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Abstract | Magnesium (Mg)-based material systems offer great potential
for healing bone fracture and defects, in terms of reduced stress shield-
ing effect and non-toxicity, due to their biodegradability and biocompat-
ibility. However, an issue with controlling degradation rate of Mg in an
intraosseous (occurring within bone) environment has impeded their
application in orthopaedics. As a solution to this problem, Mg can be
combined with other corrosion-resistant and bioactive materials to form
composite. Hydroxyapatite (HA) is an attractive bioceramic for implants
due to its similar chemical composition to the apatite found in bone.
Thus, incorporation of HA in Mg assists in enhancing multiple engineer-
ing properties that are critical for its widespread use in orthopaedic
application. Tremendous improvement in the mechanical and degrada-
tion properties of HA-reinforced Mg composite, along with their impres-
sive biocompatibility, has led to further interest in research, which has
resulted in some clinical trials of Mg-HA-based composites, as well. This
review article summarises researches, carried out till date on Mg-HA-
based composite, with a special focus on significant role of HA in tuning
the degradation and mechanical behaviour of Mg-based materials. The
detailed summary on biocompatibility of Mg-HA-based composites has
also been covered. A comprehensive understanding on biocompatibility
and degradation behaviour of Mg-HA system is needed to assess the
potential of these composites in orthopaedic application. However, such
review is missing in available literatures. On the basis of current stud-
ies available on Mg-HA-based composites for orthopaedic application,
guidelines for future application in clinical trials have also been framed

and presented in this review article.

1 Introduction

Bone is a load-bearing composite, which is quite
susceptible to fracture in adverse conditions.
Bone grafting is a surgical procedure to fix the
damaged or defective bones by regeneration. The
use of autograft provides calcium-based scaf-
folds, necessary for the support and new bone
growth.! This surgical procedure has recognized
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advantages, e.g. no risk of disease transmission
and high potential for new bone growth. How-
ever, the incidences associated with it, e.g. pain,
infection, numbness and donor-site morbid-
ity; restrict its widespread use in the biomedical
application.' Materials that accelerate the fracture
healing and bone regeneration have tremendous
potential for orthopaedic application. In this
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connection, synthetic biomaterials are the only
hope for the contribution to human kind. The
market value of biomaterials has increased enor-
mously over the last few years.” The major part of
the market of biomaterials belongs to orthopae-
dic biomaterials.” Hence, it is of much interest in
the field of biomaterials research.

Orthopaedic biomaterials are divided in two
categories. The first one is implants and fix-
ture accessories, which are produced from met-
als, ceramic and polymers. The second category
includes scaffolds for tissue regeneration. Clini-
cally used metallic orthopaedic materials include
titanium (Ti), stainless steel and cobalt—chro-
mium alloys. These commercially available ortho-
paedic materials face major drawbacks in terms
of stress shielding and revision surgery (in case
of fracture fixing temporary implants), as they
are not biodegradable and have much higher
mechanical properties than bone.* These chal-
lenges have driven the research towards search for
alternatives in form of biodegradable biomateri-
als, which would not only overcome the short-
coming of bio-inert (Ti, Co—Cr, SS) materials
but also degrades with regeneration of bone over
a given period of time. The candidates for bio-
degradable implant materials can be polymers,
metals, ceramics or a combination, in forms of
composites.

1.1 Commercially Available Biomaterials
for Orthopaedic Applications

Polymers, suitable for biomedical application,
can be categorized as natural (biological nature)
and synthetic, by their source of origin. The pro-
teins, such as, collagen and gelatin come under
the natural polymers. On the basis of degrada-
tion in in-vitro and in-vivo environment, these
polymers can also be categorized in degradable
and non-degradable polymers. Generally, degra-
dation of these polymers in physiological solu-
tions takes place by two basic mechanisms, i.e.
passive hydrolysis and active enzymatic reac-
tions.” Poly (hydroxyl acids) is common class
of synthetic polymers, which are synthesized by
ring opening polymerization (ROP) and also
polymerization by condensation. The above pol-
ymer undergoes bulk degradation. Once eroded,
the monomer components are removed from
body through natural pathways. The key advan-
tages of this system are kinetic degradation and
modifiable mechanical behaviour. However, the
main drawbacks are the eroded products, lead-
ing to reduction in pH, which ultimately leads
to inflammatory reaction, along with high bulk
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erosion. The other weaknesses include poor
hydrophilicity and excessive degradation rate of
this polymeric system. The application of poly-
mers includes bone screws and plates for small
implants. The most common polymers, available
in this category, are PGA (polyglylolic acid), PLA
(polylacticacid) and PLGA (polylactic-co-gly-
colide). PLA is often reinforced with HA or chi-
tosan to modify the mechanical properties and
osteocompatibility.”®

The silk fibroin (SF) is another available natu-
ral biodegradable polymer, produced from silk-
worms or spiders. SF acts as active sites for bone
mineralization and bonding with bio molecules,
leading to bone regeneration. The studies have
shown that SF scaffolds perform better than PLA
ones in rat model, in terms of expedited bone
regeneration.9 In connection to this, SF solubil-
ity rate can be controlled from days to year.'® !
Although several studies have shown successful
in-vitro and in-vivo performance of silk-based
biomaterials, none of these studies have pro-
ceeded for human trial.'> BioFix'™ has recently
launched its biodegradable bone fixation accesso-
ries made of PLGA 8218 (82% poly-L-lactide and
18% glycolide). As per the catalogue, they have
claimed the retention of complete tensile strength
and degradation resistance for 14 and 30 weeks,
respectively (Online'*). But the given initial ten-
sile strength (65 MPa) and Young’s modulus
(3.3-3.5 GPa) for these accessories are quite low
as compared to the natural cortical bone (tensile
strength: 38-283 MPa, young’s modulus: 5-23
GPa) for load-bearing applications (Online'”).

The applications of ceramic biomaterials are
growing tremendously. It is mainly because of
its biocompatibility, better corrosion resistance
in physiological environment and chemical simi-
larity with natural bone minerals in some cases.
These ceramic materials have tendency to be used
as the bone substitute or to promote the bone
regeneration.'® The derivatives of calcium phos-
phates, which are more relevant to chemistry of
bone tissue, are hydroxyapatite (HA) and trical-
cium phosphate (TCP). The processing of these
materials is generally done through powder pro-
cessing route. Sintering of final product decides
its microstructure. The HA particles have com-
paratively low dissolution rate to TCP particles
in the physiological environment.'”'® In addition
to that, it offers excellent osteoconductive prop-
erties and thus is favoured as suitable reinforcing
materials for metal matrix composite. Further,
the presence of HA, as a coating or reinforcement
in metallic implant, provides nucleating sites for
the growth of apatite crystals and also increases

J. Indian Inst. Sci.l VOL 99:31303—327 October 2019ljournal.iisc.ernet.in



In Vitro Biodegradation and Biocompatibility of Mg-HA-Based...

the growth rate of apatite layer on metallic
implant surfaces, making them integrated to the
bone structure. Thus, HA is being studied widely
by many research groups to extract all its poten-
tial in orthopaedic applications.””~*! The only
major limitation of HA is its high brittleness,
which makes it inappropriate for load-bearing
application.

