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Introduction types of stainless steels, Ti alloys and polymers

With global ageing of the human population
and economic development, the requirements
are increasing for higher performance implants.
Conventional medical materials, such as stainless
steels, titanium (Ti) alloys and cobalt-based
alloys, are still widely used for tissue repairs,
especially in orthopaedics owing to their
excellent, reliable mechanical performance
and corrosion resistance. Over recent decades,
many structural biomaterials including new

such as polyetheretherketone (PEEK) have been
developed and used in artificial joints, trauma
treatment, spinal fusion and oral implantation.'?
However, all the biomaterials mentioned above
are bioinert in the human body. The lack of
bioactivity leads to their low osseointegration
ability that can result in the occurrence of
aseptic loosening in the clinic.** Consequently,
improving the bioactivity and long-term safety
of implants will have clinical value.

www.biomat-trans.com



Biofunctional magnesium coating of implant materials

Without reducing the performance of the matrix, surface
modification technology can be used to regulate the surface
performance of implants to meet clinical demands. Nowadays,
almost all bone implants are modified by different surface
treatments, such as sand blasting and acid etching, anodic
oxidation, plasma spraying, chemical vapour deposition
and physical vapour deposition.® These treatments alter
the surface state of implants to regulate their roughness,
wettability and charge.” The creation of a porous structure
and porous structured surface for implants can enhance
their osteoconduction.*'° Moreover, bioactive coatings can
accelerate osteogenesis, for instance, hydroxyapatite coatings
prepared by plasma spraying have been extensively used on
artificial joints, oral implants, etc.!" '> However, the adhesion
of ceramic coatings on metals or polymers is not perfect.
Cracking and peeling off of coatings on implants occasionally
occur after long-term implantation and may result in surgical
failure. In fact, bone tissue repair happens during the initial
stage of implantation, and temporary coatings with high
bioactivity are highly desirable. However, most coatings used
now are not completely absorbable. Meanwhile, between 0.5%
and 15% of patients suffer from prosthetic joint infection after
primary or revision joint arthroplasty, despite administration
of systemic antibiotic prophylaxis as well as improvements in
surgical facilities. The rates of surgical site infection can be up
to 50% for open fractures.'”'* Therefore, considering the high
rate of bacterial infection after implantation, coatings with
antibacterial function are also attractive."

Magnesium (Mg) is an essential element in the human
body, and half of the body’s reserve of Mg is stored in
bone tissue. Due to their low corrosion potential in the
physiological environment, Mg and its alloys have the feature
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Figure 1. Schematic illustrations of the biofunction mechanisms of magnesium (Mg) ions. Reprinted from Wang et a
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of biodegradability. This property can avoid the need for
second surgery to remove the implants. Meanwhile, the
degradation of Mg increases local alkalinity on the surface
of implants, and thus generates an antibacterial effect within
tissue.' ' Besides, there is mounting evidence that Mg has
excellent osteogenic inductivity,' ' and many cellular and
molecular mechanisms have been proposed for the potential
benefits of Mg ions (Figure 1).° In contrast, deficiency of
Mg leads to osteoporosis.? With these advantages, Mg-based
metals including Mg coatings are believed to be promising
candidates for bone tissue repair. Recently, Mg coatings
have attracted great interest from researchers. Although
the control of active Mg coating fabrication is not easy, Mg
coatings have been successfully deposited on Mg alloys, Ti
alloys, steels, PEEK, and silicon (Si) by arc ion plating.2%
In order to obtain better bioactivity, other elements such as
copper (Cu) are added to Mg coatings.”” As summarized in
Table 1, after Mg coating, implants acquire many biofunctions,
including degradability,”® ?*? osteogenesis,? % 26 27 30-32
angiogenesis?**2%3%3! and antibacterial effects.?* 2% 23932 These
novel coatings are expected to significantly enhance the
bioactivity of implants and thus benefit patients. This paper
givesabriefreview of studies of the fabrication and biofunctions
of Mg coatings on different substrates. The articles used in this
review were identified by search terms of magnesium coating
involving medical materials. This included publications prior
to August, 2021, using the following conditions: magnesium
(Mg) coating, biomaterials, or medical materials. An electronic
search of the ScienceDirect and Web of Science databases was
performed. Considering that Mg coating of medical materials
is a new research area, all the search results are reviewed in

