion resistance of the Mg alloys. However,
introducing these elements in the implant system could lead
to chronic cytotoxic responses in the host system [3,4]. For
example, the presence of aluminium exerts neurotoxic effects
due to the generation of reactive oxygen species (ROS) and
free radicals [5]. Similar toxic responses were reported in the
past for Li [6] and Co [7]. Therefore, developing Mg alloys
with physiologically present elements like Zinc (Zn) and Cal-
cium (Ca), as bio-implants could be a desirable solution [8].

Several studies proposed Al and Rare Earth elements free
Mg alloys like Mg—Ca [9] and Mg-Zn [10]. The addition
of Ca enhances ductility, while zinc improves corrosion
resistance. The combination of these elements, calcium, and
zinc, has been observed to refine grain structure and enhance
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mechanical properties [11]. Similarly, the addition of other
elements like Mn and Si can result in mechanically improved
alloy system although they have not undergone evaluations
for cytotoxicity [12]. However, the alloying concentration
of Zn and Ca along with the Zn/Ca atomic ratio influence
significantly to the corrosion resistance and mechanical prop-
erties of the alloy system [13,14]. Based on previous reports,
if the concentration of Zn > 2 wt% and concentration of
Ca > 1 wt%, extensive formation of secondary precipitates
like Ca;MgeZn; and Mg,Ca was observed [15-17]. An ideal
biomaterial should be devoid of any kind of secondary phases
or precipitates [18] to prevent the galvanic coupling between
the precipitates and the «-Mg matrix [19,20].
Micro-alloying of Zn and Ca into Mg matrix in a trace
amount (i.e., 1 wt%) could be an effective way to improve the
mechanical properties with reduced secondary phases [21].
Elemental addition of both Zn and Ca is more effective in al-
tering the microstructure and mechanical properties of Mg al-
loys as compared to their individual addition in trace amounts
[22-24]. These alloying elements enhance the corrosion be-
haviour of Mg but evaluating the influence of these corrosion
products on cellular activity is an important step toward the
acceptance of Mg-based materials for bio-medical orthopaedic
applications. Material cytotoxicity or other biological tests are
performed using the cells of target tissue such as osteoblast
cells for musculoskeletal applications [25]. Along with cy-
tocompatibility, biodegradable materials should have intrinsic
ability to direct an immune response for better implant inte-
gration, while avoiding any chronic inflammation or foreign
body reactions [26]. Macrophages are the immunological cells
that balance the acute and chronic inflammation via cytokine
release. Hence cytocompatibility, macrophage fusion, and cy-
tokine release influence tissue healing and remodelling, fur-
ther affecting biomaterial properties and performance [27,28].
In this study, we used micro-alloying of Zinc and Cal-
cium in Magnesium via Vacuum Induction casting technique
to elucidate the evolution of secondary phases and their corre-
lation with mechanical and corrosion properties in Mg alloys.
To assess biological significance, we evaluated the cytocom-
patibility of four as-cast Mg—xZn-0.2Ca (x = 0.1, 0.2, 0.3,
and 0.4 wt%) alloys according to ISO standards, using indi-
rect cell culture with MC3T3-El cells in vitro. Additionally,
we conducted lipopolysaccharide (LPS)-induced early-stage
inflammatory response assays on the most cytocompatible
Mg—-xZn—0.2Ca alloys with RAW-Blue cells in vitro to in-
vestigate their anti-inflammatory properties. This paper is the
first of its kind, providing a comprehensive approach from
the initial conception of the alloy to its biological evaluation.

2. Materials and methods
2.1. Material fabrication

Four Magnesium alloys with varying amounts of Zn
(x = 0.1, 0.2, 0.3, and 0.4 wt%) and 0.2 wt% Ca were

prepared by melting a combination of commercial pure Mg
(99.95 %), Mg-30 wt% Zn master alloy, and Mg-22 wt% Ca

Table 1
Nomenclature and nominal composition of as-cast Mg alloys.
Material
Nomenclature condition Nominal composition (by wt%)
CZ00 As-cast Commercially pure magnesium (99.99 %)
CZ01 As-cast Mg 99.7 %, Zn 0.1 %, Ca 0.2 %
CZ02 As-cast Mg 99.6 %, Zn 0.2 %, Ca 0.2 %
CZ03 As-cast Mg 95.5 %, Zn 0.3 %, Ca 0.2 %
CZ04 As-cast Mg 99.4 %, Zn 0.4 %, Ca 0.2 %

master alloy. Table 1 presents the nomenclature and nominal
composition of all the alloys. Relevant alloy compositions
concerning their mass percentages were melted in a graphite
crucible inside a Vacuum Induction Casting equipment (In-
dutherm VC 480) maintained under a pure Argon (Ar) atmo-
sphere. Prior to melting, both melting and casting chambers
were purged with ultra-high purity Ar and maintained under
Ar atmosphere to prevent oxidation of the molten metal. The
melting pressure was adjusted to 0.5 bar to initiate heating.
The temperature was progressively raised to 690 °C while
maintaining continuous electromagnetic-induced agitation to
ensure proper mixing. Upon complete melting, the molten al-
loy was poured into a steel mold preheated to 400 °C. The
casting pressure was the same as the melting pressure. The
alloys were cooled completely inside the casting chamber. For
the metallographic studies, standard procedures such as me-
chanical grinding up to 4000 grit, diamond polishing until
0.25pum mirror finish, and ultrasonically cleaning in absolute
ethanol and then drying in hot air, before material character-
ization.