Another available biodegradable ceramic is
bioactive glass (BG). BG releases Na™ and Ca*"
ions during dissolution in the body fluids, which
help in new bone growth. Besides being biocom-
patible, BG offers good bonding with the sur-
rounding bone tissues. Brittleness is again the
major limitation for BG materials to be used for
load-bearing applications.**

1.2 Current Need of Biomaterials
for Orthopaedic Applications

Metals and their alloys have been used widely
over centuries for the load-bearing applica-
tions in orthopaedics (pins, plates, screws, knee
or hip prostheses and dental implants, etc.), due
to their excellent mechanical properties. Cur-
rently, three main types of metal systems, used
in orthopaedics, are Ti-based alloys, Co-based
alloys and stainless steel (SS). But studies revealed
that SS is prone to corrosion in the physiologi-
cal environment (simulated body fluid), due to
the presence of significant quantity of chlorine
in the human body.” * ** Still, SS is commonly
used in implants due to their economic afford-
ability. In the field of hip and knee joint pros-
theses or devices, Co-based alloys (Co—Cr and
Co—-Ni) are widely used due to their high wear
resistance and biocompatibility.”® These alloys
also offer high corrosion resistance and fatigue
strength. There is a study showing Co—Cr-based
alloys performed better in corrosion, as compared
to stainless steel, demonstrating better perfor-
mance in chlorine-rich environment. It is due to
the formation of a passive layer of Cr,O; in the
human body environment.”® However, reports
are also available on high amount of Ni and Cr
being released at implantation site, causing toxic
effects or allergic responses.?” Titanium (Ti) and
its alloys are found to be promising for bone
replacement implants. Ti possesses low density
(4.5 g/cm’), good elastic modulus, significant
corrosion resistance, biocompatibility and non-
toxicity in human body environment.”® Ti and
its alloys are also found to make good physical
connections with the host bone?® and thus, have
been used widely in total hip replacements and
craniofacial implants.”® However, there are some
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common problems of metals and their alloys,
such as, the stress shielding effect. This arises due
to the mismatch in the elastic modulus of metal
implants and that of natural bone. Stress shield-
ing occurs when implant takes more portions of
load and adjacent bone tissues possess compara-
tively less load, which ultimately leads to the loss
in density of bone. This phenomenon is known as
stress shielding caused by commercially available
metallic implants, having elastic modulus higher
than the natural human bones. Further, corrosion
leads to wear debris or metal ions, which induce
inflammatory and allergic reactions. One prom-
ising strategy to achieve suitable elastic modulus
is to prepare porous metallic implants. But the
use of these porous structures is limited to the
tissue engineering applications due to their poor
mechanical attributes.

Beyond these commercially available bioma-
terials, there is a need for the development of a
biomaterial system which is biodegradable in
body fluids and having elastic modulus similar
to human bones. Metals, such as, magnesium
(Mg), zinc (Zn) and iron (Fe) are degradable
in the body fluids and show better biocompat-
ibility. Additionally, Mg is having elastic modulus
(~41-45 GPa) very similar to human bone (10—
20 GPa).”” Degradation kinetics and accumula-
tion of inflammatory iron hydroxide particles
in many tissues have been the major limitations
with the iron (Fe) metals.”® Slow degradation of
Zn in the body fluid (complete degradation may
require several years) is the main issue with the
Zn metals for temporary orthopaedic applica-
tion.’> *! Magnesium can be alloyed with many
different materials, such as, zinc, calcium, and
aluminium. These alloys can be strengthened
by uniform dispersion, solid solution and pre-
cipitation hardening.’’ Furthermore, magnesium
composites are now introduced in the fields of
orthopaedic implants.

1.3 Biodegradable Magnesium as a
Viable Solution and Challenges
The clinical application of biodegradable Mg-
based materials is a tangible vision in temporary
orthopaedic implants. Currently applied perma-
nent metallic implants, for temporary applica-
tions as fracture fixing accessories, have several
negative aspects, such as, inflammatory osteolysis
due to the toxic release of metallic ions and inter-
ference in the radiological studies makes their
uses limited.*” So, the non-toxicity of degraded
particles is the primary concern for biodegrad-
able implants. Interestingly, Mg*" ions are the
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fourth most available cation in human body. In
a healthy 70 kg human body, ~25-35 g (~ 1 mol)
of Mg is stored.”” More than half of total physi-
ological magnesium is present in human bone.*
Approximately 35-40% of total Mg is found in
the soft tissues, followed by the blood serum. In
addition to this, Mg element also takes part in
more than 300 enzymatic and adenosine triphos-
phatase (ATP) reactions in the human body.*

Further, Mg-based materials possess the den-
sity of 1.74-2 g/cm’ which is quite comparable to
the natural human bone (1.8-2.1 g/cm?).?’ Addi-
tionally, elastic modulus of Mg-based materials is
also quite comparable to natural bone (cortical
bone 10-27 GPa, Mg 40—45 GPa).** This similar-
ity in the elastic modulus can address the issue of
stress shielding, which is associated with the cur-
rently available metallic orthopaedic implants.

The high solubility rate of Mg in physiological
environment is a major limitation in orthopae-
dic application.”® The electrochemical reaction
involves formation of magnesium hydroxide
[Mg(OH),] layers and liberation of hydrogen
(H,) gas. Mg(OH), acts as a temporary protective
layer. But, the exposure of these hydroxide layers
to chloride (Cl7) environment further enhance
the degradation rate as Mg(OH), layer converts
into MgCl, Presence of high concentration of
Cl™ in the in-vivo condition leads to bulk degra-
dation in the body environment.*®

This high corrosion rate of Mg in in-vivo
environment can have a toll on the mechani-
cal integrity of the composites, even after short
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the bone
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time exposure in physiological condition. Mg
and its composites are attractive for fracture fix-
ing accessories, in particular as bone screws and
plates. To have enough mechanical strength of the
Mg-based composite during in-vivo application,
implants should have better degradation kinet-
ics to match with the healing rate of the damaged
bone tissues. Figure 1 shows the schematic repre-
sentation of the desirable degradation kinetics of
orthopaedic implants in line with the mechani-
cal strength, till the total healing of the damaged
bone tissue.

It has been observed that initially the degra-
dation rates of Mg-based materials are very fast
in the physiological solution, but it reduces with
the time. Conversion of Mg(OH), protective
layer in MgCl, layers degrades materials severely
and the mechanical integrity of the implants gets
affected.”” Measures have been taken for slowing
down the degradation rate of Mg, which includes
alloying of metallic elements, use of ceramic
materials as reinforcement (e.g. HA) and surface
treatment. There are several limitations associated
with the alloying of Mg metals, such as, the toxic-
ity of alloying element (e.g. Al, Zr and rare earth
metals) and less solubility of alloying element
(e.g. Ca<1.34%).* ?° Additionally, low melting
point (~650 °C) of Mg metal restricts fabrication
of high corrosion-resistant ceramic coating on
the surfaces. So, the development of a composite
with inert and biocompatible ceramic phases as
reinforcement could be the better option to tune
the solubility of implant and bone regeneration.

———. Healing of the Bone
=== Degradation of Mg implants

Complete degradation of

Mg Implant

Time Span for total bone healing

>

Figure 1: Schematic showing the desirable degradation rate of implants (Mg) with the healing of dam-

aged bone tissues.
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1.4 Development of Mg-Based
Composites

The importance of Mg was first recognized effi-
ciently in 1907 by a surgeon named Albin Lam-
botte, who used Mg nails to fix the 2-months
old fracture in 17-years old youth to treat severe
pseudarthrosis in lower part of leg. Thus, mag-
nesium degraded in 8 days and hydrogen gas
was produced under the skin.”® Earl D. McBride
also tried using Mg alloy (Mg: 95.7%, Al: 4%,
Mn: 0.3%) plates and screws in the year 1938.%
The effervescence of the hydrogen gas dur-
ing the corrosion reaction was the major issue
reported in this study. The continued use of Mg
was abandoned at that point because of the lack
of mechanical properties, high degradation rate
and high rate of hydrogen gas evolution at the
implantation site.

The effort for overcoming the undesirable
shortcoming of freestanding Mg implants has
led to exploration of Mg-based composites for
orthopaedic application. Several studies have
explored the potential of Mg-based composite
system using different bioceramics (e.g. HA, TCP,
BG) as the reinforcement to improve mechanical
properties, corrosion resistance and biocompat-
ibility.**~** Alumina (AL,O;) is one of reinforce-
ment materials for Mg-based composites. It is
bioinert in nature. It has attractive properties to
be used for bone implants, such as, high wear
and corrosion resistance. It is thermodynami-
cally stable in nature. One of the in-vivo studies
in white Japanese rabbit, performed using alu-
mina as a reinforcement material, depicted weak
tissue reaction.* In addition to that, zirconia, cal-
cium phosphate, bioglass, and carbon are other

16 4

14 4

124

10 4

No of Publications

Figure 2: Chronological record of number of
publications on HA reinforced Mg-based com-
posites Source:
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classes of reinforcement materials. Out of all the
given reinforcements, zirconia is an emerging
one, especially highlighted for total hip replace-
ment application. However, small traces of radio-
active elements were found with zirconia, which
are quite harmful to living tissues.** Bioactive
glasses are another category of reinforcement
used nowadays. They are mostly used in ortho-
paedic and dental prosthesis. Calcium phosphate
ceramics (CPC) are widely known biomateri-
als for more than 20 years. The commonly used
CPC are hydroxyapatite (HA) and beta tricalcium
phosphate.