this article.
___Periosteum  New bone
ral

~4__,Old bone
- MgZ+

3
&L

N Dorsalrroot

ganglion
D
2 9,7 Sensory nerve
0 P?riosteﬁl J
S ot ) SleM el steot ~~.Implant

<

ast -
Fracture liné™-.__

F

Express VEGF-BB
of type H vessels

Leadin:
VEGF |front of growing

RANKL RANKL RANKL
M-CSF

M-CSF -CSF,®
< — & b

Colagen X .(u) N v vessel last Mononuclear Mulyinucleated Resorbing
- VEé\éFé%FR’ﬁ precusor osteoclast  osteoclast mulyinucleated
( osteoclast
VEGFR-B «o» Endothelial cell RANKL

Osteoclasts

RANK

< Pericyte

CD163, CD200R,
MGL-1 and MGL-2

IKKS Ca?*
Y Gakineurin
NFATct

Auto-amplication
Osteoclast marker genes

Osteodiastogenesis and functions

1.20

1 Department of Advanced Materials Research, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, Liaoning Province, China; 2 Department
of Orthopaedic Surgery, Affiliated Zhongshan Hospital of Dalian University, Dalian, Liaoning Province, China; 3 Dongguan Eontec Co. Ltd., Dongguan,

Guangdong Province, China.

Biomater Transl. 2021, 2(3), 248-256

249



Review

Tan, L.; Yang, K; et al.

Table 1. Summary of the biofunctions of magnesium (Mg) coating on different implant materials.

Substrate Fabrication Degradation Osteogenic Angiogenic Antimicrobial References
material method behaviour property property property
AZ31 Vapour Corrosion - - - 28
deposition resistance
improved
AZ31 Vapour Comparableto - - - 20
deposition the un-coated
6N-Mg
AZ31 Vapour Corrosion - - - 29
deposition + hot  resistance
press and HIP improved
processes
Ti6Al4V Arcion plating  Continuous Enhanced Accelerated blood Strong killing effect 24, 26, 30,
release with Mg new bone vessel formation of pure Mg film on 31
degradation regenerating around the scaffold Staphylococcus aureus
ability in vivo
Ti6Al4V Arcion plating  Sustained at least Restrained - Cu addition enhanced 27, 32
for 14 days peri-implant the antibacterial
osteolysis property of Mg
coatings
Cold-rolled Radio-frequency Corrosion rate - - - 22
steel plates magnetron greatly decreased
sputtering
Oxidized Si  Physical vapor Grains remain Thinner fibrous - - 23
wafer deposition intact 48 capsule formed
hours after than titanium
implantation control samples
PEEK Vapour Lower - The antibacterial rate - 25
deposition degradation rate reached 99% when co-

without galvanic
corrosion

cultured for 12 hours

Note: Cu: copper; HIP: hot isostatic pressing; PEEK: polyetheretherketone; Si: silicon.

Fabrication and Degradation Behaviour of
Magnesium Coatings

For medical Mg metals, the control of slow degradation
behaviour is the main challenge, especially for the initial
degradation within the first 48 hours.?® After the initial stage,
a biological layer is formed on the surface of Mg metals
that slows down the degradation rate. During this time, if
the degradation rate is too high, but osseointegration is not
enhanced, high alkaline-related cytotoxicity may develop
and hydrogen gas-forming cavities may be generated.”®
Therefore, for Mg coatings, researchers made efforts to
fabricate the desired microstructure with a high quality and
low degradation rate.