2.2. Scanning electron microscopy and X-ray diffraction

In-depth microstructural analysis of the alloys was investi-
gated using Hitachi SU 5000 Scanning Electron Microscope
(SEM) equipped with Energy Dispersive X-Ray spectrometer
(EDS) for the analysis of secondary phases. Further, phase
analysis of Mg alloys was carried out using Rigaku X-Ray
diffractometer with CuK, radiation as an excitation source.
Samples were scanned from 26 range of 5° to 80° with a
scan speed of 0.02° s~!. XRD peak analysis was done us-
ing Diffrac.Eva(Bruker) software and matched with respective
ICDD databases.

2.3. Microstructural characterisation

The samples polished upto 0.25 pwm surface finish were
chemically etched with Acetic-Picral solution to observe the
grain morphology and microstructure of the alloys in optical
microscope (Olympus). The unetched samples were observed
in SEM with Back-Scattered Electron (BSE) mode to distin-
guish different atomic phases.

2.4. Mechanical properties

The mechanical properties of the alloys were evaluated us-
ing uniaxial tensile test performed on miniature tensile spec-
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imens with overall length of 30 mm, fillet radius of 2 mm,
gauge length of 12 mm, width and thickness of the reduced
section was 2 mm and 1.5 mm respectively. The tensile test
was performed using MTS Universal Testing Machine at room
temperature. These tests were performed until fracture at 10~
s~! strain rate in triplicates for each alloy condition.

Micro-indentation was employed to characterise the me-
chanical properties such as elastic modulus and micro-
hardness of the alloys. Indentation was carried out at room
temperature using a CSM2-107 Tester equipped with a pyra-
midal Vickers indenter. The test operated as a load-controlled
system, involving indents arranged in a five-by-two pattern
with a 500 pm spacing between them. A maximum load of
0.5 N was applied with a loading rate of 1 N/min. Each indent
was held for a duration of 70 s.

2.5. Electrochemical measurements

Potentiodynamic polarization measurements were per-
formed using a three-electrode cell. The experimental setup
consisted of an electrochemical potentiostat (OrigaLys), Sat-
urated Calomel electrode (SCE) as reference electrode, Plat-
inum electrode as an auxiliary electrode, and the specimen
as the working electrode. Simulated Body Fluid (SBF) was
used as the electrolyte and the exposed area of the working
electrode in SBF was 49 mm?. Open Circuit Potential (OCP)
was measured for 1800 s in SBF to ensure the stability of
the system. Potentiodynamic polarization test was carried out
with a scan rate of 0.2 mV s~!, with constant stirring at 4 rpm
and scan range of 1 V with respect to OCP. Statistical sig-
nificance was assessed by examining three samples for each
condition. Corrosion rate (CR, mmpy) was calculated using
the following equation [29]:

327 x 107 x IL,, x E,

CR (mmpy) = p (D

where, E,, represents the equivalent weight of the material

and p is the density of the material in g cm™3.

2.6. Immersion test

Triplicate experimental samples of 7 x 7 x 2 mm® dimen-
sions of each alloy condition were immersed in SBF solution
at 37 °C within an incubator shaker set at 150 rpm for 21
days. Fresh SBF solution was replenished every 3 days. The
mass of each sample and pH measurements of the SBF so-
lution were recorded every 2 days. Surface topography was
examined using a stereomicroscope (Keyence) and scanning
electron microscope (SEM) at the end of 21 days.

2.7. In vitro cell studies

2.7.1. Cell culture

Osteoblastic MC3T3-E1 cell line (Sigma-Aldrich) derived
from mouse calvaria were cultured in «-modified eagle
medium (¢-MEM, Gibco) supplemented with 10 %(v/v) Fe-
tal bovine serum (FBS, Dominique Dutscher) and 1 % (v/v)

concentration of antibiotic Penicillin-Streptomycin. Cells were
split at 80 % confluency and were passaged with Trypsin-
EDTA (Dominique Dutscher). Passage 17-20 cells were used
during the cell culture study.

RAW-Blue™ cells (InvivoGen) are designed to mon-
itor inflammatory responses. They are derived from the
murine RAW 264.7 macrophage cell line and feature a NF-
kB/AP-1-inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene. Exposition to inflammatory stimuli in-
duces signalling pathways leading to the activation of NF-
kB/AP-1 promoter of the reporter gene, and the subsequent
production of SEAP. RAW-Blue™ cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Dominique
Dutscher) supplemented with 10 % (v/v) heat-inactivated FBS
and 200 pg/ml Zeocin (InvivoGen). Cells were passaged at
80 % confluency and were detached with cell scraper. Passage
6-9 cells were used during the cell culture.

All the cultures were maintained at 37 °C in a humidified
atmosphere of 5 % CO,.