HA is a natural bioceramics material, found
in the mineral part of natural human bones. It
has the chemical formula of calcium apatite (Cas
(PO,);(OH) (Ca/P ratio of 1.67), also known for
low degradation rate in physiological condition.*’
Additionally, HA shows significant bioactivity
and biocompatibility. In a nutshell, HA has a sim-
ilar chemical and structural characteristic to the
mineral part of natural bone.*® The application
of monolithic HA is limited due to its insignifi-
cant load-bearing capacity. However, it serves as
an ideal reinforcement in Mg-based metal matrix
composites for orthopaedic applications. Figure 2
shows the summarized data on total number of
publication based on HA reinforcement in Mg,
in chronological order. Based on the given data,
importance of HA in Mg-based composite can be
clearly understood. A significant increase in the
number of publications in the year 2016-2018
can be seen, which reveals the importance of Mg—
HA composites in contemporary research. Thus,
a comprehensive review on the effect of HA in
Mg material will give a clear idea of advancement
in the orthopaedics field. In addition to that, this
review will produce a clear picture on the present
status of findings. Not only this, it will also help
in realizing the untouched areas and thus, lead-
ing the research community towards the proper
direction for future research.

So, in the present review article, studies
related to the effect of HA in Mg-based materi-
als have been summarized in terms of the differ-
ent fabrication techniques available to synthesize
the given composites; keeping the limitations of
these material systems in mind. Comprehensive
analysis of degradation and biocompatibility
behaviour of these composites in the physiologi-
cal environment has been given main priority. In
addition to that, article includes a comparative
discussion on the in-vivo biodegradation and
biocompatibility performance of Mg-HA-based
composite systems. Finally, this article presents a
snapshot of current state of Mg-HA composite,
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with an understanding of the challenges and
development.

Several comprehensive studies have reported
the effect of different reinforcement in Mg-based
composite system in terms of the mechanical
behaviour and corrosion resistance. Based on
the excellent outcomes of HA reinforcement in
Mg-based composites, the detailed study of these
composite systems, in terms of in-vitro degrada-
tion behaviour in different physiological envi-
ronment, as well as, the in-vivo performance
need to be summarized thoroughly to provide a
clear picture of these materials system for tempo-
rary orthopaedic application. As per the authors’
knowledge, none of the review articles have sum-
marized the detailed degradation behaviour of
HA-reinforced Mg-based composite in several
different physiological solutions. In addition to
that, most important property, biocompatibility,
needs to be addressed in detail for these com-
posite systems. In this review article, the progress
on the development of HA-reinforced Mg-based
composites, with particular focus on the degrada-
tion behaviour in different physiological solution
and bioactivity performance in in-vitro and in-
vivo conditions, have been addressed in a com-
prehensive manner.

2 Fabrication of Mg-HA-Based
Composite

Homogeneous distribution of HA in Mg-based
matrix, along with the better densification, are
the main points taken care during the mixing
and consolidation of powders, to control the
porosity. Figure 3 represents different catego-
ries of synthesizing techniques used to fabricate
Mg-HA-based composites. Desired temporary
orthopaedic application properties, like, suit-
able degradability in physiological environment,

significant mechanical property and better struc-
tural integrity of composite, can be achieved by
tuning the dispersion of HA reinforcement and
porosity. Following are the sub sections giving a
clear picture on efficacy of each technique in con-
solidation of Mg—HA-based composite.

2.1 Powder Processing Route

Powder processing route is the most widely used
technique for the fabrication of Mg-HA com-
posites. Conventional powder processing con-
solidation technique has mainly been applied for
synthesizing Mg—HA-based composite with vari-
ety of modifications to optimize the temperature
and exposure time.

2.1.1 Conventional Sintering

Sintering is the process of making dense object
from the green compacts by applying heat below
their melting point. Bonding of the particles
takes place by the process of diffusion, leading
to densification of the structure. The consoli-
dation of Mg-HA-based composite by conven-
tional sintering is always carried out after green
compaction of the powders.” ** #-50 Unjaxial
compaction has been generally used to make
green compacts. Isostatic pressing has also been
tried in cases, for making green compacts out
of the composite powders*” >! using ball milling
technique to mix the Mg/HA (10, 20, 30 wt%)
powders using agate balls, followed by the com-
bination of cold pressing and hot extrusion to
achieve the composite structure. Morphology,
mechanical behaviour, in-vitro assessment and
biocompatibility of Mg/HA composites were
performed after the fabrication of Mg-HA com-
posites. It was observed that, with increase in
content of HA (> 10 wt%), the extent of uniform
distribution of hydroxyapatite decreased. The

| |

| |

| Powder Processing Route ‘ Casting

—>‘ Conventional Sintering |

—)‘ Spark Plasma Sintering |

Microwave Other
Assisted Techniques
Sintering (HFIHS) process

\ 4
‘ Friction Stirring Process |

Figure 3: Categories of consolidation routes for Mg-HA-based composites.
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Figure 4: Powder FESEM images of a HA, b Mg, ¢ Zn, d 5 wt% HA mixed with Mg-3Zn, e elemental

analysis of 5 wt% HA added Mg-3Zn powder .

tensile yield strength increased, but ultimate ten-
sile strength and elongation decreased with HA
reinforcement. Moreover, the corrosion resist-
ance of Mg/HA composites decreased with an
increase of HA content beyond 10 wt%.’! Mg-
10HA composites showed good biocompatibility
and did not induce any toxicity in L1929 cells.’!
In a study by Khalajabadi’s et al. a three-step
process, involving milling—pressing—sintering
technology, was used to prepare Mg/HA/TiO,
composites and its properties were compared
with Mg/HA nano-composites. In comparison
to Mg/HA composite, the corrosion resistance
of Mg/HA/TiO, composites improved and its
biocompatibility was also retained significantly.

J. Indian Inst. Sci. IVOL 99:31303-327 October 2019/journal.iisc.ernet.in

However, the presence of TiO, in the Mg-HA
composite system hinders its full degradability
in the body fluid. In addition to this, researchers
have even tried the concept of two-stage sinter-
ing in conventional approach to achieve better
compaction.”’ The major issue with conventional
sintering is that of long duration and low heat-
ing rate. The chances of oxidation during heat-
ing are more in conventional sintering, which
becomes crucial in case of magnesium-based
materials. Various ranges of temperatures, start-
ing from 350 to 600 °C, with a dwell time of 2— h,
have been adopted for Mg—HA-based compos-
ite.”” 4% 5253 Dye to the higher melting point
of HA (~ 1100 °C), it does not allow the particles
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to form bonding at Mg—HA interfaces. Low heat-
ing rate of conventional sintering route also cre-
ates the limitations in achieving high density.
The present authors have used the conventional
sintering approach to compact the Mg-HA.*
Figure 4 shows the scanning electron micros-
copy image of the individual powders and Fig. 4d
shows the uniform dispersion of 5 wt% HA pow-
der in Mg-3 wt% Zn powder. Sintering of the
green compacts was performed in two stages,
with a cycle of 450 °C for 8 h, followed by 550 °C
for 4 h. Relative density of 91-96% was obtained
for Mg—3Zn and Mg-3Zn/HA composites. This
study has shown that the incorporation of 5 wt%
HA to Mg-3Zn matrix composite via conven-
tional sintering route has enhanced the corrosion
resistance and compressive yield strength by ~ 42
and 23%, respectively.”’ To evaluate the poten-
tials of these composites for bioactivity behav-
iour, protein adhesion study was also performed
on Mg-3Zn and Mg-3Zn/5HA composites.”*
Addition of 5 wt% HA has enhanced the protein
adhesion by~40% as compared to without HA
composite.” Recently, magnesium with 6.5 wt%
Zn, along with a range of HA content (0, 5, 10
wt%), synthesized through powder processing
route via conventional sintering, suggested that
Mg with 10 wt% HA exhibited highest corrosion
rate.”” Similarly, other studies on Mg-HA-based
composites developed through powder process-
ing route using conventional sintering tech-
nique, show the limitation of usage of maximum
composition of HA for better density and sig-
nificant corrosion and bioactivity behaviour.”
> These findings suggest that conventional sin-
tering route have limitations for incorporating
maximum composition of HA in Mg matrix. The
conventional sintering was mostly carried out
in inert atmosphere, i.e. argon gas and vacuum.
Although, there is no study available as per the
knowledge of authors, which can summarize the
advantages and disadvantages of different sinter-
ing atmospheres on Mg—HA-based composites.