Initially, Mg coatings were fabricated to enhance the corrosion
resistance of Mg alloys. As is well known, the poor corrosion
resistance of Mg alloys is caused by heavy metal impurities
including iron, nickel and copper. To improve corrosion
resistance, high-purity Mg coatings were selected to be applied
to Mg alloys.?> 28233 [n those studies, pure Mg was evaporated
and deposited on the substrates by the vapour deposition
technique. Then, using the retort method, the Mg coatings
were further purified. There were columnar growth and
planar growth types of Mg coating formation.** By optimizing
the vapour pressure and temperature, high-purity Mg coatings
with high quality and high adhesion can be fabricated, which
are of granular microstructure. These Mg coatings have been

shown to possess superior corrosion resistance. Meanwhile,
the corrosion behaviour of Mg alloys switched from filiform
corrosion to general corrosion, and their corrosion rate
decreased to the same level as six-nine purity bulk Mg.?*** Lee et
al.?? also proved that Mg coatings with granular microstructure
fabricated on steel by the magnetron sputtering technique
exhibit good corrosion resistance. Thus, this high-purity Mg
coating is really promising for the protection of biodegradable
Mg alloy implants.

In the last few years, with the aim of enhancing the
osseointegration of permanent implants, Mg coatings have
started to be fabricated on Ti alloys* ¢ %% 3! and PEEK® by
arc ion plating and vapour deposition, respectively. The Mg
coatings on both substrates have a granular microstructure,
with a thickness of about 5 m, as shown in Figure 2.*° To
control the degradation rate, Mg coatings were of high purity.
However, for Mg coatings on Ti alloys, galvanic corrosion
occurred because of the large potential difference between
these two metals. Thus, as shown in Figure 3, the pH value of
the immersion solution increased to the maximum at the 1st
day and then decreased quickly, indicating that the Mg coating
degraded very fast. In contrast with PEEK, the pH value of the
immersion solution remained much higher than that of the Ti
alloy for a longer period.” In addition, peeling off of coatings
on Ti alloy was observed. Ultimately, the Mg coating would
completely degrade in a relatively short time.
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Figure 2. (A, B) Surface morphology (A) and cross section (B) of magnesium (Mg)-coated Ti6A14V alloy. Scale bars:
50 pm.*® Copyright Wiley Periodicals, Inc. Reproduced with permission.
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Figure 3. (A) Variation of the pH of immersion solutions after soaking titanium (Ti) alloy with and without magnesium
(Mg) coatings. Reproduced from Du et al.* Copyright Wiley Periodicals, Inc. (B) Variation of the pH of immersion
solutions after soaking polyetheretherketone (PEEK) with and without Mg coatings. The upper four lines are all Mg
coated. Reprinted from Yu et al.”® Copyright 2018, with permission from Elsevier.

As is well known, there is a large difference in the degradation
rates of Mg metals between in vitro and in vivo tests. The
degradation rate of Mg coatings on different substrates should
be regulated according to their in vivo results. To evaluate
the degradation behaviour in vitro and in vivo, Salunke et al.?®
fabricated high-purity Mg coatings on oxidized Si wafers
by the vapour deposition technique. After either 12-hour
immersion or 48-hour implantation, Mg grains were still
visible, demonstrating that the degradation rate of a Mg coating
could be controlled in the initial stage of implantation. Thus,
Mg coating is a promising surface modification for different
implant materials.

Biofunctions of Magnesium Coating

Magnesium coatings on titanium alloys

As mentioned above, the bioinert character of Ti alloys might
cause insufficient osseointegration and osteoconduction,
which would increase the risks of aseptic loosening and further
failure of implantation. Recent studies have extended the
application of Mg alloys as biofunctional Mg coatings on Ti
alloys, which makes it possible to simultaneously combine the
advantages of Ti, with its better mechanical properties, with
those of Mg, with its bio-functions.* 6%

Biomater Transl. 2021, 2(3), 248-256

As a medical implant material, the biocompatibility of Mg
coating should be the first factor to be considered. Li et al.?*
reported fabrication of a biofunctional Mg coating on a
Ti6Al4V substrate by arcion plating, which resulted in uniform
Mg fine grains of around 1 pm. The samples were immersed
in Hank’s solution according to ISO 10993-12.3 As shown in
Figure 4, there was no significant discrepancy between the
pH variation of the Mg coating on the bulk Ti6Al4V substrate
and the three-dimensional printed porous Ti6Al4V substrate.
The accumulation of released Mg ions gradually increased to
73 ppm after 7 days of immersion, indicating a continuous
release during degradation of the Mg coating. Yu et al.’! also
reported the release of Mg ions from Mg coating on a Ti6Al4V
substrate, and found that the dissolution of Mg ions on the 1st
day was about 52 ppm, indicating good consistency.