2.7.2. Preparation of alloy extracts/conditioned medium

The cytocompatibility of the alloys with MC3T3-El cells
was determined using an indirect method as described in ISO-
10993-5 [30]. The samples were polished as mentioned above
and sterilized with 100 % ethanol followed by UV sterilisa-
tion. After sterilization, samples were immersed immediately
in «-MEM in the material surface to medium volume ratio
of 1.25 cm?/mL and kept in incubator shaker at 100 rpm at
37 °C. After 24 h, the conditioned medium (CM) was ex-
tracted and centrifuged at 3000 rpm for 15 min to remove
the debris. The supernatant was then collected and called as
a-MEM-CM.

2.7.3. Cytocompatibility assessment with MC3T3-EI cells

Parallel to the onset of extraction, MC3T3-E1 cells were
seeded at a density of 5000 cells per well in 96 well plate
and pre-cultured for 24 h at 37 °C. After 24 h culture, the
cell culture media was replaced with 100 % concentrated o-
MEM-CM. Cells cultured in fresh DMEM medium is used
as control. Cell viability was quantitatively determined for
dayl, 3 and 6 by MTS assay (Promega) according to the
manufacturer’ instruction. The 96-well plate was kept in the
incubator for 3 h and after the incubation period, absorbance
was recorded with the multi-mode microplate reader (CLAR-
IOstar, BMG Labtech) at 490 nm. All the measurements were
carried out in triplicates.

MC3T3-El cells cultured in indirect method for dayl,
3 and 6 were imaged under confocal microscope (Zeiss
LSM780) to study their cytoskeletal organization and cell
morphology. Cells were seeded at a density of 2 x 10* cells
per well of 24 well plate. Coverslips with cells cultured in
fresh «-MEM were considered as control. On respective day
points, cells were fixed with 4 % formaldehyde in PBS for
15 min and permeabilized with 0.1 % Triton X-100 for 15 min
at room temperature. Cells were gently washed with PBS
three times prior to each step. Blocking was done with 1
% Bovine Serum Albumin (BSA, Sigma) in PBS for 30 min.
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No PBS wash was given after blocking step. Then, the cells
were incubated in Phalloidin-iFluor 488 (Abcam ab176753,
1:2000 dilution) in 1 % BSA for 40 min in dark for F-actin
staining. After three PBS washes, nuclei staining was done
with Hoechst 33,258 (Santa Cruz, 1:2000 dilution) in PBS
for 5 min in dark. Finally, the cells were washed with PBS
and respective coverslips mounted on a glass slides using fluo-
romount aqueous mounting medium (Invitrogen). The stained
cells were imaged in confocal microscope using 40x oil im-
mersion objective. The images were processed using ZEISS
Zen 3.9 software.

2.7.4. Inflammatory response

The conditioned medium of the alloys was prepared in
DMEM cell medium using the above-mentioned procedure
and called as DMEM-CM. To study the inflammatory re-
sponse, DMEM-CM was diluted to 25 % and 50 % dilu-
tion using fresh DMEM, called as 0.25 DMEM-CM and 0.5
DMEM-CM, respectively.

RAW Blue™ macrophages were seeded in 96 well plate
with a seeding density of 7.2 x 10* cells per well in DMEM
medium (10 % v/v heat-inactivated FBS, without any antibi-
otics). After 24 h of culture, the cell medium was replaced
with 0.25DMEM-CM and 0.5DMEM-CM in the respective
wells followed by a LPS (Escherichia coli 055B5; Sigma-
Aldrich) stimulation for 24 h at 37 °C and 5 % CO,. Two
concentrations (0.1 ng/mL and 1 ng/mL) of LPS stimulation
were given separately to the macrophages for 24 h. Cells cul-
tured in DMEM medium were used as control. At the end of
the LPS stimulation, 20 pL of cell supernatant was added to
180 pL of Quanti-Blue™ solution and was incubated for 2 h
at 37 °C. Quanti-Blue™ solution contains chromogenic sub-
strate for SEAP (Secreted Embryonic Alkaline Phosphate),
which will help to measure the SEAP concentration in the
cell supernatant. After 2 h incubation, the absorbance was
recorded using microplate reader at 620 nm.

2.8. Statistical analysis

All the quantitative analyses were studied in triplicates for
each sample/condition and each experiment was conducted at
least three times. Data analysis and graphs were carried out
using GraphPad Prism and Origin software. One-way ANOVA
test was performed to determine the statistical significance of
the results.

3. Results and discussion
3.1. Microstructure

Microstructural analysis of the as-cast Mg alloys was in-
vestigated through EDS analysis and they are tabulated in
Table 2. The crystalline phases of the alloys were analysed
using XRD technique. The X-Ray diffractograms shown in
Fig. 1 were indexed using the standard ICDD database. All
the Mg alloys exhibited the complete spectrum of o-Mg XRD
reflections. There were no peaks corresponding to the binary

Table 2

Chemical compositions of as-cast Mg—Zn—Ca alloys.

Material Elemental composition (wt%) Zn/Ca

atomic ratio

Mg Zn Ca

CZ00 100 - - -

CZ01 Balance 0.1 £ 0.01 0.2 + 0.01 0.3

CZ02 Balance 0.2 + 0.01 0.2 + 0.02 0.6

CZ03 Balance 0.3 £+ 0.01 0.2 + 0.01 0.9

CZ04 Balance 0.4 + 0.01 0.2 + 0.01 1.2

Mg—Zn and Mg—Ca phases. The ternary phase of Ca,MgeZn;3
was indexed in all the alloy systems.