2.1.2 Spark Plasma Sintering

Spark plasma sintering (SPS) is another method
of sintering used for the consolidation of Mg—
HA-based composites.*” > The benefits of
using spark plasma sintering for Mg—HA-based
composite system are (1) fine grain morphol-
ogy; (2) high relative density; (3) comparatively
less time required for sintering; (4) lower tem-
perature and (5) application of high pressure.
Spark plasma sintering is a very promising
technology for the fabrication of ceramic and
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nanostructured materials since it retains fine
grain morphology after sintering.** ®! It is more
helpful in case of ceramic materials, as fine grain
could also increase the mechanical properties,
such as, hardness, compressive strength and
fracture toughness.*” The conventional sinter-
ing route requires higher temperature and longer
holding time, which ultimately causes grain
growth severely. On the other hand, SPS involves
pressure and fast heating rate simultaneously.
The outcome through SPS route is comparatively
better density at very low temperature. Because
of shorter duration in SPS, the microstructure is
retained, leading to improvement in mechanical
characteristics of the material (Sidhu 2018).4% ¢!
Spark plasma sintering of Mg-HA has operat-
ing temperatures within range of 350-500 °C,*®
6! pressure of 30-80 MPa in vacuum or argon
atmosphere.’® The systematic studies have shown
minimum range of 475-585 °C as the optimum
spark plasma-sintered temperature for Mg-HA
composite system.’®

Ratna Sunil et al.** **° synthesized Mg—HA-
based composites using SPS method. Addition of
10 wt% HA in Mg matrix reduced the corrosion
rate significantly. It was observed that, after the
addition of 10 wt% HA, E ., of Mg-10HA, com-
posite shifted towards the positive with increase
in corrosion resistance by ~ 15%.

Prakash et al. reported synthesis of Mg—
HA-based composite using SPS method. ¢!
Sintering temperature of 350 °C was used to
consolidate the mixed powders, which is quite
low when compared to other studies. It has
been observed that addition of 10 wt% HA in
Mg-based composite has reduced the corrosion
resistance drastically by~52%. Low sintering
temperature of this composite system might be
reason for deteriorating the corrosion proper-
ties. Muhammad et al.?® have reported the effec-
tive range of temperature during spark-plasma
sintering of magnesium-based composites to
be 475-585 °C. They have claimed that tensile
strength of composites has increased with the
sintering temperature, due the better consolida-
tion. Although, there was no sign of hardness
change with the temperature for SPS-sintered
Mg-HA composite. In another effort®® to synthe-
size Mg—HA composite through SPS, a tempera-
ture of 475 °C and pressure of 40 MPa was used
in vacuum atmosphere. Mg and HA powders
were first ball-milled for 2 h for mixing of the
powders. After sintering through SPS, the con-
solidated specimens were treated through plasma
electrolytic oxidation (PEO) to further improve
the corrosion resistance. Figure 5a—d shows the
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Figure 5: Optical micrographs of the compacts a pure Mg, b Mg/5HA, ¢ Mg/10HA d Mg/15HA

optical micrographs of sintered magnesium/
hydroxyapatite composites. The morphology of
sintered Mg/10 HA (Fig. 6¢) is revealing minor
chunks (agglomeration) of HA particles (black
in colour) randomly dispersed in composite. But,
severe clustering is observed in Mg/15HA com-
posite system (Fig. 6d). Agglomeration of HA
reinforcement limits the content of HA in Mg
matrix (e.g. 15 wt% in this case).”?
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Figure 6: Compressive stress—strain behaviour

of Mg—-3Zn/HA composites fabricated via powder
processing route using conventional sintering
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Simultaneous application of pressure and
temperature in SPS technology allows incorpo-
ration of higher content of HA, as compared to
conventional sintering. Thus, spark-plasma sin-
tering could be the promising technique for con-
solidation of Mg—HA-based composite system.

2.2 Casting

Casting is another conventional approach to
synthesize the composite materials system. Mg/
PLGA scaffolds were synthesized using solvent
casting technique followed by the salt leaching.®®
Compressive strength of the porous structure
increased by ~ 180% with the addition of 40 wt%
Mg powder. In another study,** Mg-3Zn—Ca/p-
tricalcium phosphate (B-TCP) bioabsorbable
material was fabricated by melt shearing along
with high-pressure die casting (HPDC) tech-
nique. The dispersion of p-tricalcium phosphate
particles in magnesium matrix was achieved
through high shear unit. Improvement was seen
in hardness. But elongation and yield strength
could not match the mechanical integrity.
Another research compared the degradation rate
of HA/Mg—Zn—Ca and TCP/Mg-Zn—Ca, synthe-
sized by shear mixing casting method.®® Though,
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the rate of dissolution of p-tricalcium phosphate
in physiological solution is slightly higher than
HA. But, TCP/Mg-Zn—Ca composite studies
have shown quite better degradation resistance
as compared to HA/Mg-Zn-Ca composite.**
The degradation rates of p-tricalcium phosphate
reinforced composites were lower than HA-rein-
forced Mg matrix composites.** Further, another
Mg-HA composite was synthesized by melting,
followed by hot extrusion, with different com-
position of HA (5, 10, and 15 wt% HA).'”* The
results showed increment in compressive strength
of composite, with the increase in percentage
of HA. But, tensile strength of these composites
showed decrement with the HA composition, due
to the brittle nature of HA.'” % Ye et al.%® have
also designed Mg-Zn-Zr-nHA composite, pre-
pared by melting and hot extrusion. Addition of 1
wt% nano HA powder (nHA) in Mg—3Zn—0.8Zr
matrix improved immersion corrosion resistance
by ~72% after 20 days of immersion. Sun et al.*’
have also synthesized Mg—-3Zn-0.5Zr/xHA (x=0,
0.5, 1 and 1.5 wt%) composites through melting
and mechanical stirring, followed by hot extru-
sion. They have reported ~ 10% improvement in
mechanical properties for Mg-3Zn—-0.5Zr/1.5 HA
composite with addition of HA. However,
Mg-37Zn-0.5Zr/1 HA composite showed ~60%
lower degradation rate, after 12 days of
immersion.

2.3 Microwave-assisted processing

The microwave science has also been used as
rapid processing technique for the fabrication of
magnesium-based composite. Chemical reactions
between the powder particles are initiated using
radiation technique. The electromagnetic waves
(wavelength of 1 mm to 1 m), with correspond-
ing high frequency (300 MHz to 300 GHz) elec-
tric fields, are used produce the radiations. On the
application electromagnetic waves, polarization
of the bound charges happens within the mate-
rial. By maintaining the energy balance without
a temperature gradient provides uniform heat-
ing. Thus, the synthesis process takes lesser time
as compared to conventional sintering route.®®
% The earlier studies on microwave technology
focused only on the monolithic materials. Until
now, there is only study on Mg-HA-based com-
posite, fabricated through microwave-assisted
sintering.”’