The biocompatibility of the Mg-coated Ti6Al4V scaffold was
closely related to the degradation rate of the Mg coating. Li
et al.?* found that Mg-coated porous Ti6Al4V might suppress
MC3T3-E1 cell proliferation before day 4 compared with
the bare porous Ti6Al4V. Nevertheless, the proliferation of
MC3T3-E1 cells improved after day 4. The cell proliferation
rate of rat bone marrow mesenchymal stem cells cultured in
extracts of Mg-coated samples and Ti alloy also indicated that
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the cell survival rate was above 75% after the first day of culture,
meeting the requirement for implant materials.*® Salunke et
al.” evaluated the degradation behaviour of Mg coating in cell
culture media and in vivo, and both in vitro and in vivo results
indicated that the corrosion resistance and biocompatibility of
the Mg coating were promising.

Additionally, the alkaline environment caused by degradation
of the Mg coating also indicated an antibacterial effect.’!
After co-cultivation of Mg-coated samples with Staphylococcus

Tan, L.; Yang, K, et al.

aureus for 12 hours, the sterilization rate reached 95%. When
the time was extended to 24 hours, the killing effect increased
to 99.99% (Figure 5). However, the number of bacteria in
solid medium without Mg coating showed no decrease as the
culture time was prolonged, indicating that Ti alloy itself did
not have the ability to kill bacteria. Therefore, the Mg coating
showed promising potential to inhibit bacterial infection in
the initial stage of implantation and help to decrease the failure
rate of surgery.
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Figure 4. (A, B) pH monitoring (A) and ion release (B) of magnesium (Mg)-coated Ti6Al4V immersed in Hank’s

solution for 7 days. Reprinted from Li et al.**

Figure 5. (A-F) Antibacterial effects of Ti6Al4V alloy without (A-C) and with (D-F) magnesium coating, co-cultured
with Staphylococcus aureus at 37°C for 6 hours (A, D), 12 hours (B, E) and 24 hours (C, F). Reprinted with permission from

Yu et al.’! Copyright © 2017 Acta Metallurgica Sinica.

Cell proliferation test results revealed that Mg coating
enhanced proliferation of MC3T3-E1 cells on porous Ti6Al4V
scaffolds.** Furthermore, in vivo studies were performed
based on a rabbit femoral condylar defect model. The results
from fluorescent labelling, micro-computed tomography
scanning and Van Gieson staining indicated higher new bone-
regenerating ability of the Mg-coated porous scaffolds than
the bare Ti6Al4V scaffold (Figure 6). More trabeculae of
newly-regenerated bone and less connective tissue grew into
the Mg-coated porous scaffolds. Gao et al.* also found that in

a bare Ti6Al4V scaffold, new bone was found mainly around
the periphery of the scaffold, while the Mg-coated Ti6Al4V
scaffold showed more favourable new bone ingrowth into the
scaffold. All these results showed that the increased deposition
of calcification and the reconstructed three-dimensional
stereoscopic images of newly-formed bone growing into
scaffolds indicated the promising bone-regenerating ability of
the Mg-coated implants, verifying that the Mg ions released
from the Mg coating could benefit the osteogenesis and
osseointegration process.

www.biomat-trans.com
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Figure 6. (A, B) Micro-computed tomographic images of the porous Ti6Al4V with and without magnesium (Mg)
coating at 4 and 8 weeks after implantation, where the yellow colour component was the newly-formed bone in these
scaffolds. (C) Quantitative results showing the percentage of regenerated bone volume/total volume. Ti: titanium. *P <