Fig. 2 presents optical micrographs illustrating the as-cast
Mg—xZn-0.2 wt% Ca alloys, where x represents the Zn con-
tent (x = 0.1, 0.2, 0.3, and 0.4 wt%). Optical micrographs
of the as-cast pure Mg (CZ00) are depicted in Fig. S1. The
average grain size of these Mg—Zn—Ca alloys was determined
using the linear intercept method, and the results are tabulated
in Table 3. Analysis of the optical micrographs reveals that
an increase in Zn content and Zn/Ca atomic ratio leads to a
refinement in the grain size, reducing it from 115.6 pm to
41.96 pm.

The reduction of grain size can be ascribed to the growth-
restricted factor (Q) 3!, a parameter that quantifies the solute
effect in alloy systems concerning both grain refinement and
growth. The formula for Q is @ = mC, (k — 1), where m
represents the gradient of the liquidus line of a binary al-
loy, C, is the bulk concentration of the solute, and k is the
equilibrium partition coefficient of the solute. A solute with a
higher Q value is anticipated to demonstrate greater efficacy
in refining grains due to its more pronounced constitutional
undercooling effect [31]. Mg—Zn system exhibits a steeper
slope of the liquidus line (m = 6.04 °C/wt%) in contrast to
Mg—Ca (m = 2.12 °C/wt%), indicating a higher potential for
Zn to induce grain size reduction. Consequently, the growth
restriction factor (Q) increases when Zn is introduced into the
MgCa alloy.

Scanning electron micrographs in Back Scattered Electron
(BSE) mode of the alloys along with respective EDS maps
are depicted in Fig. 3. This confirmed the presence of a uni-
formly distributed «-Mg phase, along with the precipitation of
secondary phases in all alloys. The chemical composition of
these secondary phases was analysed through EDS and pre-
sented in Fig. 4. From Fig. 3 and Table 3, it is evident that
the volume fraction of secondary phases decreases from CZ01

Table 3
Average grain size values and secondary phase volume fraction of Mg-x
Zn-0.2 wt% Ca (x = 0.1, 0.2, 0.3, and 0.4 wt%). (n = 5).

Material Grain size (jwm) Secondary phase
Mean+S.D for n = 5 volume fraction (%)

CZ01 115.6 £ 6.7 0.96 + 0.05

CZ02 912 £ 13 0.3 £ 0.01

CZ03 754 £ 4.7 0.1 £+ 0.03

CZ04 420 £ 22 1.2 + 0.01




2816

Intensity (A.U)

Intensity (A.U)

M. Behera, A. Denys, R. Shabadi et al./Journal of Magnesium

CZ01
10 L *a-Mg
: & Ca,Mg.Zn,
0.8
0.6 - ‘ [ ‘
-
‘ Ll ]
04 ? ,"\ "J"‘I \\/“'\.//" Rad
L]
.
0.2 |
0.0 -
1 1 1 1 1 1
20 30 40 50 60 70 80
20 (degrees)
CZ03
10 | v bt
& Ca,Mg.Zn,
0.8 -
T T
0.6 - a |l
I
T, [’L/‘ \Wa|
o4
L]
02 H
0.0
1 1 1 1 1 1
20 30 40 50 60 70 80
20 (degrees)

b

Intensity (A.U)

Intensity (A.U)

and Alloys 12 (2024) 2812-2825

CZ02
10 | ? oa-Mg
& Ca,Mg,Zn,
08 |-
- :
0.6 - ‘ ’
LI
y M |
0.4 - Ul Pae
L]
0.2+ * .
L] ° ..
00 l IL ) {1
1 1 1 1 1 1
20 30 40 50 60 70 80
20 (degrees)
. CZ04
1.0 *a-Mg
& Ca,Mg.Zn,
0.8 -
06| ’ I
L&
04| DAY WAV
L]
02} *
L] . L] °
L]
L]
0.0 .lJL N
: 1 1 1 | 1 1
20 30 40 50 60 70 80
20 (degrees)

Fig. 1. X-Ray Diffraction patterns of (a) CZ01, (b) CZ02, (c) CZ03 and (d) CZ04.

Fig. 2. Optical micrographs of (a) CZ01, (b) CZ02, (c) CZ03 and (d) CZ04.
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Fig. 3. SEM micrographs in BSE mode along with EDS mapping of (a)
CZ01, (b) CZ02, (c) CZ03 and (d) CZ04.

to CZ03, then increases in CZ04. In terms of Zn/Ca atomic
ratio, the alloy with a Zn/Ca atomic ratio of 0.9 exhibits the
lowest volume fraction of secondary phases compared to the
other investigated alloys. This could be due to difference in
the atomic radius of Ca (0.18 nm), Mg (0.15 nm) and Zn
(0.135 nm) [32]. The introduction of larger Ca atoms into
the solid solution raises the Mg-lattice parameter, whereas the
smaller Zn atoms have the opposite effect [33]. Previous stud-
ies suggest that Zn becomes part of the Mg,Ca precipitates,
which may then undergo a transformation into the ternary

phase CaMgZn [33]. This transformation serves to decrease
the lattice misfit between the precipitates and the Mg matrix.
The enhanced lattice matching is expected to result in an in-
creased rate of homogeneous nucleation, leading to a finer
distribution of precipitates [34,35].