The researcher’” mentioned the advan-
tages of sintering route in terms of densifica-
tion, fast heating rate and balancing of energy,
thus saving the time required for the whole

@ Springer i’?}}%&?&

process. Additionally, use of 15 wt% HA in Mg
showed ~ 66% higher microhardness and ~44%
increases in flexural strength as compared to Mg.
Addition of 10 wt% HA into Mg leads to 67.5 and
42.8% increment in the compressive strength and
modulus, respectively.

2.4 Friction Stirring Process

Friction stir processing (FSP) has also been used
to synthesize Mg—HA-based composites in several
studies.” *> 4% 71 72 This solid state processing
technology works on the concept of friction stir
welding. In this technique, the tool in the form
of cylinder consists of small pin, which is pene-
trated in to sample surfaces. Further, it is plunged
along the surface, which induces heavy plastic
flow during the process followed by the dynamic
recrystallization in the area of FSP zone. This
recrystallization gives fine gain microstructure.
The stirring action of friction stir processing can
be used to fuse the ceramic powders (HA) into
the Mg matrix. Report is also available on signifi-
cant reduction of grain size (~93%) as a result of
FSP.** 3% 40 Another report through FSP showed
52% increase in corrosion resistance of Mg—5
wt% HA composite. Reduction in the grain size
of Mg-5 wt% HA composite helped in the more
apatite formation due to the increase in the grain
boundary area per unit volume. However, uni-
form dispersion of HA throughout the compos-
ite, as well as, the fabrication of bulk composite
structure cannot be achieved through FSP tech-
nique. In addition to that, wear debris of FSP tool
contaminate the base metals during the process
of fabrication.”?

2.5 Other Fabrication Techniques

High-frequency induction heat sintering
(HFIHS) method has also been explored for syn-
thesizing Mg-HA-based composites.”* 7> The
study reported, HFIHS as a promising sinter-
ing technique for the consolidation of metals
and ceramics. This rapid sintering involves a coil
(known as work coil), which is wrapped around
a work piece of nanostructured ceramic or metal.
A very high-frequency, high-power A.C. current
flows around workpiece. The workpiece becomes
red hot first and afterwards it is molten. This
technique is quite similar to hot pressing (carried
out in graphite die). But the sintering is accom-
plished through high-frequency electricity. The
current generated in the coil is highly intense,
which changes the magnetic field rapidly within
the space of work coil. Thus, the workpiece gets
heated, which is placed within magnetic field.
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Khalil et al.”” showed the effect of HFIHS sinter-
ing conditions on morphology and mechanical
behaviour of Mg-HA composites. The relative
density (RD) of Mg: 5 wt% HA composite system
was obtained ~99.7%, at temperature of 550 °C.
Another report’* on Mg-HA composite by same
group showed the excellent performance against
degradation in simulated body fluid (SBF) for
Mg/5 wt% HA.

3 Tunability of Mechanical Properties

HA is found to be the ideal reinforcement for
Mg matrix, while tuning the mechanical behav-
iour of Mg-based composites. In general, being
ceramic in nature, addition of HA in Mg mate-
rials enhances the hardness and compressive
strength of composites. However, tensile property
deteriorates after the addition of HA. Neverthe-
less, comprehensive strength is more important
for the material system to be used in orthopaedic
applications.

Xu et al.”® have synthesized Mg-HA compos-
ite via conventional sintering route. They have
reported ~ 8% improvement in the compressive
strength after the addition of 5 wt% HA in Mg
matrix. In another study on Mg-HA composite,
fabricated through melting and extrusion process,
decrease in the tensile strength by ~27% with 15
wt% HA addition is recorded.'” ** Elongation
also decreased with the addition of 15 wt% HA,
which shows the brittle nature of the composite.
Strengthening of Mg-HA composite depends
on many factors, such as (1) load transfer from
matrix to reinforcement; (2) type of processing
technique used for fabrication and (3) type of
reinforcement used.

Figure 6 shows the representative stress—strain
curve of Mg-3Zn/HA composites, fabricated
through powder-processing route via conven-
tional sintering technique. Incorporation of 5
wt% HA is found to be effective in increase in the
compressive yield strength of Mg-3Zn/HA com-
posite by 23%, as compared to Mg—3Zn.” Higher
compressive strength of HA (~700 MPa) can
positively influence the mechanical property of
composites.

In addition to that, compressive strength of
Mg also depends on the homogeneous distribu-
tion of HA inside the matrix. Agglomeration of
HA nano particles in the composites is the main
cause of poor mechanical properties with higher
HA content.

Figure 7 presents the comprehensive plot of
ultimate compressive strength, obtained after
addition of different compositions of HA in Mg-
based matrix in different studies.** *> 466278

It can be clearly seen from Fig. 6 that the
addition of HA in Mg-based matrix generally
enhances the compressive strength of compos-
ites up to a certain composition due to the brittle
nature HA ceramic. However, the content of HA
is limited due to starting of their agglomeration
at higher content, which makes composite com-
paratively weaker. However, strength of theses
composites also depends on the presence of other
elements as well.

Addition of HA in Mg-based matrix also
tunes the hardness of Mg—HA composites system.
Addition of harder phases (i.e. ceramic) in Mg
materials generally enhances the hardness of the
composite system significantly. In addition to that,
processing route of fabrication also contributes to
altering the hardness of composites. Researchers
have used Vicker’s hardness technique and instru-
mentation indentation measurement®” > ¢! to
quantify hardness of Mg—-HA composite. Jaiswal
et.al showed ~41% improvement in hardness for
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5 wt% HA-reinforced Mg (Fig. 8).%° Similar trend
was observed by other studies as well®” ®" HA has
hardness value of 5.8 GPa,”® which is significantly
higher than Mg (0.44 GPa).* This is one of the
reasons for high hardness of composite mate-
rial. The increment in hardness values can also
be attributed to the cumulative effect of work
hardening, due to presence of the dissimilar par-
ticles in the composite. On other hand, a study
conducted by Ratna Sunil et al.** #> % on Mg—
HA (0, 8, 10 and 15 wt%) composite, fabricated
through spark plasma sintering, has reported dec-
rement in microhardness by 18% after the addi-
tion of 8 wt% of HA in Mg matrix (Fig. 9a, b). It
might be due to the agglomeration of HA nano-
particles during SPS. However, an inconsistency
in the hardness trend was observed with the HA
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composition. Addition of 10 wt% HA in same Mg
matrix further increased the nanohardness of the
composites. Addition of more HA in Mg matrix
might produce higher strain hardening, which
may be the reason for the further increment in
the nano hardness. Although, continuous drops
in the young’s modulus values was observed with
the increment of HA composition in Mg matrix
(Fig. 9¢, d). However, no explanation is provided
for this apparently unexpected behaviour.

The HA addition to Mg enhances the hardness
impressively due to (1) strengthening of matrix
and (2) strain hardening. Clustering of HA in
Mg matrix inhibits the improvement of hardness.
Similar to compressive strength, the hardness also
depends on the processing parameters of consoli-
dation route.

(b)

70 4

57377 gga.75 572:68

498+6.9

60

50

40

30 4

20 4

Vickers microhardness (Hv)

M-Mg Mg-8HA Mg-10HA Mg-15HA
Samples

70

573439
557164 549453

60 - 524+42
50
40

30

20 +

Young's modulus (GPa)

M-Mg Mg-8HA Mg-10HA Mg-15HA
Samples

Figure 9: a Variation of micro hardness over the different composite surfaces, b average hardness value

for the composites for different composition of HA ¢ force—displacement curves for all the composites dur-
ing nano-indentation and d Young’s modulus of the composites by nano-indentation method
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4 Mg-HA-Based Composites
4.1 Biodegradation of Mg—HA-Based
Composites
Recently, Mg-based biodegradable implants have
made much progress in the development of smart
materials for orthopaedic application. Although,
the extensive use of Mg-based orthopaedic
implants is still restricted mainly due to their
high corrosion rate in physiological environment.
In addition to that, integrity of mechanical prop-
erties during degradation also inhibits the exten-
sive application of these metallic materials. The
degradation of Mg metal in aqueous solution can
be presented by the following equations. Equa-
tion (1) represents the partial primary anodic
reaction and Eq. (2) expresses the reduction of
protons at cathode site.