0.01, vs. Ti Reprinted from Li et al.**

Moreover, the biofunctional Mg-coated Ti6Al4V scaffolds
were also proven to enhance angiogenesis.”® Gao et al.?
emphasized the angiogenesis function of Mg-coated porous
Ti scaffolds, as abundant blood vessels are indispensable to
favouring osteoblastic behaviour and rapid generation of new
bone. Wound healing, migration abilities, and tube formation
assays, as well as angiogenesis-related gene expression
(hypoxia-inducible factor-la and vascular endothelial
growth factor), showed that the Mg extract increased the

2 weeks

angiogenesis function of human umbilical vein endothelial
cells.* 3 Microangiographic analysis revealed that the Mg-
coated Ti6Al4V scaffold significantly enhanced blood vessel
formation in a rabbit femoral condylar defect model (Figure
7). Their study enlarged the scope of Mg for use in weight-
bearing functions in orthopaedic applications. The Mg coating
on a Ti6Al4V scaffold exhibited favourable osteogenic and
angiogenic properties in vitro and increased long-term bone
formation and early vascularization in vivo.
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Figure 7. (A) Microangiographic analysis of newly-formed blood vessels around porous Ti6Al4V scaffolds with and
without magnesium (Mg) coating. (B) Quantitative results showing blood vessel volume/total volume. *P<0.05, vs. bare
Ti6Al4V scaffold (Ti). Ti: titanium. Reprinted from Gao et al.*
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The Mg coating also showed inhibitory effects on osteoclasts.
Du et al.* found that Mg-coated porous implants might play
a great role in osteoporotic patients. Both in vitro and in
vivo studies supported an inhibitory effect of Mg extract on
the differentiation of osteoclasts.’*® For the in vivo test, wear
particles of PEEK were added to generate an animal model
of implant loosening.*® PEEK is a potential material for
orthopaedic implants. However, the wear particles produced
after implantation cause osteolysis. It was found that Mg
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inhibited bone resorption (Figure 8). The expression of genes
related to osteoclastogenesis was also significantly decreased
during osteoclast differentiation in the Mg group. When Mg
was coated onto the Ti6Al4V implants with a porous structure,
peri-implant osteolysis was inhibited, making it potentially
favourable to treat patients with osteoporosis. However,
further studies are needed to examine the precise mechanism
of Mg-induced anti-osteolysis.
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Figure 8. (A) General overview of the implants and implantation process. (B) Magnesium (Mg) inhibited RANKL-
induced osteoclastogenesis and bone resorption. *P < 0.05, vs. control (CTRL). CTR: calcitonin receptor; DC-STAMP:
dendritic cell-specific transmembrane protein; RANKL: receptor activator of nuclear factor kappa-B ligand; TRAP:
tartrate-resistant acid phosphatase; VOI: volume of interest. Du et al.** Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission.

MgCu coatings on titanium alloys

The antibacterial effect of a pure Mg-coated Ti substrate was
believed to be due to the local alkaline environment caused
by degradation of the Mg coating, as described above.*”
Nevertheless the antibacterial effect in vivo was reduced
because of the lower degradation rate compared to the in vitro
environment.® Therefore, antibacterial metal elements such as
Cu* and Ag were included to form a new Mg alloy.***! The effects
of Cu co-deposition in hydroxyapatite were investigated,
with the aims of increasing the antibacterial properties and
decreasing postoperative complications.” In addition, it was
reported that a deficiency of Cu ion could affect bone induction
and osteoclast activity.” Moreover, an in vitro study reported
that a biodegradable Mg-Cu alloy could have a long-term
antibacterial effect.*