Furthermore, the observed trend in secondary phase vol-
ume fraction can be attributed to the effect of lattice mis-
fit on the formation of these phases. Previous studies have
demonstrated that a high lattice misfit can lower the nucle-
ation energy barrier for precipitation, resulting in an increased
formation of precipitates or secondary phases. The lower ele-
mental segregation in CZ02 and CZ03 could be attributed to
the influence of low lattice misfit leading to low solute ac-
cumulation at the grain boundaries and dislocation [36-38].
In this study, CZ04 exhibits the maximum volume fraction of
secondary phases, indicating the highest lattice misfit among
the alloys. Conversely, CZ03, which shows the minimum vol-
ume fraction of secondary phases, could attribute to the lowest
lattice misfit.

XRD analysis confirms the presence of the Ca;MggZns
ternary phase, aligning with findings from the EDS analysis.
However, a slight mismatch is observed between the XRD
spectrum peaks and the chemical composition of Ca,MgsZn;
as indicated by the EDS analysis (Fig. 4). This mismatch
could be attributed to variations in interplanar distances
resulting from slight differences in Zn or Ca content. It
was observed that higher Zn content led to lattice contrac-
tion, whereas increased Ca content resulted in lattice expan-
sion, all while maintaining the suggested hexagonal structure
[39].

3.2. Mechanical properties

Fig. 5 depicts the mechanical properties of as cast Mg
(CZ00) and other Mg—xZn—0.2Ca alloys, as revealed by the
uniaxial tensile test. As compared to CZ00, it is evident from
Fig. 5 (a and b) that micro-alloying with Zn and Ca has en-
hanced the mechanical properties of the Mg—xZn-0.2Ca al-
loys, in terms of Elastic Modulus (E), Yield strength (YS) and
Ultimate Tensile Strength (UTS). Using the Oliver and Pharr
method [40], the elastic modulus (Egp) and micro-hardness
of these alloys were calculated. Fig. 6a illustrates the load-
displacement curves that closely align with the mean values
of elastic modulus and micro-hardness of the alloys. Fig. 6b
presents a graphical representation of the Egp and micro-
hardness of these alloys.

The elastic modulus (E) calculated from the tensile test,
decreases in the order: CZ04>CZ01>CZ02>CZ03. Among
all the studied alloys, CZ04 showed the maximum E value
of 55.9 GPa while CZ03 shows the minimum E value of
36.8 GPa. CZ03 showed a value of E very close to the elas-
tic modulus of natural bone (~20 GPa) [41]. The phase com-
position analysis of the Mg—xZn—0.2Ca alloys in this study
confirms the presence of the Ca;Mg¢Zn; secondary phase,
which precipitates along the grain boundaries and within the
inner grains. As the Zn content increases from 0.1 wt% to
0.4 wt%, there is a noticeable rise in the micro-hardness of
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Elemental composition (wt%)

(CZ02) Mg Zn Ca

a-Mg + Ca,MggZn,  75.4+£0.2 17.3%x0.2 7.4+0.1

a-Mg + Ca,MggZn,

68.8+0.2 21.7+x0.2 9.50.1

a-Mg + Ca,Mg,Zn,

10 pm

a-Mg + Ca,Mg.Zn,

10 pm

Secondary phase Elemental composition (wt%)

(CZ03) Mg Zn Ca

Secondary phase Elemental composition (wt%)
(Czo4) Mg Zn Ca

o-Mg +Ca,MgZn,  6530.2 24.4%0.2 10.3+0.1

a-Mg + Ca,MggZn,  53.1#0.2 36.2+0.2 14.3%0.1

Fig. 4. EDS point analysis of the secondary phases of (a) CZ0l1, (b) CZ02, (c) CZ03 and (d) CZ04.

the alloys compared to pure Mg (CZ00). CZ04 exhibits the
maximum micro-hardness of 57.5 HV and the highest Eqp
of 39.4 GPa. Conversely, CZ03 shows the minimum Egp of
33.7 GPa among all the alloys, with a micro-hardness of 53.5
HV. This indicates that the addition of Zn and Ca to the pure
Mg matrix has improved both the elastic modulus and micro-
hardness of the alloys.

The increasing trend in micro-hardness with higher Zn
content is attributed to the presence of CayMgeZns as a
secondary phase, grain size reduction, and solid solution
strengthening [15,42]. However, a synergistic effect of grain
size and volume fraction of secondary phases plays a role in
determining the mechanical properties of the Mg alloys [43].
In both tensile and micro-indentation test, CZ03 showed the
minimum value for E and Egp. The precipitate strengthen-
ing effect significantly influences the elastic modulus of the
as-cast Mg alloys [44,45]. In Fig. 3 and Table 3, CZ03, has
the lowest volume fraction of the secondary phase, hence it
could be the reason for exhibiting the lowest elastic modulus
among all the as-cast alloys.

The UTS and ductility of the alloys increases with increas-
ing Zn content and Zn/Ca atomic ratio. Previous literature
studies have confirmed the enhancement of strength and duc-
tility in as-cast Mg alloys through grain refinement [46]. In
this study, CZ04 showed maximum UTS of 198.5 MPa and
CZ01 showed the minimum UTS of 147.2 GPa, among all
the Mg—xZn—0.2Ca alloys. This reveals that addition of Zn
and Ca affects the tensile properties. This could be attributed
to the solid solution strengthening effect from the Zn and Ca
alloying [47], resulting in higher tensile strength in alloys as
compared to as-cast Mg (107.5 MPa).