Anodic equation : Mg — Mg2+ + 2e”
(1)

Cathodic equation : 2H,O + 2¢~ — 20H™ + Hj
(2)

Figure 10 represents the schematic diagram
for basic corrosion mechanism of Mg metal.
Formation of hydrogen gas during the degrada-
tion of Mg-based implants is another undesirable

Anodic equation: Mg—> Mg?* + 2¢-
Cathodic equation: 2H,0 + 2e—> 20H +H,

Mg + 2H,0 —> Mg(OH), +H,

consequence of the reaction. High concentration
of CI ions, present in the physiological environ-
ment, accelerates rapid formation of subcutane-
ous hydrogen bubbles. Major effect of hydrogen
gas accumulation can be seen in the first week of
the implantation, which approximately vanished
after 2—3 weeks of implantation.®! Song et al. pos-
tulated that the human body has the tendency
to tolerate the hydrogen gas evolution rate of
0.01 ml/cm?/day, which generally does not cre-
ate any trouble.” Hydrogen gas release can be
directly tuned by improving corrosion resistance
of Mg-based materials. In addition to that, pH
of the physiological solution, different ions pre-
sent in the body, protein and its adsorption also
affect the rate of degradation of Mg metals. Sur-
rounding tissues, present in vicinity of implants,
also take part in the corrosion process. It has
been reported that the corrosion resistance of Mg
metal can be improved by forming the compos-
ite material system. A composite with inert and
biocompatible reinforcement phase could be a
better option to tailor the degradation behaviour
of Mg materials. Inert nature of ceramic materials
in physiological environment authenticates them
as better reinforcement for Mg-based system.
Furthermore, Mg-HA-based composite system

Mg(OH), + 2CI- — Mg(Cl), + 20H-

Mg(OH),

?‘Z W W Moo, ?‘l W

H
OH
h ﬂ*&"’* 2 o

-

Mg Substrate

Figure 10: Schematic diagram of basic corrosion mechanism of Mg metal in aqueous environment.
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forms continuous precipitation of the bone-like
apatite because of homoepitaxial nature of HA.
Apparently, as time span increases when Mg-HA
composite is exposed to simulated body fluid,
the process of dissolution of apatite layer starts.
Moreover, formation and dissolution of apatite
layers lead to mass gain and mass loss of Mg-HA-
based composite. Thus, reaction kinetics (Egs. 1,
23,4, 5,6 and 7) explain the mechanism behind
the Mg-HA degradation in simulated body fluid.
Consequently, substantial in-vitro biodegradation
experiments have been carried out to simulate the
real in-vivo degradation behaviour of Mg-based
biodegradable metallic implants.

The formation of the new apatite layer was
described with the following equations’”:

Ca*" + HPO?™ — CaHPOj. (3)

4Ca%* + HPO?™ +2P0O3~

~ Cay (HPOZ") (PO}), )

5Ca*" 4+ 3PO3™ 4+ OH™ — Cas(PO4)3(OH)
(5)

The dissolution reaction of apatite can be
described by Egs. (6) and (7) as follows””:

Cas(PO4)3(OH) — 5Ca*" + 3PO3™ + OH~
(6)

Cas5(POy4)3(OH) + 7H*

< 4Ca®t + 3HPO, + H,0 %
4.1.1 Evaluation of the Corrosion of Mg-Based
Biomaterials
High complexity of corrosion process in physi-
ological solutions, due to the presence of aggres-
sive environment, like, higher amount of salts,
sugar, proteins, inhibits the wide interest of many
research groups to explore the potential of Mg
metal for orthopaedic application. Physiological
environment is so important because this envi-
ronment has a considerable influence on degra-
dation behaviour of various materials. Selection
of a more relevant physiological solution is of
utmost important to evaluate corrosion rate of
Mg-based implants, as it should offer the closest
approximation for in-vivo conditions. To develop
the smart material for orthopaedic application,
and to evaluate their proper bio corrosion prop-
erties, several methods are available to quantify
the corrosion rate in physiological environment.
Potentiodynamic polarization test, i.e. accelerated
corrosion test, cyclic polarization and in-vitro

@ Springer i’?}}%&?&

immersion studies for longer duration (depend-
ing on the time required for respective bone
healing) are popular experiments to measure the
corrosion properties of Mg-based implants.

4.1.1.1 Electrochemical Study Potentiodynamic
polarization tests are carried out by several research
groups to determine the corrosion resistance of the
Mg-HA-based composite materials system.” > ¢ Tt
is a convenient and simple technique to measure the
corrosion resistance by testing the OCP (open circuit
potential), polarization curve via three electrode sys-
tem. Scanning rate of tests also plays an important
role, because it balances the steady state approxima-
tion. Ultimate aim of adding the HA in Mg matrix is to
improve the corrosion resistance of the system. Table 1
represents several studies of accelerated corrosion test
performed on the Mg-HA-based composite system.
Different kinds of physiological solutions used in the
experiments are also mentioned in Table 1. It has been
observed that addition of HA in Mg-based matrix has
significantly improved the corrosion resistance of the
materials. In addition to this, the fabrication process
involved in the development of composite also affects
the corrosion rate of the materials.

4.1.1.2 Immersion Test Immersion test in physio-
logical solution (e.g. SBE, PBS etc.) at body temperature
(~37 °C) is a standard method to assess the corrosion
properties of biodegradable Mg-HA-based compos-
ites. ISO 10993—15 (Biological evaluation of medical
devices-Part 15: Identification and quantification of deg-
radation products from metals and alloys), and ASTM
G31-7 (standard protocol for immersion test of metallic
materials) are testing standards to perform the immer-
sion studies in physiological solutions.** According to
the ISO 10993-15, immersion test vials should be tightly
closed during the experiments to avoid the evaporation
and stored in a constant temperature (37 °C) environ-
ment. There are many important factors, like, the ratio
of solution volume-to-sample surface area (V/A), time
duration of immersion study, the flow rate of the solu-
tion in case of dynamic immersion studies and several
methods to evaluate degradation rate affect the final
degradation behaviour of materials.

To avoid any severe change in the degrada-
tion behaviour of samples, due to the exhaustion
of corrosive constituents or corrosion products
accumulation during immersion testing, ASTM
G31-72 recommends the standard solution vol-
ume is of 20 mL/cm?* and 40 mL/cm? to perform
test. Researchers have studied the effect of V/A
ratio on materials’ degradation rate by varying
the ratio from 0.67 mL/cm* to 6.7 mL/cm?. It
has been seen that, low ratio of V/A led to a high
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pH of the solution, which influence the corro-
sion rate. However, in case of high ratio of V/A,

= © such as 6.7, the effect was negligible. In addition
w|® = = 5, 8 to that, the selection of the physiological solu-
§ E :lj (ég g Q tion and the V/A ratio, based on the required
< E%{ o (‘g?e A 2 bio environment, is a very important parameter
E 5 S |5 @ § 5 to predict the degradation behaviour of these
& composites in service condition. It was suggested
% that a high V/A ratio, such as 6.7, and a low V/A
> ratio, such as 0.67, should be selected to simulate
= the V/A ratio should be considered in terms their

é clinically relevance.
RS In general, based on the state of physiological
o é solution, immersion test can be classified into two
> = types: static immersion and dynamic immersion.
§ gl < In the. case (?f static- immel.rsion tes.t, th<.e samples
A < 5 are dipped in the immobile physiological solu-
g ~§ 5 tion, while in the case of dynamic immersion
2|y 2 g test, the solution is in the flowing condition. It
(s & 3 s & has been observed that several available studies

on immersion testing have adopted static immer-
sion method to evaluate the degradation behav-
iour of metallic materials.?® 7% 3% 40525455 B¢, at
the same time, some outcomes show that in-vitro
degradation data cannot predict the in-vivo deg-
radation behaviour.”” Therefore, several dynamic
equipment have been invented for better simula-
tion of the in-vivo environment. It has been rec-
ommended that future immersion experiments
for blood contacting implants should use more
physiologically accurate test systems by mim-
icking the real body fluids. One of the dynamic
immersion studies on degradation behaviour of
pure Mg in 0.6% NaCl solution under multiple
rotation speed (1, 120, 1440 r/min) has reported
that the flowing of physiological solution dur-
ing immersion tests accelerates the degradation
rate by reducing the deposition of apatite layers
on the surfaces.*? So, the flow rate of the physi-
ological solution should be managed properly
during dynamic immersion tests, depending on
the physiological condition of the implanted part
of the body. Table 2 shows the comprehensive
study of Mg-HA composites in in-vitro degra-
dation in different physiological solution. Effect
of various compositions of HA reinforcement in

processing increased corrosion resistance by ~72%
enriched with HA caused negligible changes in the
corrosion resistance