To improve the bioactivity, especially the antibacterial

property of the implants, Yu et al.”’ deposited a MgCu
coating on a Ti6Al4V substrate by arc ion plating. The in vitro
degradation performance, analysed by immersion test showed
that the MgCu coating degraded and gradually disappeared
after up to 14 days’ immersion. Importantly, the addition of
Cu enhanced the antibacterial property of the Mg coating. As
analysed by inductively coupled plasma mass spectrometry, the
accumulation of released Cu ions reached 20 ppb on the 1st
day. With the addition of Cu to the Mg coating, the number
of bacterial colonies decreased significantly. The number of
Staphylococcus aureus colonies cultured with a bare Ti6Al4V
substrate was 1 x 10°/mL after 1 day of incubation, while with
pure Mg- and MgCu-coated samples the numbers of colonies
were 1 x 10%/mL and 1 x 10/mL respectively. Moreover, the
antibacterial efficacy of MgCu was approximately 99%,
exhibiting the best antibacterial effect.””

www.biomat-trans.com
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The osteogenic effect of MgCu-coated implants was also
compared with that of Mg-coated implants. Ding et al.*
fabricated Mg coating and MgCu coating on porous Ti6Al4V
alloy by arc ion plating. Then, the coated implants were placed
into the distal femurs of rabbits. Since Cu can accelerate
the degradation of Mg coating, the release of Mg ions can
be regulated by adjusting the Cu content in the coating. In
their studies, Mg-0.1Cu and Mg-0.7Cu were selected to
achieve different osteogenic effects and antibacterial abilities.
However, the results revealed that the MgCu coating exhibited
no obvious advantage with regard to bone integration
compared with the porous scaffolds with or without Mg
coating, which differed from a previous report that Mg-
coated porous scaffolds enhanced new bone-regenerating
ability more than bare Ti6Al4V.** % Ding et al.** held that
the proportion of MgCu coating may not be the best, and the
complicated environment in vivo might also affect the results.
In the long-term the antibacterial ability of MgCu-coated
porous Ti6Al4V was enhanced, demonstrating its promise for
use in orthopaedic applications. However, further and deeper
research involving the inclusion of functionalised alloying
elements in Mg coatings as a surface treatment should be
carried out.

Conclusion and Future Research Directions

By physical vapour deposition, Mg coatings with high purity
and granular microstructure have been deposited on Ti alloys,
PEEK, steels, Mg alloys and Si. Besides, their degradation rates
can be controlled in the initial stage after implantation. in vitro
and in vivoinvestigations demonstrated that Mg-coated implant
materials acquired biofunctions including degradability,
osteogenesis, angiogenesis and antibacterial properties. Thus,
novel biofunctional Mg coatings are promising candidates for
surface modification of implant materials to be used for bone
tissue repair. In addition, these novel multi-functional Mg
coatings are expected to significantly enhance the long-term
safety of bone implants and thus benefit the patients.

However, studies on biofunctional Mg coatings are still in the
early stage. There are many scientific and technological issues
that need to be further studied. For instance, the degradation
rate and thickness of Mg coatings on different implant materials
need tobeaccurately controlled. The degradation time should be
a good match for the bone tissue repair period, especially when
there is galvanic corrosion between Mg coatings and implant
substrate materials. Meanwhile, degradation behaviour in vivo
also needs to be further clarified. Additionally, to maintain the
integrity of a coating during implantation, the wear resistance
and adhesion ability should be properly regulated. To obtain
more effective biofunctions, some other bioactive elements
can be considered for addition to Mg coatings. As for the
mechanisms responsible for these biofunctions, further studies
are needed to examine the precise mechanism of Mg-induced
anti-osteolysis. Further, in vivo study of the possible long-term
antibacterial effect of biodegradable Mg or MgCu coatings
should be further investigated.

These novel Mg or Mg alloy coatings are metallic materials,
which differ from conventional coatings including ceramic and

Biomater Transl. 2021, 2(3), 248-256
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polymer materials. As with other new materials, the combined
properties of Mg coatings still need to be further regulated and
systematically studied. The multi-functions of Mg coatings are
unique in surface modification technology, which is attractive
to researchers and implant manufacturers. All in all, after
further optimisation, these novel Mg coatings are expected
to significantly enhance the bioactivity of implants and bring
added benefits for patients.
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