The yield strength of the alloys increases in the order:
CZ01<CZ02<CZ03<CZ04. This trend indicates the effect
of grain refinement observed in the microstructure of alloys.
In accordance to the Hall-Petch relationship, grain size re-
duction results in enhanced yield strength [48]. It has been
reported that tension twining occurs when tensile stress is ap-
plied in HCP materials [49]. This stress twinning follows the
Hall-Petch relationship. The initial yielding behavior of the
Mg alloys is primarily influenced by the nucleation, propaga-
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tion, and transfer of twins to neighbouring grains. Initially, a
twin nucleates at a potential site, such as a grain boundary
(GB), followed by rapid propagation and subsequent termina-
tion at an adjacent GB. When a twin terminates at a GB, it
induces a localized stress concentration at the twin tip, which
facilitates the nucleation of twinning in the adjacent grain
[48,50]. The fractographs illustrated in Fig. 5 (c—g) shows
elongated grooves called “flutes” which are believed to be
induced by tensile twins, which further confirms the tensile
twinning [51]. Presence of dimples in the fractographs across
all systems confirms that the fracture mode is ductile [51,52].

3.3. Corrosion behaviour

Fig. 7 depicts the potentiodynamic polarization curves of
pure Mg (CZ00) and all as-cast Mg alloys. The E o and
Ieorr values were determined through the Tafel extrapolation
method and are presented in Table 4. The corrosion rates (mm
yr~1) for all samples were calculated using Eq. (1) and are
summarized in Table 4.

The electrochemical parameters of CZ03 reveal that it
demonstrates minimum I, value of 1.15 x 107* A cm™2
and an E.,; of —1.63 V, as compared to pure Mg and all
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Table 4
Electrochemical parameters of as-cast Mg—xZn—0.2Ca alloys (n = 5).
Material system Ecorr (V) Lo (x 107%) (A cm™2) Equivalent weight (Ey)(g) CR (mm yr )
CZ00 —1.7 £ 0.02 2.86 = 0.11 12.150 6.4 £ 0.03
CZ01 —1.69 + 0.01 2.5 £ 0.09 12.167 5.6 £ 0.31
CZ02 —1.7 & 0.05 1.5 + 0.29 12.175 33 4+ 025
CZ03 —1.63 + 0.04 1.15 £ 0.05 12.183 2.5 £ 0.12
CZ04 —1.72 + 0.01 1.58 £ 0.1 12.190 35+£03
-10 the beneficial effect of fine grain size. Similar observations
iz Y are realised as in the case of CZ03 alloy presenting better
il corrosion properties among all the studied alloys.
~ 167 3.4. Degradation studies
5 18-
§ - Fig. 8 summarizes the results of the degradation studies
£ — 700 of the Mg alloys in SBF for 21days. The weight loss (%)
22—z of each Mg alloys is illustrated graphically in Figs. 7a and
244 _Eégi 8b show the pH change observed over 21 days in Mg alloys.
6] ——cz08 At the end of 21 days of degradation, the corroded surfaces
were observed under optical and electron microscope. Fig. 8-
=8 g . L 2 2 L (c—f) depicts the SEM micrographs of the corroded surface
Log (i/A) of CZ01, CZ02, CZ03, and CZ04 respectively, along with

Fig. 7. Tafel plots obtained from Potentiodynamic polarisation measurement
of as-cast pure magnesium (CZ00) and other Mg—xZn—0.2Ca alloys.

other investigated alloys. This results in a calculated cor-
rosion rate of 2.5 mm yr~! for CZ03. While CZ01 shows
the maximum Icorr value of 2.5 x 10* A cm™2, com-
pared to all other investigated alloys. The corrosion rate in
the micro-alloyed as-cast Mg—xZn—0.2Ca alloys increases in
the order: CZ03<CZ02<CZ04<CZ01<CZ00. This indicates
a direct influence of microstructure on the corrosion be-
haviour of the as-cast alloys. Previous reports on MgZnCa
alloys have demonstrated that minimum corrosion rate could
be achieved with a balanced volume fraction of secondary
phases and grain size. The corrosion rate in as-cast al-
loys decreases with grain size refinement [53,54] and in-
creases with increasing density of secondary phases, lead-
ing to further increase in the I., values. Additionally, sec-
ondary phases precipitates at the grain boundaries could re-
sult in severe galvanic corrosion attack in comparison to
the precipitates at the interior of the grains [55]. This oc-
curs due to the difference in the electrochemical potential
of the precipitate and matrix. The standard electrode poten-
tial decreases in the order: Ca;MgsZns> a-Mg>Mg,Ca [20].
From the grain size analysis shown in Table 3, it was ob-
served that CZ01 has the larger grain size among all the
other as-cast alloys and the grain size decreases in the or-
der: CZ01>CZ02>CA03>CZ04. Fig. 3 depicts the volume
fraction of secondary phases presents in the studied alloys
and decreases in the order: CZ01>CZ04>CZ02>CZ03. Lu.
Y., et al. [56] have reported that in as-cast MgZnCa alloys,
the volume fraction of secondary phases was dominant over

the corresponding EDS analysis spectrums.
The degradation of Mg alloys in SBF undergoes the fol-
lowing chemical reaction [57]:

Mg—Mg>t + 2e~ (anodic) (2)
2H,0 + 2¢e~ — H, + 20H™ (cathodic) 3)
Mg>* + 20H~ — Mg (OH), 4)

CI” ions present in SBF react with Mg(OH), to produce
MgCl,, releasing additional OH ™ ions as byproducts [58]. This
reaction leads to a rapid increase in pH, as depicted in Fig. 8b.
Among the magnesium alloys, pure Mg (CZ00) exhibits the
highest pH change of 10, while CZ03 shows the lowest
change at 8.5 compared to the other alloys. Fig. 8a illustrates
the maximum degradation for CZ00, and the degradation rate
follows the order of CZ01 > CZ04 > CZ02 > CZ03 in terms
of weight loss (%). This degradation pattern aligns with the
electrochemical corrosion rate presented in Table 4.

A noticeable weight increase is observed in pure Mg and
other alloys on day 3, which could be attributed to the strong
adhesion of corrosion products to the material surface. How-
ever, as degradation progresses, the corrosion products detach,
resulting in a decreasing trend in weight change (Fig. 8a).
Consequently, phosphate ions (PO,3~) and Ca’>* ions in SBF
likely react with OH™ ions to form hydroxyapatite (HA,
Cay(PO4)6(OH),), as observed in the EDS analysis (Fig. 8-c—
f) of the respective Mg alloys. Mg?* serves as a crucial ionic
substitution in biological apatite [59], leading to the forma-
tion of a corrosion product layer containing Mg(OH),, HA,
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Fig. 8. Degradation behaviour of Mg—xZn—0.2Ca alloys in SBF for 21days: (a) weight loss (%), (b) evolution of pH change of SBF. SEM micrographs
showing surface morphology and EDS area analysis of 21 days degraded alloys (c) CZ01, (d) CZ02, (e) CZ03 and (f) CZ04. The insets in the SEM images
are the optical images (Scale bar= 1 mm) of the corresponding alloys after 21 days of degradation in SBF.

and other Mg apatites that covers the surface (Fig. 8-c—f),
subsequently decreasing the corrosion rate.

An early rise in pH values for the alloys was attributed
to the accumulation of OH ions in the form of Mg(OH), on
their surfaces. As the immersion time increased to 3days, the
pH value of alloys gradually rose to around 9.0, indicating a
steady trend. This behavior is due to the formation of passive
layer of Mg(OH), and the subsequent precipitation of calcium
phosphate as a top layer on the Mg(OH), [60]. Concurrently,
the consumption of calcium phosphate from the SBF led to
an increase in the amount of hydroxyapatite precipitation on
the surface. While the passive layer remains intact, the weight
loss rate remains relatively stable, as indicated by a plateau on
the weight loss (%) graph in Fig. 8(a). However, upon local
destruction of the corrosion product film, localized corrosion
initiates [61,62]. This leads to an increase in the corrosion
rate, reflected by a downward trend in weight loss profile in
Mg-xZn—-0.2Ca alloys.

Unlike CZ01 and CZ04, the corroded surfaces of CZ02 and
CZ03 lack corrosion pits, possibly explaining their reduced
degradation behaviour over 21 days. The presence of chloride
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Fig. 9. Cell viability (%) measured by MTS assay absorbance at 490 nm for
MC3T3-El cells cultured in conditioned medium (¢-MEM-CM) with Mg
alloys. Data represented are mean + S.D for n = 3. One-way ANNOVA test

was used to calculate the p values, where ***indicates p < 0.001.
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ions influences the formation of hydroxyapatite (HA), causing
HA to adopt a platy shape in the presence of chloride ions and
a needle-like shape in their absence, while the composition of
HA remains unaffected by Cl~. This suggests that the degra-
dation of the magnesium alloy enhances the precipitation of
HA [63]. Previous studies have demonstrated that HA forma-
tion promotes osteoinductive and osteoconductive properties,
contributing to the biocompatibility of Mg alloys [64].

3.5. In vitro cell studies

3.5.1. Cytocompatibility assessment with MC3T3 EI cells

The cytocompatibility assessment utilized the conditioned
medium prepared with various Mg alloys and Pure Mg.
Fig. 9 illustrates the cell viability of MC3T3-El cells over
a 6-day duration in the conditioned medium of all four al-
loys. In the initial 24 h of culture, all alloys displayed cell
viability of >70 % compared to the Control, indicating the
absence of cytotoxicity in the tested Mg alloys, in accor-
dance with ISO-10993-5. Day 1 cell viability results revealed
the impact of pH change and ion concentration in the con-
ditioned medium on cell proliferation. The release of Mg>*
ions led to alkalinization of the cell medium, resulting in
low metabolic activity on Day 1. However, by Day 3, an
increase in cell viability was observed, suggesting that cells
in the conditioned medium adapted to the environment and
exhibited proliferation capability similar to the control [65].
The cell viability findings align well with the corrosion and
degradation behaviour depicted in Figs. 7 and 8. CZ03 consis-
tently demonstrates the highest cell viability over the 6-day
cell culture period. This can be attributed to its lower cor-
rosion rate and minimal release of metal ions, contributing
to the maintenance of favourable pH conditions conducive
to cell growth and proliferation. In addition to its desirable
mechanical properties, corrosion resistance, and degradation
rate, CZ03 exhibits superior cytocompatibility compared to
the other investigated Mg alloys. This led us to conclude that
CZ03 is the most promising alloy composition, both in terms
of material and biological aspects. Consequently, CZ03 under-
went further assessment to study its cytoskeletal arrangement
and morphology through an indirect method utilizing confocal
microscopy.