FSP of ZE41 alloy with fish bone-derived HA have

increased corrosion resistance by ~52%
Addition of 2 wt% HA in the Mg-Zn-Ca metallic glass

improved corrosion resistance by ~60%

Microwave sintering of Mg—10 HA has decreased corro-
sion current density by ~60%

Effect of HA on corrosion resistance of Mg metal
Addition of nHA in AZ31 alloy through friction stirred
Friction stir processing (FSP) of Mg metal surface

Mg-Zn—Ca-2 wt% HA metallic glass composite

< .

= T Mg-based composites can be clearly seen through

X -

g 2 the Table 2.

2 < 5

s 5 g
Sl - ¥ S 4.1.1.3 Mg?* lons Release To evaluate the con-
2 '§ % \2 E 5 centration of Mg®* ions’ release from the retrieved
Elg|s T a o immersion solution, atomic absorption spectroscopy
S1E[mn & & =
218 | R S S N (AAS) or inductively coupled plasma-mass spectros-
E S copy (ICP-MS) tests have been performed. In one of
§ :. < I - ~ e the study, addition of 5 wt% HA in Mg-3Zn matrix has
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Table 2: Effect of HA on the immersion degradation properties of Mg-based composites.

Degradation Immersion medium Immersion test

S.no. Composites behaviour

and maximum time type References

1 Mg-6Zn-5HA
5 wt% HA has
reduced the weight
loss by ~15% after
30 days of immer-
sion

2 Mg-37Zn-0.5Zr/HA Addition of 1 wt% SBF, 24 days Dynamic

(0,0.5,1,1.5 wt%) HA in Mg-3Zn-
0.5Zr matrix
contributed ~27%
improvement in
degradation rate

Incorporation of SBF, 30 days Static Zhao et al.

49,94

Sun et al.>% 6750

for 24 days of
immersion
3 Mg-3Zn/HA (0, 2, 5, Addition of 5wt%  SBF, 56 days Static Jaiswal et al.?°
10 wt%) HA in Mg-

3Zn matrix has
enhanced the
degradation rate
by ~40% for initial
14 days of immer-

sion.
4 Mg—Zn/HA (20 and  Addition of 20 wt%  SBF, 100 h Static Liu et al.>®
40 wt%) HA in Mg matrix

helped in inducing
the Ca-P layer,
enhanced the cor-
rosion resistance
by ~36% and
restrained the pH
increase of medium

5 Mg—Zn—Zr/nHA
nHA in Mg-Zn-Zr
matrix enhanced
degradation resist-
ance by ~50%

6 Mg/HA (5, 10, 15 Incorporation of 5 PBS, 96 h Static

wt%) wt% HA in Mg
has decreased the
corrosion rate dras-
tically(~ 75%)

7 AZ91D/HA (20 wt%) Addition of 20

Addition of 1 wt%  SBF, 20 days Static Ye et al.%6 8

Campoa et al.®?

Artificial Sea Water,  Static Witte et al.®3

wt% HA in the 24 and 72 h

AZ91D alloy have
improved the deg-
radation rate

8 Mg/nHA/FSP Mg Addition of nHA SBF, 72 h Static

in Mg via friction
stir processing
have decreased
the degradation
by~33% for 72 h
of immersion

Ratna Sunil et al.>*
35, 40

significantly improved corrosion resistance. Due to the
increased corrosion resistance, the release of Mg2+ ion
is comparatively lower.?’

It is interesting to know that orthopaedic
implants operate in the protein containing physi-
ological solution. Human blood plasma contains

three different types of dissolved proteins, namely,

J. Indian Inst. Sci. IVOL 99:31303-327 October 2019/journal.iisc.ernet.in @ Springer Press

albumin, globulins and fibrinogen. Following
implantation, protein adsorption is the first in the
series of events to follow at the material-tissue
interface.” Thus, the use of SBF as a physiological
solution for immersion studies would not prop-
erly mimic real picture of the degradation behav-
iour of Mg-HA-based composites. To mimic the
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Figure 11: Stress—strain curve for 0 and 5 wt%

HA compacts before and after immersion for 3, 7,
and 14 days

real physiological environment for Mg-HA-based
composites, the authors group has developed a
modified physiological solution, which is a mix-
ture of fetal bovine serum (FBS) and SBF in a
specific composition based on the composition
of real body fluids. It has been observed that, Mg-
based composite showed ~67% better corrosion
resistance in modified solution as compared to
SBE>>* So, the degradation behaviour of Mg-
HA-based implants will mainly depend on the
type of solution used for immersion studies.

4.2 Degradation Rate with Respect
to Mechanical Properties

The previous studies of in vitro experiments
have revealed the potential capacity of Mg/HA
composites for biodegradable metallic orthope-
dic implants (Satish 2018).3% 35 40, 94 Generally,
these implants fail in load-bearing application
due to loss of its mechanical integrity. Moreo-
ver, when Mg—HA composites are synthesized in
the forms of plates, screws and pins, it becomes
important that these bone-fixation devices have
enough strength until the healing of bone tissues
and regain their mechanical integrity. Addition of
HA in Mg matrix has the possibility to tailor the
degradation behaviour and enhance the bioactiv-
ity of composites. However, the issues related to
the evolution of mechanical behaviour of such
composites, during degradation, have not been
addressed yet. To evaluate the potential of Mg—
HA composites in orthopaedic accessories, it is
important to understand the mechanical integ-
rity subjected to in vitro immersion in simulated
body condition. This assessment provides insight
on the length of period the implants are going

@ Springer @ggfs
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Figure 12: Cell density of osteoblasts cultured on
the Mg-Zn-Zr (Red colour) and n-HA/Mg-Zn-Zr

(green colour) composites for various time peri-
ods

to withstand the stress and if that is enough for
complete healing and tissue formation.

Until now, only our group has reported the
mechanical integrity of Mg-HA composite dur-
ing in-vitro exposure in simulated body fluid.**
>* Reports showed Mg-3Zn and Mg-3Zn-5HA
composites have retained ~34 and 66% of ulti-
mate compressive strength after 3 days of immer-
sion. Figure 11 reveals the stress—strain plot of
Mg-3Zn/HA composites after the immersion in
SBF for different periods. The focus of this study
was to have an insight of mechanical integrity of
such material in service condition (SBF). Addi-
tion of 5 wt% HA in Mg-3Zn matrix enhanced
the degradation resistance, which in turn main-
tained the mechanical integrity of composites
even after immersion.

4.3 Biocompatibility

There is a possibility of local pH change in the
vicinity of Mg-HA implant environment, due
to the alkaline nature of the degraded prod-
uct. Several times, in case of drastic change, the
local shooting of pH severely damages the cell
proliferation, differentiation and viability on
the interface of orthopaedic implants and con-
sequently induces chronic tissue inflammatory
reactions and blood clots.”® To develop ideal
Mg-HA composites for orthopaedic implants,
biocompatibility is a critical property to be eval-
uated thoroughly. Incorporation of HA in the
Mg-based matrix is a better strategy to improve
the biocompatibity of implants for orthopae-
dic application. Due to the exceptionally high
biocompatibility of HA, the Mg-HA-based

J. Indian Inst. Sci.l VOL 99:31303-327 October 2019ljournal.iisc.ernet.in
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I negative control
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Figure 13: The cytotoxicity data of L-929 cells in
as-extruded bulk pure Mg, Mg/10HA, Mg/20HA

and Mg/30HA compacts extraction mediums after
1, 2 and 4 days culture, respectively

composite can offer better biocompatibility
at the time of bone healing, than Mg itself. To
develop significantly biocompatible material

system, Witte et al. synthesized a metal matrix
composite by adding 20 wt% of HA in AZ91D
matrix. To check the biocompatibility of AZ91D-
20HA composite, cytocompatibility tests were
performed. MTT assay data have shown that
macrophages, osteoblasts and human bone-
derived cells adhere, proliferate and survive on
the synthesized AZ91D-20HA composites in a
cell culture system.*> The incorporation of HA
into the AZ91D matrix increased the corrosion
resistance, slowed down the pH-increase and
improved the cell viability for HBDC, MG63, and
RAW 264.7.%% However, AZ91D-20HA compos-
ite cannot be accepted in orthopaedic applica-
tions, considering the risk of long-term toxicity
due to the release of Al ions during degrada-
tion. Presence of high content of Al ions in the
human body can cause the Alzheimer’s disease.”
In another study, Ye et al. synthesized Mg-Zn—
Zr/nHA composite and performed in-vitro cell
experiments. The growth of osteoblasts on the
composite surface was evaluated after incubation

Figure 14: SEM micrographs of the L6 cells on the composites incubated for 24 h (a) standard polysty-
rene tissue culture plate, b AZ31, ¢ FSP AZ31 and d AZ31-nHA composite

J. Indian Inst. Sci. IVOL 99:31303-327 October 2019/journal.iisc.ernet.in
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Figure 15: Fluorescence images of hFOB cells adhered on different composites a control, b Mg-3Zn, ¢

Mg-3Zn-5HA and d Mg-3Zn-10HA surfaces .

for 1, 3, 5 and 7 days.®® 3* The cell density of
osteoblasts was found greater on Mg-Zn—Zr/
nHA composites, as compared to Mg-Zn—Zr
composite for all designated incubation times. It
can be concluded that the osteoblasts, cultured
with Mg—Zn-Zr/nHA composite, have a much
higher activity rate than Mg—Zn-Zr composite.®®
8 Figure 12 reveals the cell density of osteoblasts
cultured on the both composites for various
time periods. In another study, cytotoxicity tests
were performed to evaluate the biocompatibility
of Mg/HA (10, 20, 30 wt%) composite, synthe-
sized by powder processing route.*® >' Cytotox-
icity data indicated that extraction medium of
Mg-10HA composite does not induce any toxic-
ity to L-929 cells, while extraction medium from
Mg-20HA and Mg-30HA composites reduced
cell viability significantly (Fig. 13).**°! A com-
paratively high degradation rate of Mg-20HA
and Mg—30HA composites, as compared to Mg—
10HA, causes higher change in the pH value of
extraction medium. So, the cell viability of these
composites is comparatively less.

Ratna Sunil et al. have performed MTT assay
to evaluate the rat skeleton muscle (L6) cell

@ Springer {1 1se

viability on HA-reinforced AZ91 metal matrix
composite, fabricated via friction stir processing
(Ratna Sunil et al. ***>4%). The results indicated
no toxicity for all the composites. However, cell
adhesion was comparatively higher for compos-
ites having HA as reinforcement.*® *>*° Figure 14
presents the SEM micrographs of the L6 cells on
the composites incubated for 24 h, having stand-
ard polystyrene tissue culture plate as control
substrate.

Jaiswal et al.”” have synthesized Mg-3Zn/HA
composite, having various contents of HA (0, 2,
5, 10 wt%) and performed biocompatibility tests
in terms of cell adhesion and cell viability. Mg—
3Zn/5HA composites have shown better cell-
adhesion properties due to the homogeneous
distribution of HA inside the Mg-3Zn matrix.
Figure 15 presents the fluorescence images of the
cell adhered on the various composites.

Higher number of cells were attached with
the composites having HA as nano filler. These
studies prove that the addition of HA as a
reinforcement helps in the enhancement of
biocompatibility.
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5 Concluding Remarks

There is significant promise for Mg-HA com-
posites in the field of orthopaedic fracture fix-
ing accessories. Tailoring the degradation rate,
along with retention of mechanical integrity of
Mg-HA composites, has been a great challenge.
However, the use of Mg-HA-based composite
for temporary orthopaedic field is limited due
to the constraints in controlling the degradation
rate of Mg-HA-based composites. HA presence
on the Mg-HA composites’ surfaces accelerates
the epitaxial precipitation of apatite layers as
compared to pure Mg on exposed surfaces of tar-
geted composites under body environment. These
apatite layers shield the exposed surfaces from
degradation and retain the mechanical integ-
rity. Two main factors are crucial for the success
of Mg-based composites. First one involves the
standardized protocols to be followed for both
biodegradation and biocompatibility experi-
ments. This will allow the comparison of materi-
als between the groups of experiments. This will
further help in generating a vast volume of com-
parable data to give a thorough and comprehen-
sive understanding of the subject. Second, further
development in this orthopaedic field required
clinical investigation of these material systems
developed, which is still lacking. Achieving these
two will secure the future of Mg—-HA-based com-
posites as orthopaedic fracture-fixing accessories.

6 Future Perspectives

The review of literature shows the demand of
the research in Mg—HA system for orthopaedic
applications. The effect of HA as reinforcement
to strengthen the Mg matrix and controlling the
degradation rate along with the biocompatibil-
ity has been the focused; though optimized wt%
of HA still remains debatable. Several powder-
processing routes have been used for consolida-
tion of Mg-HA composites, out of which SPS
was found to be the most promising one. HA
reinforcement is effective in improving the com-
pressive strength, hardness, elastic modulus, and
degradation behaviour of the Mg-HA com-
posite. Uniform dispersion of HA in Mg matrix
is crucial for degradation rate and mechanical
strengthening of the Mg-HA composite system.
Mostly, studies have shown the positive influence
of HA reinforcement on the Mg—HA composite.
Biocompatibility and in-vitro assessment of Mg—
HA composite have been reported in number of
studies. But the in-vivo aspect of composite is
rarely investigated. Critical observations are men-
tioned in point-wise manner below, which can
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assist in future development and successful use
of Mg-HA composite system for clinical trials in
orthopaedics.

e Knowledge of Mg-HA interface is vital in
determining the mechanical behaviour of
composite system. But, there is insufficient
information available on Mg-HA interface.
Therefore, more research is required in this
area to understand the concept of the inter-
face and bond strength between magnesium
and HA, as a function of different consolida-
tion and processing techniques. Such knowl-
edge would recommend the best techniques
for processing of composite and better under-
standing about tailoring the mechanical prop-
erty and degradation rate.

e In-vitro assessment of Mg—HA composite for
ideal orthopaedic implant needs better rep-
resentative body fluids for immersion study
as our body fluids contain organic, proteins
and many other elements. In addition to that,
exposure of right area of implants to medium
depends on the exact anatomical location of
implantation. Better mimicking of body envi-
ronment is prerequisite for developing ideal
Mg—HA-based implants. However, present
studies do not really focus in this aspect.

e Biocompatibility studies, which were per-
formed on Mg-HA composite surface by
incubating bone cells, prove the biocompat-
ible nature of Mg-HA composite in terms of
cell viability, cell proliferation and cell differ-
entiation. But only one study was carried out
on protein adsorption characteristics of Mg—
HA composites. Thorough investigation of
protein profile is needed on Mg-HA surface
for the further confirmation of biocompat-
ibility of Mg—HA composites and understand-
ing of cell interaction with them, before going
for clinical trials.

e These studies on Mg-HA composite system
have made a great progress in materials inno-
vation and preclinical tests. The bottleneck
is their translation from research to clinical
application. Besides the optimized compo-
sition of HA in Mg and processing route to
control the degradation rate, a constructive
clinical investigation of these material systems
is mandatory to translate these materials to
industry.

This knowledge gap will be a roadmap
for future research, which will determine the

@ Springer jﬁ%g?&

323



324

S. Jaiswal et al.

potential of Mg-HA composite for orthopaedic
application.
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