Fig. 10 presents representative confocal micrographs de-
picting MC3T3-E1 cells cultured in the conditioned medium
of CZ03 for days 1, 3, and 6, with cells cultured in fresh
oMEM medium serving as the Control. Cytoskeletal reorga-
nization and alterations in cell proliferation indicate cell adhe-
sion, proliferation, and functionality through the activation of
cellular signalling pathways [66,67]. On day 1, cell prolifera-
tion for CZ03 was lower, with a non-uniform distribution of
actin fibers compared to the control. However, by the begin-
ning of day 3, there was an increase in cell proliferation for
CZ03, evident from the rise in Hoechst-stained nucleus count.
Additionally, a confluent layer of MC3T3-E1 cells similar to
the control was observed on day 6. The confocal micrographs
in Fig. 10 further validate the quantitative cell viability (%)
presented in Fig. 9.
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Fig. 11. Comparison of SEAP activity of RAW-Blue ™ cells to DMEM-CM
extract of CZ03 at 25% (0.25 DMEM-CM) and 50 % dilution (0.5 DMEM-
CM), with and without LPS stimulation. Data represented are mean + S.D
for n = 3. One-way ANNOVA test was used to calculate the p values, where
** indicates p < 0.01, ****indicates p < 0.0001.

3.5.2. SEAP activity

The study employed the conditioned medium of CZ03 at
25 % and 50 % extracts to investigate the inflammatory re-
sponse in RAW-Blue macrophage cells. Fresh DMEM cell
culture medium underwent incubation under the same condi-
tions as the conditioned medium preparation for 24 h, referred
to as S-DMEM. The control for the 25 % extract of CZ03
was created by combining fresh DMEM and S-SMEM in a
3:1 ratio. Likewise, the control for the 50 % extract of CZ03
was prepared by mixing fresh DMEM and S-DMEM in a 1:1
ratio.

Lipopolysaccharide (LPS) is a Toll-like Receptor 4 (TLR4)
agonist which can induce potent inflammatory responses like
TNF-o and IL-6 production via activating NF-xB signalling
pathway [68]. In our model, production and activity of SEAP
mimic cytokine production. Thus, LPS stimulation can be de-
tected and quantified in terms of SEAP production. Fig. 11
shows the graphical representation of SEAP activity in ab-
sence/presence of LPS stimulation. It was observed that in
absence of LPS, CZ03 alloy extracts do not express any pro-
inflammatory response in RAW-Blue cells. While, in presence
of LPS, CZ03 alloy extract exhibits downregulation of SEAP
expression, in comparison to their respective Control condi-
tions. An increase in the concentration of Mg alloys resulted
in more decrease in the SEAP activity. Mg causes decrease
in LPS/TLR4 binding extracellularly and results in decrease
in cytokine production [69]. Another possible explanation for
this downregulation of SEAP production could be the inhi-
bition of NF-«B signalling pathway by Mg>* ions [69-71].
Several studies reveal the impact of magnesium on decreasing
the cytokine production by increasing I«Ba levels, which is
the basal inhibitor of NF-kB activation. Therefore, it can be
inferred that Mg”* ions in CZ03 alloy extract produced an
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anti-inflammatory environment either by reducing LPS/TLR4
binding or via downregulating TLR- NF-«B signally path-
way for SEAP production in RAW-Blue macrophage
cells.

4. Conclusion

This study investigated the effects of micro-alloying Mg al-
loys with Zn and Ca, focusing on the mechanical, corrosion,
and biocompatibility properties of these alloys for potential
biomedical applications. The following key findings were ob-
served:

» Micro-alloying of Mg alloys with Zn and Ca exhibited
very fine particle size of Ca2Mg6Zn3 secondary phases.

« Among all the studied alloys, CZ03 with 0.3 wt% Zn

and 0.2 wt% Ca (with Zn/Ca atomic ratio of 0.9),

demonstrated the elastic modulus of 36.8 GPa which

is close to natural bone, minimum corrosion rate, less
degradation, and less pH change of SBF in 21 days
immersion.

All the alloys showed cytocompatibility > 70 % towards

MC3T3-El cells. During the cell viability assessment,

CZ03 resulted to have the highest cell viability among

all the alloys.

« Further investigation into the inflammatory response of

CZ03 revealed a decrease in SEAP activity with an in-

crease in CZ03 extract concentration.

Based on these findings, it can be concluded that the as-

cast Mg—0.3Zn—0.2Ca alloy is well-suited for biomedi-

cal bone fixation applications.

e Mg—0.3Zn—-0.2Ca (CZ03) offers enhanced corrosion re-
sistance, cytocompatibility, and anti-inflammatory prop-
erties. The novel MgZnCa alloy holds promise in reduc-
ing complications associated with post-secondary oper-
ations in biomedical applications
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